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Abstract

In this doctoral thesis, an experimental study on the transport properties
on liquid mixtures has been conducted. The molecular diffusion coefficient,
thermodiffusion coefficient and Soret coefficient of several mixtures have been
analyzed. The molecular diffusion coefficient has been measured by the sliding
symmetric tubes technique, while the thermodiffusion coefficient has been de-
termined using the thermogravitational technique. The Soret coefficient, on
the other hand, has been calculated using the data obtained with these two
experimental techniques.

Different types of mixtures have been analyzed using these techniques. On
the one hand, several binary mixtures, specifically mixtures of hydrocarbons,
aqueous mixtures and polymer mixtures, have been studied. In the group of
hydrocarbon mixtures, the thermodiffusion, molecular diffusion and Soret coef-
ficients at 25 °C of three equimolar and equimass normal alkane series have
been determined (49 binary mixtures). The analysis of the obtained data has
been used to develop three correlations for the prediction of the transport
properties of the binary mixtures composed by these components. The first
of these expressions, is a quantitative correlation which is used for the deter-
mination of the thermodiffusion coeflicient in normal alkane binary mixtures
at any concentration. The second quantitative correlation developed, does the
same thing but with the molecular diffusion coefficient, using the data of the
molecular mass difference of the components and the dynamic viscosity of the
mixture. The experimental data obtained for the Soret coefficient has been
used to develop another quantitative correlation for the determination of this
coeflicient.

In the case of aqueous mixtures, measurements of the transport pro-
perties in water-isopropanol mixture in the whole range of concentration
at 25 °C have been carried out. The experimental analysis of this mixture
has also been done by other laboratories (Service de Chimie physique E.P.
and Microgravity Resesarch Center, both from university of Brussels, and
Department of Physics from university of Bayreuth), both in ground and mi-
crogravity conditions. The results obtained in this international collaboration
work, can be considered as a consistent reference data for the mixtures which
present a sign change in the Soret coefficient over their concentration range.



For polymer mixtures, a combination of the sliding symmetric tubes and
the gravimetric techniques has been used to study the water-polyacrylamide
binary system in collaboration with FAST laboratory of Pierre et Marie Curie
university. The analysis carried out using these two techniques has allowed the
determination of the molecular diffusion coefficient of the mixture throughout
the concentration range of the three regimes that can be found in this mixture:
concentrated, diluted and semi-diluted.

Additionally, measurements of the thermodiffusion coefficient in ter-
nary hydrocarbon mixtures have been done. Two of these mixtu-
res (tetrahydronaphthalene-isobutylbenzene-ndodecane and toluene-nhexane-
ndodecane) at several concentrations and 25 °C have been analyzed. The data
measured has been used to analyze and check the reliability degree of a co-
rrelation developed in a previous work. This correlation is able to predict the
thermodiffusion coefficient in ternary mixtures using the data of their corres-
ponding binary mixtures.



Resumen

En esta tesis doctoral se ha llevado a cabo un estudio experimental sobre las
propiedades de trasporte en mezclas liquidas. Se ha determinado el coeficiente
de difusién molecular, coeficiente de termodifusién y coeficiente Soret en dife-
rentes sistemas. El coeficiente de difusion molecular ha sido medido por medio
de la técnica de los tubos simétricos deslizantes, mientras que el coeficiente de
termodifusién se ha determinado utilizando la técnica termogravitacional. El
coeficiente Soret, por otra parte, se ha calculado utilizando los datos obtenidos
mediante las dos técnicas anteriores.

De este modo, se han estudiado varias mezclas binarias, concretamente
mezclas de hidrocarburos, mezclas acuosas y mezclas de polimeros. En el ca-
so de las mezclas compuestas de hidrocarburos, se han analizado tres series
equimolares y equimadsicas de alcanos normales (49 mezclas binarias), de las
cuales se han determinado los coeficientes de termodifusion, difusién molecular
y Soret a 25 °C. El andlisis de los datos obtenidos ha permitido desarrollar
tres correlaciones para la prediccion de las propiedades de transporte en las
mezclas binarias de estos compuestos. Por un lado, se ha desarrollado una
correlaciéon cuantitativa para el coeficiente de termodifusién, la cual permite
la determinacién de este coeficiente a cualquier concentracién. También se ha
desarrollado otra correlacién cuantitativa la cual permite hacer lo propio pa-
ra la determinacion del coeficiente de difusion molecular en estas mezclas a
partir de los datos de la diferencia de masa molecular y viscosidad dinami-
ca. Por su parte, los resultados experimentales obtenidos para el coeficiente
Soret en mezclas binarias de alcanos normales han permitido desarrollar otra
correlacion cuantitativa para la determinacién de este coeficiente.

En el caso de las mezclas acuosas, se han realizado mediciones de las pro-
piedades de transporte en la mezcla de agua-isopropanol en todo el rango
de concentraciéon a 25 °C. El andlisis experimental de esta mezcla, también
ha sido realizado por otros laboratorios (Service de Chimie physique E.P. y
Microgravity Resesarch Center, ambos de la universidad Libre de Bruselas y
Department of Physics de la universidad de Bayreuth), tanto en condiciones
terrestres como de microgravedad. Los resultados obtenidos en este trabajo
de colaboracién internacional, pueden considerarse como una referencia sélida,
fundamentalmente para el caso de las mezclas que presentan un cambio de
signo del coeficiente Soret a lo largo del rango de concentracion.



En las mezclas de polimeros, se ha analizado el sistema binario agua-
poliacrilamida utilizando tanto la técnica de los tubos simétricos deslizantes
como la técnica gravimétrica, en colaboracién con el laboratorio FAST de
la universidad Pierre et Marie Curie. El anélisis conjunto mediante estas dos
técnicas ha permitido la determinacion del coeficiente de difusion molecular
a lo largo del rango de concentracion en los tres regimenes que presenta esta
mezcla: diluido, semi-diluido y concentrado.

Adicionalmente, se han realizado medidas del coeficiente de termodifu-
sién en mezclas ternarias de hidrocarburos. Se han estudiado dos mezclas
ternarias (tetrahidronaftalina-isobutilbenceno-ndodecano y tolueno-nhexano-
ndodecano) a diferentes concentraciones y una temperatura de 25 °C. Los
resultados obtenidos han permitido analizar y comprobar el grado de fiabili-
dad de la correlacion desarrollada en un trabajo anterior, la cual permite la
prediccion del coeficiente de termodifusién en mezclas ternarias a partir de los
datos de las correspondientes mezclas binarias.



Laburpena

Doktoretza-tesi honetan nahasketa likidoen garraio-ezaugarri buruzko az-
terketa esperimentala egin da. Sistema ezberdinetako difusio-molekular, termo-
difusio eta Soret koefizienteak aztertu dira. Difusio-molekular koefizientea, ho-
di simetriko irristakor teknikarekin neurtu da. Termodifusio koefizientea, beste
aldean, teknika termograbitazioarekin neurtu da, Soret koefizientea, beste bi
teknikekin lortutako datuekin kalkulatuz.

Nahasketa desberdinak ikertu izan dira teknika hauek erabiliz. Alde ba-
tean likido-nahaste bitarrak aztertu dira. Hauen artean hidrokarburoen nahas-
ketak, ur-nahasketak eta polimeroen nahasketak aurkitzen dira. Hidrokarbu-
roen nahasketen kasuan, hiru alkano serie ekimolar eta hiru alkano serie eki-
masikoen termodifusio, difusio-molekular eta Soret koefizienteak 25 graduta-
ra zehaztu dira (49 nahaste bitarrak). Lortutako datuak aztertuz, konposatu
hauen garraio-ezaugarriak iragartzeko hiru korrelazio garatu dira. Lehenengo
korrelazio kuantitatiboa, hidrokarburoen nahasketa bitarretan edozein kon-
tzentrazioetan termodifusio koefizientea zehazteko aukera ematen du. Garatu-
tako bigarren korrelazio kuantitatiboa gauza berdina egiten du baina difusio-
molekular koefizientearekin, nahasketaren biskositate eta bere konposatuen
masa molekularren diferentzien datuak erabiliz. Soret koefizientean lortuta-
ko emaitz esperimentalak, bestalde, koefiziente hau zehazteko beste korrelazio
kuantitatibo bat garatzeko erabili dira.

Ur-nahasketen kasuan, ura eta isopropanolen arteko nahasketako
garraio-propietateak kontzentrazio tarte osoan ikertu dira. Nahas-
keta hau beste laborategi batzuetan ere esperimentalki ikertu da
(Service de Chimie physique E.P. eta Microgravity Resesarch Center, biak
Brusela-ko unibertsitatekoak eta Department of Physics Bayreuth-eko uniber-
tsitatekoa), lur eta mikrograbitate kondizioetan. Nazioarteko mailan egindako
ikerketa honetan lortutako emaitzak erreferentzia bezala hartu ahal dira,
Soret koefizientean zeinu aldaketa daukaten nahasketetan.

Polimero nahasketetan, ura-poliakrilamida sisteman, hodi simetriko irris-
takor eta grabimetriko tekniken konbinazioa erabiliz, difusio-molekular koefi-
zientea neurtu da. Analisi hau Pierre et Marie Curie unibertsiteko FAST tal-
dearekin egindako elkar lana izan da. Bi teknika hauen konbinazioa erabiliz,
nahasketa honen difusio-molekular koefizienteak kontzentrazio tarte guztie-
tan, nahasketa honek daukadan hiru erregimenetan (kontzentratua, diluitua
eta semi-diluitua) neurtu dira.



Hidrokarburoen nahasketa hirutarretan ere termodifusio koefizientea neur-
tu da. Mota honetako bi nahasketa kontzentrazio desberdinetan 25 gradutara
aztertu dira (tetrahidronaftalina-isobutilbencenoa-ndodekanoa eta toluenoa-
nhexanoa-ndodekanoa). Lortutako emaitzak, lehen egindako beste lana ba-
ten garatutako korrelazioaren portaera aztertzeko erabili dira. Korrelazio hau,
nahaste bitarren datuak erabiliz, nahasketa hirutarretako termodifusio koefi-
zientea kalkulatzeko erabiltzen da.
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Capitulo 1

Introduccion

La difusion es un fenémeno de transporte de materia que se produce tanto en
solidos, como en liquidos, como en gases. Este transporte de materia puede generarse
por varias causas: un gradiente de concentracién, un gradiente de temperatura y/o
un gradiente de presion. Este fenémeno tiene influencia en diferentes campos, y cada
dia son mas las aplicaciones donde se demuestra que la difusién es un fenémeno a
tener en cuenta [I 2]. De hecho, existe a dia de hoy un creciente interés en esta
temadtica, tanto a nivel experimental como analitico y numérico [3] [4].

Por ello, el objetivo general de esta tesis doctoral ha sido el andlisis experimental
mediante diferentes técnicas (técnica termogravitacional y técnica sliding symmetric
tubes) para determinar los coeficientes de difusiéon molecular, difusién térmica y Soret,
en diversas mezclas liquidas tanto binarias como ternarias. Los resultados obtenidos
en este estudio, dardn respuesta a la gran demanda de datos experimentales que son
necesarios para el avance en el estudio y comprensiéon de este fenémeno.

1.1. Estado del arte

Un gradiente de temperatura en el seno de una mezcla liquida provoca una sepa-
racién de sus componentes, efecto conocido como difusién térmica o termodifusion.
Esta separacion, causa a su vez un gradiente de concentracion, el cual genera un flujo
de materia en sentido contrario debido a la difusiéon molecular. La relacion existente
entre estos dos efectos se conoce como efecto Soret o efecto Ludwig-Soret.

Estos fenémenos de transporte de masa ya habian generado interés desde el siglo
XIX, cuando C. Soret [5, 6, [7] y C. Ludwig [8] observaron, de forma independiente
como, en disoluciones salinas bajo un gradiente de temperatura, la sal se concentraba
en la zona mas fria. En reconocimiento a estos esfuerzos iniciales es por lo que



2 C.1 Introduccion

actualmente se conoce a la separaciéon que se produce en el seno de una mezcla al
verse sometida a un gradiente de temperatura como efecto Soret o Ludwig-Soret.
Desde entonces han sido muchos los estudios realizados sobre el efecto Soret, aunque
aun a dia de hoy, sigue sin ser un fenémeno completamente comprendido [2, [9] [10].

1.1.1. Aplicaciones del Efecto Soret

Conforme se han realizado avances en el campo industrial, se ha podido compro-
bar cémo el efecto Soret tiene influencia en un gran nimero de procesos naturales e
industriales. Asi por ejemplo, uno de los campos en los que se han generado un ma-
yor numero de trabajos relacionados con este fendmeno, ha sido en los hidrocarburos
[11], 12, T3], 14, [15] 16, [17]. La principal razén de este interés radica en la influencia
que tiene el efecto Soret en los pozos petroliferos [18, 19, 20], siendo uno de los facto-
res que afecta a la distribucion de los componentes en estos, debido a los gradientes
de temperatura generados en funcion de la profundidad. Conocer la distribucién de
los componentes en los pozos petroliferos es fundamental para la optimizacién de la
explotacién de los mismos [211, 22].

Asi mismo, y relacionado con este ambito, se ha visto como el efecto Soret tam-
bién se manifiesta en el transporte de hidrocarburos y gases condensados [23], 24].
Especialmente en las deposiciones de cera en los conductos de las refinerias y en
las tuberias de transporte, obstruyéndolas e impidiendo su correcto funcionamiento.
Con el fin de optimizar este proceso se hace interesante modelar el proceso de for-
macion de la cera. Es en este punto donde el efecto Soret hace su aparicién, teniendo
influencia en los modelos elaborados para optimizar el transporte de hidrocarburos
[24], 25].

En el caso de las explotaciones petroliferas, y con el fin de obtener un mayor
rendimiento de los pozos petroliferos y aumentar su vida 1til, se inyecta COy en
los mismos (Figura . Este, se mezcla con el contenido del pozo mejorando sus
caracteristicas termodindmicas (menor viscosidad, mayor volumen, etc.), reduciendo
el esfuerzo necesario para su extraccién y rentabilizando su producciéon. Una vez
extraido el crudo del pozo, se separa el C'Oy contenido en el fluido, obteniendo de este
modo el producto final deseado. Es en estos procesos de mezclado y separacion en los
que se necesita conocer las propiedades de transporte de los diferentes componentes
26, 27].

Otro punto de interés se encuentra en los procesos de captura y retencion de COs.
Gran parte de la energia que se consume en el mundo, esta generada por combustibles
fésiles (gas natural, petréleo y carbon). Esto libera en la atmésfera gran cantidad de
CO,, lo que, de acuerdo con [2§], afecta negativamente sobre el cambio climético.
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Figura 1.1: Esquema del sistema de inyeccién de C'O4 en los pozos petroliferos para
aumentar su productividad.

Con el fin de reducir la cantidad de C'O, en la atmdsfera, se han propuesto diferentes
métodos [29] como la retencién de CO; en plantas o su acumulacién en el océano
(Figura. Sin embargo, a dia de hoy, la opcién que parece con mayores perspectivas
de futuro es la captura y posterior retenciéon geolégica del C'O,y. En esta técnica, se
utilizan diferentes procesos de separacion y almacenamiento para la retencion de
COs en las plantas térmicas de generacién de energia. Posteriormente este C'O; es
inyectado en reservas agotadas de petréleo o de gas para su almacenamiento [30]. El
aumento de la eficiencia y eficacia de ambos procesos pasa por el conocimiento de
las propiedades de transporte, las cuales estéan relacionadas con el efecto Soret de los
componentes.

Figura 1.2: Representacion de los diferentes métodos para el almacenamiento de C'O.

También se ha mostrado el rol del efecto Soret en la modificacion de la concentra-
cion de los componentes atrapados en el hielo (Figura a diferentes profundidades
en las zonas articas [31]. Mediante el andlisis de estos cambios de concentracién, se
puede determinar el registro del cambio climatico a lo largo de la vida de nuestro

planeta [32].



4 C.1 Introduccion

Figura 1.3: Bloques de hielo extraidos para el estudio del cambio climético.

En el campo de la generacion de energia también se senala al efecto Soret como
un mecanismo a tener en cuenta para optimizar el funcionamiento de sistemas como
los estanques solares o solar ponds (Figura [33, 34], asi como en el caso de las
torres solares (Figura. En estas instalaciones se tiene una torre, en cuya base se
instalan unos cristales que causan un efecto invernadero. Esto crea que el aire en la
base de la torre se caliente, generando un flujo por difusién en su interior que provoca
el movimiento de unas turbinas y por consiguiente, la generacién de energia [35].

Figura 1.4: Esquema de la generaciéon de energia mediante piscina solar.

En las centrales nucleares el efecto Soret también tiene importancia en la mo-
delizacién de la retencién de las moléculas de tritio en el reactor [36]. Ademéas se
ha demostrado su influencia en etapas posteriores de este proceso en las que se ha
descubierto que el efecto Soret tiene importancia en el proceso de almacenaje de los
residuos derivados de la generacién de energia nuclear [37].
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Figura 1.5: Imagen de la torre solar y esquema de su funcionamiento.

También se esta estudiando la influencia del efecto Soret en las aleaciones fundi-
das y en las aleaciones de metales y semiconductores. En estos sistemas, debido a los
gradientes de temperatura, se producen transportes de materia que provocan enri-
quecimientos de materiales en ciertas zonas del sistema. Este efecto es aprovechado
en diferentes procesos industriales, como la fabricaciéon de materiales dopados [38] o
la fabricacion de arrays de tres dimensiones en semiconductores [39].

Otros procesos en los cuales se atribuye importancia al efecto Soret son los pro-
cesos de separacion de isétopos [40] y los procesos de deposicién quimica [41], 42] 43,
asi como la caracterizacién de polimeros mediante la técnica field flow fractionation
[44, [45], 46]. En cuanto a las aplicaciones industriales, se ha podido apreciar cémo
el efecto Soret también tiene influencia en los fluidos magnetoreoldgicos [47, 48], los
cuales generan interés en el sector de la automocién (sistema de amortiguacién), la
disipacién de calor o el sellado dindmico [49].

En el campo de la biologia también se ha podido comprobar la influencia de
este efecto y sus posibles aplicaciones. Asi por ejemplo, en [50], se demuestra cémo
el efecto Soret pudo ser la causa de la acumulaciéon de protobiomoléculas que al
interactuar entre ellas sentaron las bases del origen de la vida. Hoy en dia, se sigue
utilizando este efecto en diversos dispositivos de separacion de células y estudio
del ADN [2], [5I]. Adicionalmente, la termodifusién se presenta como un método
revolucionario para procesos de separacién en mezclas bioldgicas [52].
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1.1.2. Estudio del Efecto Soret

Se ha organizado este apartado de andlisis del estado del arte del efecto Soret de
acuerdo con sus dos ambitos de trabajo. Por un lado se presentan los resultados y los
avances logrados en la parte del desarrollo analitico y numérico y por otro lado los
progresos realizados a nivel experimental en cuanto a técnicas y métodos de analisis.
A continuacion se presenta un resumen de los diferentes avances que se han logrado
hasta dia de hoy en cada campo.

Estudios Tedricos y Numéricos

Con respecto a los estudios tedricos del efecto Soret, existen gran cantidad de mo-
delos cuyo fin es predecir el comportamiento termohidrodinamico en mezclas liquidas.
Sin embargo, tal y como ha quedado reflejado en [2], existen una gran cantidad de
estudios que carecen de una teoria unificada para explicar este fenémeno. De hecho,
se considera el efecto Soret, como el tinico mecanismo de transporte hidrodinamico
que carece de una explicacién fisica simple [9]. Esto, ha causado que se hayan desa-
rrollado multitud de modelos basados en diferentes teorias. Esta diferenciacion se ve
acentuada por el hecho de que cada sistema estudiado se ve sometido a diferentes
efectos. Asi por ejemplo, la modelizacién de sistemas de hidrocarburos, con molécu-
las lineales y de anillos, difiere de la de sistemas de coloides, en los que uno de los
compuestos es de tamano mucho mayor que el otro [I], o de la de mezclas asociativas,
que presentan efectos quimicos que pueden provocar cambios de signo en algunas de
sus propiedades en funcién de la concentracién [53]. Esto hace que un modelo cuyo
rendimiento es bueno para un tipo de mezclas, pierda efectividad al utilizarlo en otro
tipo de mezclas.

Se pueden clasificar los modelos desarrollados hasta la fecha en dos grupos: mode-
los dinamicos o cinéticos y modelos estaticos. Entre los modelos estéticos se encuen-
tran los de Kempers [54] 55], Haase [50] o Firoozabadi et al. [57, 58]. En el grupo de
los modelos dindmicos se incluyen el de Drickamer et al. [59], o su versién modificada
de Eslamian y Saghir [60]. También se puede encontrar en este grupo el modelo de
Bringuier [61].

Se ha comprobado cémo los modelos estaticos tienen buena capacidad de pre-
diccion en mezclas criticas y a altas presiones. Sin embargo, al estudiar mezclas a
presiones méas cercanas a la atmosférica, la capacidad de prediccion de los modelos
dindmicos parece prevalecer [2].

Otra posible clasificacién que se puede realizar es dependiendo de si los modelos
necesitan parametros de ajuste o no. Algunos de los modelos, precisan de algin
pardmetro de ajuste, como los de Drickamer y Rutherford y sus sucesores [59, 62,
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63, 64], el de Firoozabadi [57, 58] o el de Mortimer y Eyring [65]. En el otro grupo se
encuentran modelos como el de Haase [56] o Kempers [54], [55], los cuales no necesitan
de parametro de ajuste alguno. En esta clasificacion, se ha podido comprobar cémo
los modelos que necesitan un parametro de ajuste estan, en general, en mejor acuerdo
con los resultados experimentales. Sin embargo, estos modelos son criticados ya que
no existe un método universal y standard para la determinacion de estos parametros

[2].

Una tercera forma de clasificar los modelos, es en funcion del tipo de aproxima-
cion que se utilice. De este modo, la mayoria de los modelos se pueden clasificar
seguin tres aproximaciones: hidrodinamica, termodinamica de no equilibrio o teoria
cinética. Los modelos basados en la aproximacién hidrodindamica, como los de Seme-
nov y Schimpf [66], o el de Brenner [67], son mayormente utilizados para modelizar
procesos termoforéticos, asumiendo que existen particulas en un solvente, el cual es
tratado como un medio continuo [2]. En los modelos basados en la termodindmica
de no equilibrio (Eslamian-Saghir [60], Prigogine [68] o Artola et al. [69]), se precisa
determinar la entalpia o calor de transporte. Los modelos de Bringuier [61] o Kin-
caid [70], forman parte de los que utilizan la teorfa cinética. En este caso, aunque
las expresiones analiticas obtenidas son muy robustas, tienen implicitas una serie de
asunciones para su resolucién, como la colision elastica de las particulas, en el caso
de Bringuier [61], o las esferas duras, en el caso de Kincaid [70].

Cabe destacar que existen otros tipos de modelos que se desmarcan de las cla-
sificaciones anteriores, como el modelo de Shapiro [71], el cual usa la teorfa de las
fluctuaciones, o el modelo de Morozov [72], basado en mecanica estadistica.

Otra de las opciones de analizar la interacciéon molecular debido al efecto Soret, es
mediante las simulaciones que utilizan la dindmica molecular (MD). Una de las opcio-
nes es computar los coeficientes fenomenolégicos de Onsager utilizando la dinamica
molecular de equilibrio (EMD)[73],[74]. Otra opcién es el uso del método de la dindmi-
ca molecular de no equilibrio (NEMD) [75] [76, [77]. Esta metodologia ha demostrado
su validez para determinar el efecto Soret en mezclas binarias 78], [79], 80, 81].

Por su parte, también se ha realizado un enorme esfuerzo para avanzar en la sim-
plificacién del proceso mediante el desarrollo de varias correlaciones basadas en datos
experimentales, las cuales permiten la obtencion de los coeficientes de termodifusién
y difusién molecular en mezclas binarias y ternarias a partir de las propiedades de
dichas mezclas [17), [82] 83, 84]. Estas correlaciones han mostrado ser de gran utilidad
para el avance en los modelos de prediccién basados en la dindmica molecular [85].
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Estudios Experimentales

Desde el descubrimiento del efecto Soret en el siglo XIX, se han desarrollado
diferentes técnicas experimentales para su analisis. En la mayoria de las técnicas, el
objetivo es determinar dos de los coeficientes de transporte, obteniendo el tercero

mediante la expresion (1.1)).

Sp =L (1.1)

Las técnicas experimentales utilizadas para medir estos coeficientes se pueden
clasificar en funcion de su afinidad con respecto al efecto de la conveccion. Se tie-
nen técnicas que utilizan métodos convectivos y técnicas en las que este efecto es
perjudicial para el proceso de andlisis experimental (sistemas no convectivos).

Entre los métodos no convectivos se encuentran técnicas como la célula de Soret
clasica [86, 87]. En esta técnica, se introduce la mezcla a estudiar entre dos placas
horizontales de un material conductor del calor, unidas por unas paredes de un
material aislante. Enfriando la placa inferior y calentando la superior, se genera
un gradiente de temperatura, el cual genera la separacién de los componentes de la
mezcla. Mediante analisis de muestras, mas usualmente, a través de métodos opticos,
se determina el cambio de concentracién que se ha dado en la mezcla, pudiendo
obtener el coeficiente Soret mediante la expresién (1.2).

Ac = —=Srco(l — o) AT (1.2)

Normalmente, al someter a una mezcla binaria a un gradiente de temperatura,
el componente con mayor densidad se dirige hacia la zona fria [88], mientras que
el otro componente se dirige a la zona caliente. Esto se conoce como efecto Soret
positivo. Sin embargo hay ciertas mezclas, como las mezclas asociativas, en que bajo
ciertas condiciones ocurre el efecto opuesto, es decir, el componente mas denso se
dirige hacia la zona caliente. Este efecto se conoce como Soret negativo.

En mezclas con Soret negativo, en la célula de Soret clédsica, se genera conveccién,
creando inestabilidades e impidiendo una correcta medicién del coeficiente Soret. En
este tipo de mezclas, se recomienda trabajar con la configuracién Rayleigh-Benard
[89] 0 en condiciones geométricas especificas. En esta configuracién, la cual se encuen-
tra dentro del grupo de técnicas convectivas, se modifica la direccién del gradiente
de temperatura, siendo la zona inferior la de mayor temperatura. Bajo ciertas condi-
ciones técnicas, se consigue estabilizar el sistema, haciendo posible la obtencién del
coeficiente Soret negativo en este tipo de mezclas.
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Una técnica de medicion del coeficiente Soret basada en la célula de Soret clasi-
ca, es la técnica optical beam deflection [90, O1]. Esta técnica (Figura también
consta de una célula con dos placas horizontales mantenidas a diferente temperatu-
ra. Con el fin de obtener un mejor control del gradiente de temperatura aplicado, el
sistema posee unos elementos Peltier controlados mediante un sistema proporcional
integral derivativo (PID). Esta técnica utiliza un sistema 6ptico de medicién para
la determinacién del cambio de concentracion que se da en la mezcla. Para ello, se
hace pasar un rayo laser por la mezcla cuando esta se encuentra homogeneizada y
en ausencia de gradiente de temperatura. Al aplicar el gradiente de temperatura, los
componentes de la mezcla se redistribuyen, creando un gradiente de concentracion.
Esta variacion de la concentracion causa un cambio en el indice de refraccion de la
muestra. Comparando el cambio en el indice de refraccién con respecto al estado
inicial se puede obtener el cambio de concentracion que se da en la mezcla, lo que a
su vez permite obtener sus coeficientes de transporte.

heat exchanger

peltier element Y Y hot

rubber gasket —_

glass frame —— _\ stainless steel
capillary cold
sample —= fibre coupled
temperature sensor ™ ° laser

diffusion cell detector

(a) (b)

Figura 1.6: Técnica optical beam deflection (OBD) (a) Esquema de la célula; (b)
Diagrama de la refraccién del rayo dentro de la célula.

Una de las ventajas que tiene este sistema de andlisis es que permite estudiar el
cambio de concentracion de los componentes tanto en el estado transitorio como en
el estacionario. Gracias a esto, mediante esta técnica se pueden obtener el coeficiente
de difusion molecular, termodifusion y Soret de la mezcla contenida en el interior de
la célula.

Uno de los puntos mas sensibles de esta técnica, y que comparten muchas de las
técnicas basadas en métodos 6pticos de medicidn, es que precisan de los denominados
factores de contraste. Estos factores corresponden al cambio en el indice de refraccion
de la mezcla en funcién de la concentracién (0On/dc) y de la temperatura (0On/0T).
Estos factores deben de ser lo suficientemente sensibles y precisos, para no inducir
errores en la medida. En ciertas mezclas y a ciertas concentraciones estos factores
de contraste pueden perder sensibilidad, imposibilitando una correcta medicion en
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algiin rango de concentracion del sistema estudiado, tal y como sucede en la mezcla
agua-etanol [91].

La técnica optical digital interferometry [92] utiliza también una célula de aspecto
similar a la célula de Soret clésica (Figura. Al igual que en el caso de la técnica
OBD, el gradiente de temperatura en la mezcla es generado de forma externa por
medio de elementos Peltier.

4
water heat exchanger | %j: %%’&

CCD
camera
Iy

M2 D BS1

Cell N

Figura 1.7: Técnica optical digital interferometry (ODI) (a) Esquema de la célula;
(b) Diagrama de todo el dispositivo ODI.

El sistema de analisis, aun siendo 6ptico también, varia con respecto al anterior.
En este caso, la medicién del cambio de concentraciéon se lleva a cabo por medio de
un interferometro del tipo Mach-Zehnder. En esta técnica, se tiene un laser, el cual
se divide en dos, haciendo que pase uno de ellos a través de la célula. Posteriormente
los dos rayos vuelven a converger formando un interferograma (Figura [1.8)) que es
recogido por una camara con un dispositivo charge-coupled device (CCD). Mediante
el andlisis de estos interferogramas se obtiene el perfil de concentracién de los compo-
nentes a lo largo de la célula, necesario para la determinacion del coeficiente Soret.
Recientemente, se estd trabajando en sistemas que proporcionan dos interferogra-
mas en dos direcciones perpendiculares [93], los cuales permiten obtener superficies
de concentracién dentro de la célula (Figura[L.8).

Otra técnica basada en métodos Opticos para la determinacién de la concentra-
cién en la mezcla de estudio es la técnica thermal diffusion forced Rayleigh scattering
(TDFRS) [94], 95]. En esta técnica también se dispone de una célula donde se intro-
duce la muestra, pero a diferencia de las técnicas dpticas anteriores, el gradiente de
temperatura es generado en el seno de la mezcla. En este dispositivo (ver ﬁgura,
se dispone de dos rayos laser de diferentes longitudes de onda. Uno de ellos se utiliza
para generar el gradiente de temperatura en la mezcla. Para ello, el laser se divide en
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Figura 1.8 Resultados  de  interferometria  mediante la  técnica
optical digital interferometry (ODI) (a) Patrén de interferencia debido a la se-
paracién de los componentes en la célula; (b) distribucién de las superficies de igual
concentracion a lo largo del volumen de la célula.

dos haces de igual intensidad. Uno de estos haces se desfasa con respecto al otro y se
hacen converger ambos en la mezcla. Esto genera una rejilla de intensidad de luz en
la mezcla. A la mezcla de estudio se le anade una pequena cantidad de tinte, el cual
hace que la rejilla de intensidad del rayo sea absorbida por la mezcla convirtiéndose
en una rejilla de temperatura. Unas franjas estan a mayor temperatura que las otras,
lo que provoca el efecto Soret en la mezcla. Esto causa un cambio de concentracién
en la mezcla que es medido utilizando el segundo laser del dispositivo.

Esta técnica determina tanto el coeficiente Soret como el coeficiente de difusién
molecular de la mezcla, obteniéndose posteriormente el coeficiente de termodifusion
mediante la expresion (|1.1)).

El principal inconveniente de esta técnica es la necesidad de la adicién del tinte.
Se ha podido comprobar cémo el efecto de este tinte puede tener influencia en los
resultados obtenidos [96]. Por esta razon se ha desarrollado una versién de este dispo-
sitivo denominada infrared thermal diffusion forced Rayleigh scattering (IR-TDFRS)
[97], en el cual se ha modificado la longitud de onda del ldser de escritura, con el fin
de que su intensidad pueda ser absorbida por la mezcla de estudio sin necesidad del
tinte.

Otra de las técnica épticas que se han desarrollado para la medicién del coeficiente
Soret es la técnica thermal lens [98]. El principio bésico de este método consiste en
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Figura 1.9: Esquema de la técnica thermal diffusion forced Rayleigh scattering
(TDFRS).

la medicién de la cantidad de calor depositado en un medio después de un proceso
de absorcién de luz. Esta técnica (Figura utiliza un rayo laser, el cual es el
encargado tanto de calentar la muestra como de medir el cambio de concentracién
en la misma mediante un detector.

ZmFl

laser
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Figura 1.10: Esquema del dispositivo thermal lens.

La técnica de la célula de termodifusion de dos camaras [99 [100], tiene una
estructura basada en dos células rectangulares conectadas (Figura . Las dos
camaras estan conectadas por un estrecho canal equipado con una valvula de paso.
Al comienzo del experimento, y estando la mezcla homogénea en las dos camaras,
se calienta una de las cdmaras para generar un transporte de masa. Cuando se
alcanza el estado estacionario se cierra la valvula, deteniendo de este modo el proceso
termodifusivo. Analizando muestras de ambas cdmaras, se obtiene la concentracion en
cada una de ellas, lo que junto con el dato de la concentracion inicial, permite obtener
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el coeficiente Soret de la mezcla. Existen diferentes versiones de este aparato [101]
en las que se conectan varias de estas camaras con el fin de aumentar la separacion
de los componentes.

» Valve
Cold Cell

Hot Cell

e

AaN
AN

Z] —
4
Figura 1.11: Esquema de la célula de termodifusién de dos camaras. La célula de la
figura esta disenada para medidas a altas presiones.

La técnica termogravitacional, a diferencia de las técnicas anteriores y a excepcion
de la técnica de la célula de Rayleigh, aprovecha las corrientes convectivas para
amplificar la separacién entre los extremos de la columna termogravitacional (para
mas informacién ver seccion . También se ha mostrado que la separacion entre
los extremos de la columna puede aumentarse en funcién del grado de inclinacion de
la columna [102, 103].

Existen dos procesos de mediciéon mediante la columna termogravitacional. En
el primero de ellos se realiza un analisis del régimen transitorio. Este analisis, se
puede hacer por medio de extracciones en las columnas, con las que se consigue
determinar el coeficiente de difusion molecular [104, [105], o mediante un andlisis
utilizando velocimetria laser. Este andlisis permite obtener el coeficiente Soret a
partir de los cambios en las amplitudes de conveccién [106].

El segundo de los procesos consiste en la determinacién de la separacion de los
componentes de la mezcla una vez se ha alcanzado el estado estacionario por medio
de extracciones a diferentes alturas de la columna, utilizando estos datos para la de-
terminacion del coeficiente de termodifusién [I06]. Para poder obtener el coeficiente
Soret en este caso, los resultados obtenidos mediante la columna termogravitacio-
nal se complementan con los obtenidos mediante otras técnicas desarrolladas para
la determinacién del coeficiente de difusién molecular, como pueden ser la técni-
ca sliding symmetric tubes [84] (para més informacién ver seccién [2.5)), la técnica
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open endend capillary [106] o alguna de las técnicas anteriormente descritas que pro-
porcione medidas de este coeficiente.

La principal ventaja que ofrece la técnica termogravitacional, ademas de no verse
perjudicada por la conveccion provocada por la gravedad, es que no precisa de un
conocimiento preciso del gradiente de temperatura aplicado, ya que este inicamente
afecta a la velocidad de separacién de los componentes y no a la separacién en el esta-
do estacionario. Como contrapartida, en esta técnica pueden aparecer inestabilidades
no deseadas al tratar con mezclas de Soret negativo [107]. Sin embargo, bajo ciertas
condiciones se ha conseguido establecer el gradiente de densidad adverso en este tipo
de mezclas, al menos para las columnas de configuracién cilindrica [108], 109].

Evolucién del Estudio del Efecto Soret

En la actualidad se estan realizando avances en diferentes campos. A continuacién
se van a citar algunos de los mas notables, principalmente en el campo experimental.

El efecto Soret en mezclas binarias ha sido ampliamente estudiado, y existen va-
rias teorias capaces de describir con un alto grado de fiabilidad el comportamiento
de estas mezclas [58, [60], 61, [110]. Hasta la fecha, son también muchos los datos ex-
perimentales disponibles en este campo, incluso se han realizado medidas mediante
varias técnicas en mezclas binarias [91], 92 111, 112) 113], 114, 115, 116], las cua-
les muestran el gran acuerdo entre las diferentes técnicas experimentales y sirven
de referencia para nuevos dispositivos. A su vez, se estan realizando esfuerzos en el
campo de las mezclas asociativas, ya que presentan un cambio en el signo del coefi-
ciente Soret que pocos modelos tedricos son capaces de predecir [2]. Es por ello que
se estan realizando nuevas medidas experimentales mediante diferentes técnicas en
estas mezclas [93], con el fin de conseguir una buena caracterizacién de las mismas.

Sin embargo, todavia es necesario aumentar la cantidad de datos experimentales
en la bibliografia disponible en mezclas liquidas, especialmente en lo referente a
datos experimentales en mezclas multicomponentes. Existen algunos modelos tedricos
capaces de predecir las propiedades de transporte en mezclas multicomponentes [54)
117, [T18], pero son pocos los datos experimentales disponibles para su validacién
[16], 17, 119, 120} 121), 122]. Incluso todavia son pocas las técnicas experimentales
capaces de llevar a cabo medidas en este tipo de mezclas, y los resultados obtenidos
mediante las mismas no estan del todo en acuerdo.

Una de las primeras técnicas en proporcionar datos experimentales del coeficiente
de termodifusién en mezclas ternarias fue la técnica termogravitacional [17, 119, [120].
Utilizando un sistema de analisis basado en dos propiedades independientes del flui-
do (densidad e indice de refraccién), se puede determinar la concentracién de cada
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componente en una mezcla ternaria, lo que permite obtener el coeficiente de termodi-
fusién de los componentes de la mezcla [123]. Utilizando esta técnica se han realiza-
do mediciones en mezclas ternarias de hidrocarburos como son tetrahidronaftalina-
isobutilbenceno-ndodecano y tetrahidronaftalina-isobutilbenceno-ndecano.

Otra de las técnicas con las que se han obtenido resultados experimentales en
mezclas ternarias es la técnica optical beam deflection [122]. Para ello, se ha incor-
porado a esta técnica otro laser de una longitud de onda diferente. Esto permite
obtener dos medidas independientes del indice de refraccién, y por ende de la con-
centracion de los componentes. Esta técnica se ha utilizado para realizar medidas en
dos mezclas ternarias compuestas por tetrahidronaftalina-isobutilbenceno-ndodecano
y metilnaftalina-noctano-ndecano.

La técnica de la célula de termodifusion de dos camaras también ha sido utilizada
para realizar medidas en mezclas ternarias y cuaternarias [16, [121]. Las mezclas
ternarias que han sido analizadas mediante esta técnica han sido las compuestas por
metano, butano y n-dodecano, y tetrahidonaftalina, isobutilbenceno y n-dodecano
y la mezcla cuaternaria de los compuestos tetrahidronaftalina, isobutilbenceno, n-
dodecano y cis,1,2-dimetilciclohexano. Estas mediciones se han llevado a cabo en un
entorno de microgravedad, y a altas presiones.

Como se puede apreciar en la bibliografia, los datos experimentales disponibles
no son cuantiosos, y son pocos también los sistemas estudiados. Unicamente para
la mezcla tetrahidronaftalina, isobutilbenceno y n-dodecano se puede realizar una
comparacion, e incluso en esta mezcla, las tinicas medidas realizadas en condicio-
nes similares son las obtenidas mediante la técnica termogravitacional y la técnica
optical beam deflection. No obstante, los resultados obtenidos tampoco son conclu-
yentes. Paralelamente se han desarrollado nuevas correlaciones capaces de determinar
los coeficientes de termodifusién en estas mezclas [17], sin embargo, aunque pueden
ayudar a aclarar las dudas en este campo, todavia requieren de méas datos experi-
mentales para su comprobacion.

Con el fin de verificar los datos experimentales disponibles se estan realizando me-
diciones en un entorno de microgravedad. Al realizar los experimentos en el espacio,
se minimiza el efecto de la gravedad la cual genera la conveccion. Existen diferentes
plataformas en las que es posible realizar estos experimentos, como el satélite FO-
TON o la Estacién Espacial Internacional (ISS). Se han llevado a cabo experimentos
en estas instalaciones [16, 121], 124, 125, 126], 127], analizando diferentes tipos de
mezclas. El analisis de los resultados obtenidos ha generado otra discusion en este
tipo de experimentos, relacionada con la influencia en los mismos de las vibraciones
[128, 129] y de la influencia de los g-jitters [130]. Estos son pequenias perturbaciones
gravitatorias generadas por la actividad en la instalacion espacial. A pesar de los
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prometedores resultados obtenidos, todavia hay un debate en la comunidad cientifi-
ca sobre la necesidad de estos experimentos y si los resultados obtenidos compensan
su elevado coste.

En este marco, hay proyectos como el DCMIX, en el que varios laboratorios estan
colaborando con el fin de llevar a cabo mediciones tanto en mezclas binarias como
ternarias en la ISS por medio de técnicas épticas. Las mediciones llevadas a cabo
en el espacio van a ser contrastadas con las realizadas en los diferentes laboratorios.
Concretamente se van a utilizar métodos épticos (como la optical beam deflection) y
métodos que no se ven afectados por la conveccién (columna termogravitacional). El
fin de estas medidas es obtener unos valores que sirvan de referencia para mezclas
ternarias, lo que permitird avanzar tanto a nivel tedrico como experimental en el
estudio de las mismas.

Otros esfuerzos en la investigacion del efecto Soret estan dedicados a su estudio
a altas presiones. Parte del interés en este estudio se debe a su influencia en la
distribucién de los componentes en los pozos petroliferos [I8], 19 20, 2] 22]. En los
pozos, los componentes estan sometidos a grandes presiones, sin embargo, la mayoria
de los datos experimentales en la bibliografia son a presiéon atmosférica. Aunque
existen trabajos tedricos que pronuncian la capacidad de predecir las propiedades de
transporte a altas presiones, no son muchos los datos experimentales con los que se
pueden contrastar las predicciones de los modelos. Por ello, se estan desarrollando
nuevos dispositivos para avanzar en el estudio experimental de este tipo de mezclas
[16], (131, 132].

Como se puede ver son muchos los campos, tanto experimentales como analiticos,
con relacion al efecto Soret en los que se estd trabajando, y son muchas todavia las
cuestiones en las que no se ha alcanzado un acuerdo unanime. El trabajo realizado
en esta tesis pretende corroborar el avance en estos campos y especialmente en el
estudio de los fenémenos de transporte termo-hidrodinamicos de no equilibrio en
mezclas liquidas.

1.2. Objetivos

El objetivo de esta tesis aborda un problema muy complejo y al mismo tiempo
transcendental para la generacién de nuevos conocimientos en el campo de las pro-
piedades de transporte. En concreto, los resultados obtenidos en esta tesis doctoral
ayudaran, en su medida, a resolver los problemas relacionados con los fenémenos de
transporte de mezclas liquidas, y permitiran mejorar los formalismos de prediccion.

Con el fin de cumplir este objetivo, se han propuesto los siguientes objetivos
parciales desglosados para esta tesis doctoral:
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1. Determinar las propiedades termofisicas en mezclas liquidas.
2. Determinar el coeficiente de termodifusién (D7) en mezclas liquidas binarias.
3. Determinar el coeficiente de termodifusién (Dr) en mezclas liquidas ternarias.

4. Determinar el coeficiente de difusién molecular (D) en mezclas liquidas bina-
rias.

5. Determinar el coeficiente Soret (Sr) en mezclas liquidas binarias.

6. Desarrollar nuevas correlaciones fenomenoldgicas cuantitativas para predecir
los coeficientes de difusion molecular, termodifusién y coeficiente Soret en mez-
clas binarias y ternarias.

En la figura [I.12] se muestra un diagrama de flujo con los objetivos parciales de
esta tesis doctoral. El estudio de los fenémenos de transporte en esta tesis, se divide
en el andlisis de mezclas binarias y ternarias de las que se determinan los diferentes
coeficientes de transporte. Los resultados obtenidos permitiran el desarrollo de nuevas
relaciones fenomenologicas.

‘ ESTUDIO DE LOS FENOMENOS DE TRANSPORTE TERMO-
HIDRODINAMICOS DE NO EQUILIBIRO EN MEZCLAS LIQUIDAS

Mezclas Binarias Mezclas Ternarias

Determinar el
coeficiente de
difusion
molecular

Determinar el
coeficiente de "
Termodifusion Determinar el
coeficiente de
Termodifisién

Determinar
el

Termofisicas

coeficiente

Soret

Determinar propiedades

Desarrollar nuevas correlaciones
fenomenolégicas cuantitativas

Figura 1.12: Diagrama de flujo de los objetivos parciales para la consecucién del
objetivo general de esta tesis doctoral.
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En definitiva, la finalidad de esta tesis doctoral es avanzar en el desarrollo de nue-
vas metodologias experimentales y de nuevas relaciones fenomenoldgicas con el fin de
lograr avanzar en la compresion de los fenomenos de transporte termo-hidrodinami-
cos de no equilibrio en mezclas liquidas.



Capitulo 2

Metodologia

La realizacion de esta tesis doctoral ha requerido la utilizacién de diversos dispo-
sitivos, los cuales se han utilizado en la parte experimental de su desarrollo. En esta
seccion se van a describir los diferentes equipos y las metodologias utilizadas.

Cabe destacar que parte de los dispositivos utilizados, mas concretamente las
columnas termogravitacionales y la instalacién sliding symmetric tubes, han sido
desarrollados y construidos integramente en Mondragon Goi Eskola Politeknikoa
(MGEP). Este hecho ha permitido realizar un analisis més profundo de estas insta-
laciones y de los procesos fisicos que son la base de su funcionamiento. Ademas, se
han identificado las variables méas importantes a tener en cuenta a la hora de cons-
truir un dispositivo y de disenar el procedimiento experimental, lo cual ha influido
en la metodologia a seguir durante los experimentos.

2.1. Preparacién de Muestras

Uno de los factores decisivos a la hora de determinar una propiedad o parametro
fisico es la composiciéon de las mezclas estudiadas. Ha quedado demostrado como
las propiedades de transporte de las mezclas liquidas se ven influenciadas por la
composicién de sus componentes [11], [83], [133]. Es por ello, que se considera que esta
actividad es de vital importancia en los procesos de medicion.

En este caso, las mezclas se han elaborado seglin su concentracion masica, utili-
zando balanzas digitales de alta precision. En el laboratorio de Mecanica de Fluidos
de MGEP se dispone de dos balanzas (Figura , de las cuales se utiliza una u otra
dependiendo de la cantidad de mezcla a preparar. En caso de necesitar cantidades
de fluido superiores a 200 cc, se utiliza la balanza digital GRAM VSI 4500, la cual
posee una resolucién de 10 mg y tiene un fondo de escala de 4500 g. En el caso de

19
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necesitar una menor cantidad de muestra, se trabaja con la balanza digital GRAM
VXI 310, la cual tiene una resolucién de 0.1 mg y un fondo de escala de 310 g.

Figura 2.1: Balanzas digitales disponibles en el laboratorio de Mecanica de Fluidos:
(a) Balanza digital GRAM VSI 4500; (b) Balanza digital GRAM VXI 310.

El procedimiento a seguir para la elaboracion de las mezclas, tanto binarias co-
mo ternarias, consiste en anadir a la mezcla los componentes correspondientes en
orden decreciente de densidad. Conociendo la concentraciéon masica de cada uno de
los componentes en la mezcla, se anaden las masas correspondientes, las cuales se
calculan por medio de la ecuacién .

Mp="0 =123 (2.1)
Ci

2.2. Medida de la densidad e indice de refraccion

Para la medicién de la densidad de los liquidos se ha utilizado un densimetro de
tubo vibrante Anton Paar 5000 (Figura . Este aparato es capaz de determinar
la densidad de un fluido con una resoluciéon de 107% gr/em?® y una precisiéon de
5-107% gr/cm?, requiriendo para ello una cantidad aproximada de 1.5 cc. El control
de la temperatura del fluido de anélisis en este dispositivo se realiza mediante unos
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elementos Peltier, los cuales permiten obtener un control de la temperatura con una
resolucién de 1073 °C.

=
Piezo-glement

optical
pick-ups

(b)

Figura 2.2: Densimetro Anton Paar DMA 5000 utilizado para la determinacién de la
densidad de los fluidos (a) Imagen del dispositivo y (b) esquema de su funcionamiento.

Este dispositivo utiliza el principio del cuerpo vibrante. Segun este principio, el
periodo de vibraciéon de un cuerpo es inversamente proporcional a su densidad. Esta
relacién se puede representar mediante la expresion ([2.2]).

p=A-P’+B (2.2)

Por lo tanto, obteniendo los factores A y B en la ecuacion se puede obtener
la densidad a partir del periodo de vibracion del cuerpo.

El densimetro DMA 5000 esta provisto de un tubo de cuarzo en forma de U
(Figura, el cual se hace vibrar mediante un excitador piezoeléctrico. La vibracién
del tubo es medida mediante unos acelerometros épticos con los que se determina el
periodo de vibracion del tubo.

En este caso, la determinacion de los factores A y B en la ecuacién se realiza
mediante la medida del periodo de vibracién del tubo con dos fluidos de densidad
conocida, en este caso aire y agua bidestilada. Esto permite crear un sistema de
ecuaciones en las que las inicas incégnitas son estos dos factores. Cabe comentar que
con el fin de evitar errores en la medicién de la densidad de los fluidos, el proceso de
calibracién se ha realizado de forma sistematica mensualmente.

La medicion del indice de refraccién se ha realizado mediante el uso de un re-
fractémetro Anton Paar RXA 156. Este aparato, el cual posee un ldser de una lon-
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gitud de onda de 589.34+0.1 nm, tiene una repetibilidad en la medida del indice de
refracciéon de 2 - 107° nD con una resolucién de la temperatura de 0.01 °C.

La principal ventaja que proporcionan estos aparatos, densimetro y refractometro,
ademas de la gran precision en las medidas que realizan, radica en que son capaces
de trabajar conjuntamente y de realizar una medida simultanea (Figura, lo que
a su vez aumenta la precision de los resultados obtenidos para la densidad e indice
de refraccion.

Figura 2.3: Conjunto de densimetro Anton Paar DMA 5000 y refractémetro Anton
Paar RXA 156 en su configuracion para la realizacién de medidas simultaneas de la
densidad e indice de refraccién.

2.2.1. Determinacion del coeficiente de expansién térmica

Entre las propiedades de los fluidos que se determinan utilizando los dispositivos
anteriores, se encuentra el coeficiente de expansién térmica («). Este coeficiente re-
presenta el cambio de volumen que se da en los fluidos debido a un cambio en su
temperatura, viniendo determinado por la expresion .

1 Jp
o= p T (2.3)

Para el cédlculo del coeficiente de expansiéon térmica, se determina la densidad
de una mezcla a una concentracion dada, a intervalos de 0.5 °C, en un rango de
temperatura de £+ 1 °C alrededor de la temperatura de estudio.

Tal y como se puede apreciar en la figura[2.4] el cambio de densidad en las mezclas
en funcion de la temperatura tiene un comportamiento lineal, por lo que obteniendo

la pendiente de esta recta, se puede calcular el coeficiente de expansion térmica de
la mezcla mediante la expresién (2.3)).
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Figura 2.4: Cambio de densidad en funcion de la temperatura para la mezcla nC'o-
nC1g a una temperatura media de 25 °C y una concentracién mésica del 50 %.

2.2.2. Determinacion del coeficiente de expansién masica

Otra de las propiedades de las mezclas a determinar es el coeficiente de expansion
masica. Este coeficiente determina el cambio de volumen en la mezcla en funcion de
la concentracion de los componentes de la misma. Este coeficiente se define mediante
la ecuacién (12.4)).

1 0

=22 (24)
p Oc

En mezclas binarias, este coeficiente proporciona una relacién entre la densidad
de la mezcla y la concentracion. Para la obtencion de este coeficiente se preparan 5
muestras de concentracién conocida, estando su concentracion alrededor de la con-
centraciéon de la mezcla de estudio (cp £ 2%). Determinando la densidad de estas
muestras, se puede obtener una relacion entre la densidad y la concentracion de los
componentes de la mezcla, tal y como se muestra en la figura 2.5

Al realizar las muestras a una concentracion muy cercana a la concentracion de
estudio, se asegura que la relacion entre la densidad y la concentracion tenga un
comportamiento lineal. De esta manera se puede calcular el coeficiente de expansién
maésica mediante la expresion (2.4]) utilizando la pendiente de la ecuacién de la recta
obtenida.
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Figura 2.5: Cambio de densidad en funcién de la concentracion para la mezcla nCio-
nC1e a una temperatura media de 25 °C y una concentracion masica del 50 %.

2.2.3. Calibracion en mezclas ternarias

A la hora de realizar medidas de las propiedades de transporte, uno de los facto-
res que hay que determinar es la concentracion de cada componente en las mezclas
analizadas. Existen varios métodos de anélisis para la determinacién de la concentra-
cién de los componentes en mezclas liquidas. En esta tesis doctoral, se ha utilizado
la medida de la densidad y/o el indice de refraccién, dependiendo de las mezclas
analizadas.

En las mezclas binarias, la concentracion de los componentes se consigue por
medio del coeficiente de expansién masica (ver seccién , es decir, mediante un
analisis basado en la medida de la densidad.

En cuanto a las mezclas ternarias, este procedimiento no es suficiente, y se hace
necesaria la elaboracién de una calibraciéon mas extensa basada en la medida de la
densidad y el indice de refracciéon de la muestra. Ademas, considerando que la suma
de las concentraciones de los componentes de la mezcla debe ser igual a la unidad,

se genera el sistema de ecuaciones (2.5, (2.6]) y (2.7).

1:Ci+Cj+Ck
p:kO'Ci—i‘kl'Cj—f-kQ'Ck
nD =ki-c;+ k- cj+ky- o
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Por lo tanto, obteniendo los coeficientes k& y k' de estas ecuaciones, se puede
obtener la concentraciéon de los componentes de una mezcla ternaria a partir de
la medida de su densidad y de su indice de refraccién. Para la obtencion de estos
coeficientes, se elaboran dos planos de calibracién, uno correspondiente a la densidad
y otro al indice de refraccion.

Para la construccién de estos planos se preparan un total de 25 muestras de
concentracion conocida, en las que se varia la concentracién de cada uno de los tres
componentes, de manera que se encuentren alrededor de la concentracién de la mezcla

de estudio. Estos planos se pueden ver en la figura [2.6

1.485
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Figura 2.6: Planos de calibracién correspondientes a la densidad (a) e indice de
refraccion (b) elaborados para la mezcla ternaria THN-IBB-nC'j5 a una concentracion

masica 1:1:1 y una temperatura media de 25 °C.

Una vez determinados los planos, se utiliza el método de los minimos cuadrados
para obtener los coeficientes de calibracién k y k’. Mediante los coeficientes obtenidos,
se comprueba la calidad de la calibracién realizada, recalculando la concentracion de
las 25 muestras utilizadas en este procedimiento. Analizando las diferencias entre los
datos experimentales y calculados se aprecia la calidad de la calibracion.

2.3. Medida de la Viscosidad

Otra de las propiedades de los fluidos que se ha determinado a lo largo de esta
tesis, ha sido la viscosidad de las mezclas. Para determinar esta propiedad se dispone
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en el laboratorio de Mecanica de Fluidos de MGEP de dos viscosimetros. Ambos se
basan en el mismo principio, la Ley de Stoke de caida de un cuerpo sumergido en un
fluido. Esta Ley relaciona el tiempo de caida de un cuerpo sumergido en un fluido
con la viscosidad dinamica del fluido mediante la ecuacion .

p=K-(pp—p)- At (2.8)

donde p, y p; denotan las densidades del cuerpo en caida y del fluido en el que
esta sumergido respectivamente. La variable K, es una constante de calibracién, la
cual se determina mediante la realizacion experimental de medidas en fluidos de
viscosidad conocida.

2.3.1. Viscosimetro de caida de bola HAAKE

Uno de los aparatos de los que se dispone para la determinacién de la viscosidad
de los fluidos, es un viscosimetro HAAKE de caida de bola (Figura [2.7). Mediante
este dispositivo se puede determinar la viscosidad dindamica de mezclas liquidas con
una repetibilidad superior al 99 %.

Figura 2.7: Viscosimetro HAAKE de caida de bola. (a) Imagen del dispositivo y (b)
diferentes bolas disponibles para el viscosimetro.

El rango de utilizacion de este dispositivo varia dependiendo del cuerpo en caida
de su interior. En este caso el dispositivo posee un conjunto de seis bolas diferentes
con las que se consiguen mediciones en fluidos en el rango de viscosidades de 0.2-
75000 mPa - s.
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El control de la temperatura en este dispositivo se realiza mediante la circulacién
de agua alrededor de la cavidad de ensayo por medio de un bano termostatico, el
cual tiene una precisiéon de 0.1 °C.

2.3.2. Microviscosimetro de caida de bola Anton Paar
AMVn

La viscosidad de las mezclas estudiadas se ha medido adicionalmente con un mi-
croviscosimetro de caida de bola Anton Paar AMVn (Figura . Este dispositivo
permite la determinacion de la viscosidad dindmica en liquidos con un error en la
determinacién del tiempo de caida de la bola inferior a 0.002 s. El control de la
temperatura del fluido en este dispositivo se realiza mediante unos elementos Pel-
tier integrados en el dispositivo que permiten un ajuste de la temperatura con una
precision de 0.05 °C.

Fg ... Fuerza de gravedad! Tubo capilar
Fy .. Fuerza ascensional =
Fy ... Fuerza de la viscosidad

(a) (b)

Figura 2.8: Viscosimetro Anton Paar AMVn (a) Imagen del dispositivo; (b) Repre-
sentacion del principio de caida de bola para la medida de la viscosidad dinamica
mediante este dispositivo.

Mediante este dispositivo se puede determinar la viscosidad dindmica de fluidos
de diferentes rangos de viscosidades (0.3-10000 mPa- s). Para un correcto proceso de
medicion, se deben ajustar dos parametros del mismo. Por un lado se debe seleccionar
el tubo capilar adecuado y por otro las dimensiones del cuerpo de caida.

En esta tesis doctoral se ha utilizado un tnico capilar, el cual es adecuado para
mediciones en fluidos comprendidos en un rango de viscosidad entre 0.3 y 10 mPa- s.
Para optimizar la medida de la viscosidad con este capilar, se ajusta el tiempo de
caida del cuerpo variando el dngulo en el que se realiza la medicion.
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2.4. Medida del coeficiente de termodifusion (Dr)

El coeficiente de termodifusién de las mezclas estudiadas se ha determinado me-
diante la técnica termogravitacional. En esta técnica se introduce la mezcla de estudio
entre dos superficies paralelas que se encuentran a diferentes temperaturas. Debido
a esta diferencia de temperatura entre las dos paredes, se genera un flujo debido a
la termodifusién (Jpr), el cual produce la separacién horizontal de los componen-
tes de la mezcla. Esta separaciéon genera, a su vez, un flujo de difusién (Jp), que
tiende a mezclar otra vez los componentes de la mezcla. La separacion horizontal
de los componentes de la mezcla, genera diferencias de densidad horizontal en el
espacio de trabajo, lo cual provoca un flujo convectivo debido a la presencia del
campo gravitatorio. La combinacion de estos tres efectos da lugar a una separacion
vertical amplificada entre los extremos de la columna. Estos efectos se pueden ver

representados en la figura

T T,

F s

.

Figura 2.9: Representacién de los diferentes flujos que se producen bajo el efecto
termogravitacional.

El analisis de la diferencia de concentracion en el estado estacionario que se genera
a lo largo de la columna permite la determinacion del coeficiente de termodifusion.
Para ello se utiliza la expresion , que ya ha sido ampliamente estudiada en la
bibliografia [102, 106, [134], y que se basa en la teoria para gases de Furry, Jones
y Onsager [135], que posteriormente fue extendida a disoluciones concentradas por
Majumdar [136].
504L, Div

ACZ‘ = gL4 TCZ‘C]‘ (29)
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En el laboratorio de Mecanica de Fluidos de MGEP se dispone en estos momen-
tos de tres instalaciones termogravitacionales, siendo dos de ellas de configuracion
paralelepipeda y una de configuracion cilindrica. Hay que senalar que la columna
termogravitacional cilindrica tiene la caracteristica de poder trabajar con fluidos a
presiones de hasta 500 bar [137].

2.4.1. Columnas Termogravitacionales Planas

Como se ha comentado anteriormente, en el laboratorio de Mecéanica de Fluidos
de MGEP se dispone de dos columnas termogravitacionales de configuracién plana.
Las dos columnas termogravitacionales planas (Figura han sido disenadas y
construidas integramente en MGEP [I38]. A su vez, se ha considerado en el diseno
de una de estas dos columna la posibilidad de trabajar tanto como columna termo-

gravitacional como célula elemental, cambiando su posicién de trabajo de vertical a
horizontal [138].

Figura 2.10: Instalacién termogravitacional plana.

Las columnas planas estan compuestas por dos placas paralelas de aluminio. Se
ha utilizado el aluminio ya que éste posee buenas propiedades de conduccién térmica
y presenta una buena resistencia a la corrosién. Estas placas poseen una cavidad
interior por la que circula agua procedente de dos banos termostaticos con el fin de
generar el gradiente de temperatura necesario para la realizacion del ensayo.

La plancha que hace de separador entre las dos placas, fria y caliente, es de
Ketron Peek-1000. Este material posee buenas propiedades mecanicas asi como una
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conductividad térmica muy baja, con lo que el fluido a analizar queda tnicamente
sometido a un gradiente de temperatura horizontal a lo largo del gap.

Una de las columnas planas posee unas medidas efectivas del gap de trabajo de
500 mm de altura, 50 mm de ancho y una distancia entre la pared fria y caliente de
1 mm. Mediante esta relacién de aspecto se considera que la columna opera dentro
de los limites de validez de la teorfa F.J.O. [139, [140].

La segunda columna termogravitacional plana (Figura , también construida
en MGEP, es muy similar a la anterior. Geométricamente, tanto la anchura del gap
como su espesor son idénticos (50x1 mm). La principal diferencia entre ambas co-
lumnas radica en que la longitud de esta segunda columna es mayor. En este caso la
longitud de la cavidad del gap alcanza los 980 mm. Este cambio afecta principalmen-
te a la separacion de los componentes dentro de la columna; aumenta la sensibilidad
de medicién de la separacion estacionaria a lo largo de la columna y por lo tanto, se
reducen los errores a la hora de la determinacién de la distribucién de los componen-
tes. Esto es especialmente importante en las mezclas ternarias, donde la separacién
de algunos de los componentes es reducida.

Para conseguir la temperatura deseada en cada pared de las columnas, se utilizan
dos batios termostdticos de la marca Julabo (Figura[2.11]). Estos banos hacen circular
agua bidestilada, por los canales dispuestos en las placas de las columnas. Los banos
son capaces de controlar la temperatura del fluido en circulacién con una precision
de 0.01 °C. La temperatura conseguida en las placas se determina por medio de una
sonda Pt 100. Esto permite un control tanto horizontal como vertical del gradiente

de temperatura que se encuentra en el interior del gap con una precisién de alrededor
de 0.1 °C.

Figura 2.11: Bano termostaticos (a) Julabo y (b) Lauda utilizados para generar el
gradiente de temperatura en las columnas termogravitacionales.
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2.4.2. Columna Termogravitacional Cilindrica

Adicionalmente a las dos columnas termogravitacionales planas, se dispone en el
laboratorio de Mecanica de Fluidos de MGEP de una columna termogravitacional de
configuracion cilindrica (Figura. La columna, que ha sido disenada y fabricada
en MGEP [I41], est4 formada por dos cilindros de acero inoxidable concéntricos los
cuales tienen una separacion entre ellos de 1 mm, en la cual se aloja la mezcla de
fluidos de estudio.

Figura 2.12: Instalacién termogravitacional cilindrica de MGEP.

Para conseguir la temperatura deseada en estos cilindros se hace circular una
corriente de agua por su interior con la ayuda de unos banos termostaticos Lauda
(Figura. Debido a la mayor masa y superficie de contacto de estos cilindros, los
banos utilizados para atemperar los cilindros son de mayor tamano que en el caso de
las columnas planas.

La principal cualidad de esta columna es que puede realizar ensayos tanto a
presién atmosférica como a altas presiones (hasta 500 bar) [132]. La columna posee
cinco puntos de extraccion a diferentes alturas para la extraccién de muestras de su
interior.

El principio de funcionamiento de esta columna es idéntico al de las columnas
termogravitacionales planas. Ademds, la relacién de radios de curvatura (radio de
curvatura= 0.99), hace a efectos practicos que las superficies se asemejen a dos planos
paralelos.
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2.5. Medida del coeficiente de difusion molecular
(D)

La determinacion del coeficiente de difusiéon molecular se ha realizado mediante la
técnica sliding symmetric tubes (SST) [84]. Esta técnica fue desarrollada para suplir
las carencias que se observaban en la técnica open ended capillary (OEC) [106] que
se habia utilizado hasta entonces en MGEP. Las ventajas de esta técnica incluyen
una reduccion de la cantidad de fluido utilizado, permitiendo, a su vez, la realizacién
de ensayos en mezclas altamente volatiles de una forma mas precisa y econémica.

La técnica sliding symmetric tubes consiste en una serie de conjuntos compuestos
por dos tubos idénticos (Figura . Estos conjuntos tienen dos posiciones: tubos
separados y tubos enfrentados. En la posicién de tubos separados el contenido de
ambos tubos se encuentra aislado el uno del otro, mientras que en la posicién de
tubos enfrentados, los dos tubos se encuentran conectados.

Figura 2.13: Instalacién sliding symmetric tubes (a) Representacién de los conjuntos
utilizados y (b) Colocacién de los conjuntos en el bano para su atemperamiento.

En la realizacion de un ensayo se utilizan tipicamente diez de estos conjuntos.
Partiendo de estos conjuntos en su posiciéon de tubos separados, se introduce en
cada uno de ellos la mezcla a estudiar con una pequena diferencia de concentracién
(co £3%). Es decir, si se pretende determinar el coeficiente de difusién molecular de
una mezcla al 50 % en fraccién mésica de cada componente, se prepara una muestra
con un 47 % de concentraciéon maésica del componente mas denso y otra muestra con
un 53 % de concentraciéon maésica del componente mds denso. La cantidad necesaria
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aproximada de cada muestra es de unos 50 cc de mezcla para un ensayo utilizando
10 conjuntos. La mezcla con una mayor densidad se introduce en el tubo inferior,
mientras que la mezcla menos densa se introduce en el tubo superior. De esta forma,
se evita la aparicion del fenémeno de la conveccion.

Los conjuntos son introducidos en su posiciéon de tubos separados en un bano con
agua (Figura para que la mezcla en su interior alcance la temperatura de ensayo.
La temperatura del agua del bano se controla mediante un bano de circulacién, el cual
permite obtener una precisién de 0,01 °C. Cuando los tubos se han atemperado, se
cambian todos los conjuntos de la posicién de tubos separados a la posicion de tubos
enfrentados permitiendo asi que aparezca la difusién molecular entre los liquidos
contenidos en los dos tubos.

Cada ciertos periodos de tiempo, se vuelve a cambiar la posicién de los tubos en
cada conjunto, deteniendo de esta forma el intercambio de masa entre los dos tubos.
Estos conjuntos se extraen del banio y se analiza la composicion en cada uno de los
dos tubos. Esto permite conocer el cambio de concentracion de cada componente
en cada tubo en funcién del tiempo (Figura , y por lo tanto, utilizando las
ecuaciones y se puede obtener el coeficiente de difusion molecular de la
mezcla [84].

El tiempo total del ensayo varia en funcion del valor del coeficiente de difusion
molecular de la mezcla, aunque para las mezclas estudiadas en esta tesis doctoral se
encuentra entre 120h y 216h.

Cl-Lp—l-Cl?Ot 8 Cz.‘p_i_cl,wt © ef(nJr%)z%th
7+ d (Cup_ it ) e e (2.10)

Pty — 22— = — | ¢
e (t) 2 72\ 2 (2n + 1)2

n=0

2 2 (2n + 1)?

- up 4 oot 8 P 4 chot\ & ~(n+3)? = Dt
chot(t) — G ta S (c?‘p ) Z - (2.11)

n=0

Para resolver las ecuaciones (2.10) y (2.11)) se utiliza el método de los minimos
cuadrados mediante el programa de calculo matematico Matlab. Con el fin de facilitar
el uso de este programa para el calculo del coeficiente de difusion molecular, se ha
desarrollado una ”GUI"de Matlab (Figura que hace mas sencillo su uso.
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Figura 2.14: Cambio de concentraciéon masica del componente nCyg en los tubos su-
perior e inferior de la instalacién SST en funcion del tiempo para la mezcla nhexano-
nundecano al 50wt % y a una temperatura de 25 °C (a) y GUI del programa Matlab
utilizada para el célculo del coeficiente de difusién molecular (b).

2.6. Medida del coeficiente Soret (S7)

La determinacién del coeficiente Soret (S7) se ha realizado de forma indirecta,
por lo que se utilizan los valores experimentales obtenidos para los coeficientes de
termodifusion, mediante la instalacién termogravitacional, y molecular, por medio
de la técnica sliding symmetric tubes, utilizando posteriormente la expresion
para calcular el coeficiente Soret de la mezcla estudiada.



Capitulo 3

Resultados

En esta seccién se van a presentar los resultados obtenidos durante la elaboracion
de esta tesis doctoral, relacionados con la medida del coeficiente de termodifusion
(D7), coeficiente de difusién molecular (D) y coeficiente Soret (S7) en diferentes
tipos de mezclas. Por un lado se van a presentar los resultados obtenidos en mezclas
de hidrocarburos, en las cuales se han estudiado tanto mezclas binarias como mezclas
ternarias. Adicionalmente también se presentan los resultados derivados del estudio
de mezclas acuosas y mezclas de polimeros.

Cabe mencionar que muchos de los resultados presentados han sido publicado en
revistas indexadas. Estos trabajos se han adjuntado en los apéndices para facilitar
la comprensién y para completar la informacién proporcionada en este apartado.

3.1. Mezclas de Hidrocarburos

Uno de los tipos de compuestos que se han estudiado a lo largo de esta tesis
han sido los hidrocarburos. Por un lado se han realizado anélisis de los coeficientes
de difusién molecular, termodifusion y Soret de series de mezclas binarias de estos
compuestos, y por otra parte, se ha llevado a cabo un andlisis en varias mezclas
ternarias mas enfocado en la determinacién del coeficiente de termodifusion de los
compuestos de esta familia.

3.1.1. Mezclas Binarias de Alcanos Normales

Un primer estudio dentro del grupo de los hidrocarburos, se ha realizado en
la familia de los alcanos normales. Estos compuestos forman cadenas lineales de
carbonos e hidrégenos, cuya longitud va variando. Asi por ejemplo el n-pentano forma

35
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una cadena de 5 carbonos, mientras que el n-dodecano posee una cadena compuesta
por 12 carbonos. Estos elementos forman parte del crudo, y su configuracién los hace
apropiados para la modelizacion y el estudio del efecto Soret en estos sistemas. Los
compuestos analizados de esta familia y algunas de sus propiedades se pueden ver en

la tabla [3.1]

Tabla 3.1: Propiedades fisicas de los alcanos normales a una temperatura de T =
25 °C.

» ux10° M L 1, I3
(kg/m®) (Pa-s) (amu) (amu A°) (amu A°) (amu A°)
n-pentano (nCs) 621.770 0.224 7215 30.634  250.028  264.696
n-hexano (nCp) 655.120 0.300  86.18 35.785  426.917 443.541
n-heptano (nC») 679.780  0.387 100.20 43.334  667.452 688.432
n-octano (nCs) 698.760 0.508 114.23 48.760  989.298 1012.510
n-nonano (nCy) 713.960  0.665 128.25 55.947 1397.630 1424.830
n-decano (nCg) 726.090 0.838 142.28 61.534 1908.410 1938.010
n-undecano (nCyy)  736.740 1.098 156.30 68.520 2528.110 2561.500
n-dodecano (nC12)  745.150 1.383 170.34 74.215 3271.710 3307.600
n-tridecano (nCh3) 752.890 1.724 184.36 81.074 4146.460 4186.020
n-tetradecano (nCh4) 759.340 2.128 198.39 86.845 5166.710 5208.850
n-pentadecano (nChs) 765.360  2.570 212.42 93.614 6340.250 6385.960
n-hexadecano (nC4g) 770.210 3.032 226.45 99.442  7680.940 7729.290
n-heptadecano (nCh7) 774.520  3.690 240.46 106.145 9197.020 9248.880

Componente

Resultados de las Propiedades de Transporte

El estudio de los alcanos normales se ha centrado en tres series de estos com-
ponentes, en las que se ha seleccionado uno de estos elementos como referencia,
combinandose posteriormente con el resto de alcanos. Las series seleccionadas han
sido nCe-nC; (i=6, 7, 8,..., 18 ), nCio-nC; (i=5, 6, 7, 14,..., 20) y nC12-nC; (i=5,..., 9,
16, 17, 18). Estas series han sido estudiadas a una temperatura media de T' = 25 °C
tanto a una concentracién equimasica como a una concentracién equimolar de sus
componentes.

El coeficiente de termodifusion de algunas de las mezclas de estas series ya habia
sido presentado en trabajos anteriores [82] [142], [143]. En esta tesis se han completado
los valores para este coeficiente en estas series, anadiendo los valores obtenidos en la
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medicion del coeficiente de difusién molecular. Esto ha permitido a su vez, determinar
el coeficiente Soret de estas mezclas. Los resultados obtenidos en la medicién de
los coeficientes de difusién molecular y termodifusién, asi como de sus propiedades

termofisicas, se muestran en las tablas [3.2] 3.3} [3.4], 3.5 3.6 y B.7}

Tabla 3.2: Propiedades medidas de la serie nCg-nC); a una concentracién masica de
0.50 y a una temperatura de T' = 25 °C.

Mezcla, px 1073 o x 10° ) p D x 107 Dy x 107
c=05 (Pa-s) (K PN ) ms) (m?s-K)
nCronCy 0470 1109 0.103  6R9.823 253 6.71
nCi-nCy 0531 1178 0118 69488 227 6.65
nCio-nCs 0558 1159 0128  698.803  2.09 7.45
nCiynCy 0610 1142 0139  702.374  1.96 757
nCrnCy 0656 1132 0.147 705405  1.76 7.95
nCis-nCy 0694 1120 0.155 708106  1.62 8.28
nCig-nChg 0.745 1.110 0.161 710.322 1.54 8.37
nCiinCy 0774 1106 0.167  712.325 146 8.57
nCignCy 0827 1.090 0172 714123 1.39 8.90

Tabla 3.3: Propiedades medidas de la serie nCs-nC; a una concentracién molar de
0.50 y a una temperatura de T'= 25 °C. * Datos obtenidos de la Ref. [82].

Mezcla, px 1073 o x 10° ) ) D x 107 Dy x 10712
=05 (Pa-s) (KN PN g (m2s) (m2s-K)
nCronCy 0538 L1590  0.103 698508  2.53 6.08"
nCh1-nCpg 0.623 1.124 0.117 706.712 2.14 6.40
nCrnCs 0730 1098 0120 713792  1.93 6.45*
nCiynCs  0.831 1068 0139 720307  1.67 6.61
nCr-nCs 0945 1047 0148 726124  1.54 6.68*
nCi5-nCpg 1.108 1.025 0.155 731.762 1.48 6.47
nCie-nCs 1260 1009 0162 736556  1.26 6.38%
nCi-nCs 1432 0.991 0169 741007  1.24 6.10
nCis-nCs 1715 0976 0174 745086  1.12 5.90%
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Tabla 3.4: Propiedades medidas de la serie nC'o-nC; a una concentracién masica de
0.50 y a una temperatura de 7' = 25 °C. * Datos obtenidos de la Ref. [142].

Mezcla, px 1072 a x 10°

5 p D x 107 Dy x 1072
c=05  (Pa-s) (k1 Ox10

(kg/m®)  (m%/s)  (m%/s-K)

nCho-nCs 0.399 1.288 0.157  672.306 3.03 9.24*
nCho-nCe 0.470 1.200 0.103  689.823 2.54 6.71%*
nCho-nCr 0.563 1.141 0.066  702.601 2.09 4.37*
nCr4-nChy 1.293 0.983 0.045  742.526 0.91 2.25
nC15-nChy 1.397 0.974 0.052  745.446 0.82 2.39*
nC1s-nChy 1.515 0.967 0.059  747.768 0.76 2.47*
nC17-nChy 1.634 0.958 0.065  749.893 0.70 2.53*
nC1s-nChy 1.778 0.951 0.070  751.756 0.66 2.56*
nCo-nChy 2.102 0.944 0.078  754.988 - 2.65*

Tabla 3.5: Propiedades medidas de la serie nCio-nC; a una concentracién molar
de 0.50 y a una temperatura de T" = 25 °C. * Datos obtenidos de la Ref. [82];
@ Determinado con la correlacién del coeficiente de difusién molecular en [84]; °
Determinado con la correlacién del coeficiente de termodifusién en [82].

Mezcla, px 1072 a x 10° p D x 1077 Dy x 10712

2
=05  (Pa-s) (K'Y P emd) mfs) (ms-K)
nChonCs 0486 1203 0.155 689061 2.96 378"
nCionCs 0538 1159 0103  G9S508  2.53 6.08*
nCionCr 0608 1122 0.066 T706.677  2.07 3.90*
nCienCo 1410 0976 0.044 745410  0.88° 1840
nCisnCio 1582 0960  0.052 749433  0.78 2.15*
nCienCio 1762 0952  0.059 752850  0.72 223"
nCimnCio 2009 0939  0.064 756111  0.70 2.20%

nC1s-nChy 2.255 0.928 0.069  759.213 0.61 2.38%
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Tabla 3.6: Propiedades medidas de la serie nC1o-nC; a una concentracién méasica de
0.50 y a una temperatura de 7' = 25 °C. * Datos obtenidos de la Ref. [143].

Mezcla, pux 1073 a x 10° P) Dx107° Dpx107%

2
c=05  (Pa-s) (KD PN ) ms) (m?s-K)

nCi-nCh 0.455 1.247 0.181 680.928 2.57 10.94*
nCiynCs 0558 1159  0.128  G9R.803  2.09 7.45*
nCiynCs 0682 1102 0.092 TIL767 170 5.15*
nCiynCs 0807  1.060  0.062 721447  1.49 3.30*
nCiynCy  0.945 1030  0.043 720407  1.24 2.15*
nCienCrs 2034 0936  0.033  T57548  0.59 1.21

nCimnCiy 2232 0930 0039  T59557 0.5 .27+
nCienCry 2395 0932 0.044  T61.665  0.50 1.49%

Tabla 3.7: Propiedades medidas de la serie nCis-nC; a una concentracién molar
de 0.50 y a una temperatura de T' = 25 °C. * Datos obtenidos de la Ref. [82];
¢ Determinado con la correlacién del coeficiente de difusién molecular en [84]; °
Determinado con la correlacion del coeficiente de termodifusion en [82].

Mezcla, px 1072 a x 10° ) p D x 107 Dy x 10712

=05  (Pa-s) (K P gm®) (ms) (ms-K)
nCronCy 0671 1126 0.80 706503  2.20 381
nCio-nCy 0730 1093 0120 713792 1.93 6.45%
nCio-nCs 0807 1066  0.092 720338  1.70 474
nCionCs 0892 1.043  0.064 726279 145 393+
nCi-nCy 0992 1021 0.043 731708  1.26 2.15%
nCie-nCi, 2113 9300 0033  750.300  0.58° 116"
nCir-nCip 2389 0922 0039 759557  0.54 1.29*

nChg-nCha 2.665 0.909 0.044  761.665 0.48 1.33%*
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Comparaciéon de los resultados experimentales con los obtenidos utilizan-
do analisis numérico

Los resultados obtenidos han permitido realizar diferentes andlisis. Asi por
ejemplo, se ha realizado una comparacion para la serie nCs-nC; en concentracion
equimasica, entre los datos experimentales y los obtenidos mediante cédlculos basa-
dos en la termodinamica de no equilibrio y llevados a cabo por el grupo del Prof.
Saghir de la universidad de Rayerson (apéndice @

Este grupo ha utilizado para el calculo del coeficiente de termodifusion un modelo
basado en la termodinamica de no equilibrio, el cual considera la energia del efec-
to viscoso para obtener los coeficientes fenomenolégicos necesarios en la aplicacién
de este tipo de modelos. Adicionalmente, el modelo utilizado, requiere valores del
coeficiente de difusién molecular para llevar a cabo el calculo. Con el fin de anali-
zar la influencia de los valores proporcionados de este coeficiente al modelo, se han
computado valores del coeficiente de termodifusién utilizando los datos experimen-
tales obtenidos del coeficiente de difusién molecular (DY) v los datos estimados
mediante el modelo propuesto en [144] (DNE?2).

Los datos obtenidos para los coeficientes de termodifusién y difusiéon molecular
han sido utilizados para la determinacion del coeficiente Soret mediante la ecuacion
(L.I). Se han calculado diferentes valores de este coeficiente en funcién del méto-
do de obtencién de los coeficientes Dy v D. De este modo se tiene el coeficiente
S77, el cual ha sido determinado utilizando unicamente datos experimentales. El
coeficiente SNEL por otro lado, ha sido calculado utilizando los datos experimenta-
les del coeficiente D y los valores numéricos DYE! del coeficiente de termodifusion.
Finalmente, el coeficiente S¥F2 ha sido determinado integramente utilizando datos
obtenidos mediante modelos de prediccién. La figura [3.1, muestra una comparacién
de los resultados obtenidos para el coeficiente de difusién molecular y el coeficiente
Soret determinados mediante los diferentes métodos. Los valores negativos del coe-
ficiente Soret en esta figura se deben a que se considera el componente nCs como
componente de referencia.

Los resultados obtenidos muestran cémo en el caso del coeficiente de difusién
molecular, los valores experimentales obtenidos para este coeficiente estan en gran
acuerdo con los determinados mediante el modelo de prediccién en [144], con des-
viaciones por debajo del 5%. Estos resultados han servido para comprobar cémo
pequenas variaciones en el valor del coeficiente D, no tienen un gran impacto en
los valores calculados del coeficiente D, al menos para la serie de alcanos normales
nCs-nC; (i=10, 11,..., 18) analizada.

La comparacién entre los datos experimentales del coeficiente Soret y los obte-
nidos mediante los diferentes modelos de prediccién muestran un buen acuerdo. Sin
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Figura 3.1: Resultados obtenidos para la serie nCs-nC; (i=10, 11,..., 18) a fraccién
mésica de 0.5 y a una temperatura media de T = 25 °C. (a) Comparacién de los
valores del coeficiente de difusién molecular determinados experimentalmente y me-
diante la expresién (17) del apéndice D] (b) Comparacion de los valores del coeficiente
Soret determinados experimentalmente (S = D7 /D®P) y mediante el modelo de
prediccién (SNFL = DNEL/ pewp, NE2 — DNE2 | DNE),

embargo se puede apreciar como las diferencias entre los datos obtenidos aumentan
al aumentar la masa molecular de la mezcla. Esto puede ser un indicador de que
la diferencia de la masa molecular de los componentes de las mezclas debe de ser
representada de forma maés agresiva en los modelos.

Correlacion para el coeficiente de termodifusién Dy

Los datos experimentales obtenidos en las series estudiadas, han sido utilizados
adicionalmente para la elaboracion de correlaciones de prediccion de las propiedades
de transporte. Estas correlaciones son importantes ya que permiten la estimacion de
los valores de estas propiedades sin la necesidad de la realizacion de experimentos.

Asi mismo, los resultados experimentales obtenidos a lo largo de esta tesis, han si-
do utilizados en el desarrollo de tres nuevas correlaciones. Una de estas correlaciones
ha sido elaborada para la determinacién del coeficiente de termodifusion en mezclas
binarias de alcanos normales para cualquier concentracién (apéndice , mientras
que la segunda correlacion hace lo propio con el coeficiente de difusion molecular
(apéndice . Por 1ltimo, se ha desarrollado otra nueva correlaciéon para la determi-
nacién del coeficiente Soret en las mezclas binarias de alcanos normales a cualquier
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concentracion (apéndice [I)).

La correlacién desarrollada para el coeficiente de termodifusion, se basa en la
relacion determinada en mezclas equimolares, entre la diferencia de masa molecular
de los componentes de la mezcla y la separacion determinada de los mismos dentro
de la columna termogravitacional. Utilizando esta relacién, en [82] se obtiene una
correlacién para la determinacion del coeficiente de termodifusién en mezclas equi-
molares de alcanos normales. Esta correlacién se ha extendido a mezclas binarias de
alcanos normales en todo el rango de concentracion.

Para ello, se ha observado que la correlacién en [82] permite deducir que existe
una proporcionalidad entre la variacién de masa de los componentes de la mezcla y
el factor (Drcicap/a). La figura[3.2) muestra la relacion existente entre estos factores
para diferentes mezclas de alcanos a concentraciones molares de = = 0,20, x = 0,30,
x =040 y x = 0,80. Tal y como se puede ver en esta figura |3.2] en todos los casos
se cumple que existe una regresion lineal entre estos factores, que viene dada por la
expresion (3.1), en la que el pardmetro k, unicamente depende de la concentracién
molar de los componentes de la mezcla.

DTclcg,u
ZTACH _ k(a)AM (3.1)
[0
a 1.0
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AN X,

Figura 3.2: Variacién del factor (Drcicop/a) en funcién de la diferencia de masa
molecular de los componentes para diferentes mezclas de alcanos normales para las
concentraciones molares de () z = 0,20, (A) z = 0,30, () x = 0,40y (vv) = = 0,80
(a) y en funcién de la concentracién molar para las mezclas (o) nCio-nC7 y (o)
nCio-nCs (b).
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Con el fin de obtener una expresién que permita calcular el coeficiente k en la
ecuacién (3.1)), se han realizado medidas del coeficiente de termodifusién en la serie
nCho-nC'; a diferentes concentraciones masicas. Utilizando los datos obtenidos, se
ha representado el factor (Drcicap/a), en funcién de la concentracién molar de la
mezcla (Figura . Adicionalmente, en esta figura se han introducido también los
datos obtenidos de [142], correspondientes a la mezcla nCo-nCs, cuya diferencia de
masa entre los componentes es practicamente idéntica a la de la mezcla nCio-nCx,
pudiendo, de este modo, comprobar que los datos de ambas mezclas se ajustan en la
misma curva. La ecuacion de esta curva de ajuste, divida entre la diferencia de masa
molecular de los componentes de la mezcla, corresponde a la expresiéon que define el
parametro k. En este caso, la expresién obtenida viene dada por la ecuacién .

k(z1) = (5,34, — 7,0007 + 1,6525)10™ 1 (3.2)

Por lo tanto, teniendo en cuenta el desarrollo anterior, se puede obtener la expre-
sion , la cual permite obtener el coeficiente de termodifusién en mezclas binarias
de alcanos normales a partir de los datos de la masa molecular de los componentes,
el coeficiente de expansion masica y la viscosidad dindmica de la mezcla junto con
las concentraciones molar y masica de los componentes en la mezcla. En la figura
se muestra una comparacion del coeficiente de termodifusion determinado experi-
mentalmente y mediante la expresién (3.3)). Tal y como se puede apreciar, el acuerdo
entre los datos experimentales y los determinados utilizando la correlacion es
muy bueno, con errores por debajo del 5%.

Drees = klay) (M, — MQ)% (3.3)

Adicionalmente, la expresion puede ser adaptada para su uso en la region
diluida de las mezclas binarias de alcanos normales, es decir, cuando la concentracion
de uno de los componentes de la mezcla tiende a cero. El objetivo de esta adaptacién
es la comparacién de la correlacién desarrollada con las teorias [67), [135] 139, 145] y
los resultados experimentales [146] disponibles en la literatura. Para ello, si se toma
el componente 2 como solvente y el 1 como soluto (M; > Ms), se puede obtener la
expresion , para el calculo del coeficiente de termodifusién propio del componente
2.

M.
Drp(x; — 0) = 5,34 x 10‘“%]\42 (1 — Mj) (3.4)
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D, exp

Figura 3.3: Comparacién de los datos del coeficiente de termodifusion determina-
dos experimentalmente y mediante la correlacién (3.3) para las mezclas de alcanos
normales a una temperatura de T = 25 °C.

Mientras que el calculo del coeficiente de termodifusion propio del componente
1, se realiza a partir de la expresion (3.5).

Drp(zs — 0) = 3,71 x 107122 (% - 1) (3.5)
H1 M,

En estas expresiones se puede ver como el coeficiente de termodifusion es depen-
diente del ration («/pu), lo cual ya habia sido reflejado en las teorias de Semenov y
Shimpf [145] y de Brenner [67]. Por otra parte, la dependencia de este coeficiente con
el inverso de la viscosidad ya habia sido observada experimentalmente en [147].

Adicionalmente, se ha comprobado la dependencia del coeficiente de termodifu-
sion con la concentracion masica de los componentes de la mezcla. Para ello, se han
representado los valores del coeficiente de termodifusion de las series nCio-nC57 y
nC1o-nCs en funcion de la masa molecular de sus componentes. Tal y como se puede
apreciar en la figura [3.4] los datos se ajustan a una linea, con lo que se puede escribir
la ecuacion para definir el coeficiente de termodifusion en estas mezclas.

DT = ClDT(CQ — 0) + CQDT(Cl — O) (36)

Segun la expresion (3.6)), el coeficiente de termodifusion de las mezclas de alcanos
normales se puede calcular en todo el rango de concentracion a partir de los valores
del coeficiente de termodifusién propio de los componentes de la mezcla, los cuales
pueden ser calculados utilizando las expresiones y (3-5). Con el fin de comprobar
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Figura 3.4: Valor del coeficiente de termodifusién (a) en funcién de la concentracién
mésica de los componentes para las mezclas (o) nCio-nC7 y (A) nCip-nCs y (b)
en funcién de la concentracion masica de los componentes para las mezclas de alca-
nos normales (o) nC1g-nCs, (o) nC1g-nCr y (A) nCig-nCly, calculados utilizando la
expresion ((3.6).

la validez de la expresién (3.6 se ha calculando el coeficiente de termodifusién de
varias mezclas (Figura, pudiendo comprobar, en todos los casos, que la diferencia
entre los datos experimentales y los determinados mediante la expresion se
encuentran por debajo del 5 %.

Correlacion para el coeficiente de difusién molecular D

La segunda correlacion desarrollada estéd enfocada en la determinacién del coefi-
ciente de difusién molecular en mezclas binarias de alcanos normales (apéndice [E)).
En este desarrollo se han utilizado los resultados obtenidos del coeficiente de difusién
molecular de las series nCg-nC}, nCho-nC; y nC1o-nC; a una concentracién masica de
0.50 de sus componentes. Adicionalmente, se han estudiado las mezclas nC1s-nCy,
nCho-nCy; y nCio-nCy en todo el rango de concentracion. Los resultados obtenidos
en estas mezclas se presentan en la tabla [3.8|

Los resultados obtenidos en las mezclas equimaésicas, muestran como existe una
relaciéon entre el coeficiente de difusiéon molecular de dichas mezclas y la viscosidad de
las mismas. En la figura |3.5] se ha representado el coeficiente de difusién molecular
de estas mezcla en funcién del inverso de su viscosidad dindmica. En todos los casos
se ha podido comprobar como los datos obtenidos ajustan a una linea que pasa por
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Tabla 3.8: Valores del coeficiente de difusiéon molecular de mezclas binarias de alcanos
normales en funcion de la concentracion maéasica de sus componentes. D corresponde
a los valores experimentales y D,y corresponde a los valores calculados mediante la
correlacién en [84].

D x 10" Do x 1077 Dif.
(m*/s) (m*/s) (%)

Mezcla cy

nC’lg-nC’@- 0.18 2.48 2.55 -3.0
0.46 2.24 2.17 3.1
0.50 2.13 2.11 0.7
0.66 1.93 1.88 2.2
0.82 1.72 1.67 2.9
0.95 1.51 1.49 1.0
0.42 1.84 1.80 2.2
0.50 1.70 1.73 -1.7
0.63 1.64 1.61 1.6
0.80 1.48 1.46 1.2
0.94 1.37 1.33 2.9
nCie-nCs  0.10 1.70 1.69 0.6
0.40 1.56 1.52 2.5
0.50 1.49 1.46 2.0
0.80 1.25 1.28 -24

el origen, cuya pendiente toma el valor de k =1.18x107'2 kgm/s?. Por lo tanto,
para las mezclas equimolares de alcanos normales, se puede escribir el coeficiente de
difusién molecular en funcién de la viscosidad dindmica de las mezclas mediante la

expresion (13.7)).

(3.7)

==
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Figura 3.5: Valores del coeficiente de difusion molecular en funcién del inverso de
la viscosidad dindmica de las mezclas para las series de alcanos normales () nCg-
nC;, (o) nCip-nC; y (A) nCi9-nC; (a) y en funcién de la concentraciéon masica de
los componentes para las mezclas de alcanos normales medidas en este trabajo (H)
nCi9-nCq, (8) nC1o-nC7, (A) nCio-nCy y en la bibliografia (O0) nCio-nCy en [14§],
(x) nCia-nCs en [149] , (O) nCio-nCy en [150] y (A) nCia-nCy en [I51] (b).

En cuanto al coeficiente de difusién molecular en funcion de la concentracion, en
la literatura se sugiere que este coeficiente es lineal en funciéon de la concentracién
maésica de los componentes [I51]. Para comprobar esto, se han graficado los datos
disponibles de las series nCi9-nCq, nCio-nCr y nC19-nCg, junto con los disponibles
en la literatura para estas mismas series [148, 149, 150, 151] en funcién de la con-
centracién masica de sus componentes. Tal y como se puede apreciar en la figura
3.5 para todas las series analizadas se comprueba que los datos del coeficiente de
difusion molecular se ajustan a una recta definida por la ecuacion .

D = CQD(lj + Cng (38)

Adicionalmente, un andlisis de estos datos (ver tabla[3.9), muestra que la relacién
existente entre los coeficientes de difusion propios de los componentes es equiparable
a la relacién entre sus masas moleculares (ecuacién (3.9).

D?_Ml

S 3.9
DY M, (39)
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Tabla 3.9: Valores del coeficiente de difusion molecular propio y de las masas mole-
culares de mezclas binarias de alcanos normales. Datos obtenidos de las Ref. [I50] y

Ref. [152].

DY x 107 DY x 107°

Mezcla (m2/s) (m?/s) DY/DY M;/My 6 (%)
nChg-nCy 2.21 0.85 2.60 2.62 0.7
nCho-nCy 2.74 1.42 1.93 1.97 2.5
nChae-nCr 2.19 1.30 1.69 1.70 0.6
nCho-nCy 1.71 1.15 1.49 1.49 0.0
nCi-nClo 0.67 0.49 1.36 1.33 -2.2
nC7-nCg 2.80 2.43 1.15 1.14 -1.7

A partir de los resultados obtenidos en las ecuaciones , y , se puede
deducir la expresion , la cual permite obtener el coeficiente de difusion mole-
cular en mezclas de alcanos normales a cualquier concentracion a partir de los datos
de las masas moleculares de los componentes de la mezcla, su concentracion y la
viscosidad de la mezcla a una concentracién masica de 0.50. Los datos experimen-
tales para el coeficiente de difusion molecular se han comparado con los obtenidos
mediante esta correlacion, encontrando para todos los casos, tanto para los datos
experimentales determinados en este trabajo (Tabla como para los disponibles
en la bibliografia (Figura , diferencias por debajo del 4 %.

2k ( Myco + M261>
D=———"7"— 3.10
w ( My + M, (3.10)
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Figura 3.6: Comparacion de los datos del coeficiente de difusién molecular para las
mezclas de alcanos normales () nCip-nC; (Ref. [150]), (o) nCia-nCs (Ref. [148]),
(<>) nClz—TLCﬁ (Ref [149]), (V) nC’12—nC7 (Ref {].50]), (A) nC’lg—an (Ref [151]), (+)
71014—7107 (Ref [150]), (X) TL014—’I'L08 (Ref [150]), (*) TZCIG—TLO'y (Ref [148]), y los
determinados para estas mezclas utilizando la correlacion .

Correlaciéon para el coeficiente Soret Sp

Tal y como se ha comentado en la seccién [}, el efecto Soret tiene gran importancia
en numerosos fenémenos. Por ello, el andlisis de este fenémeno y la determinacion
precisa de este coeficiente ha alcanzado un renovado interés.

Para el caso de las mezclas gaseosas y a bajas presiones, resulta que el factor de
difusién térmica (ar = St - T') es casi independiente de la composicién. La teorfa
cinética de gases predice que el valor de ar esta ligado a las masas moleculares o a
la relacion de tamanos entre las especies de la mezcla.

En el desarrollo llevado a cabo en diversos estudios [70], [135], se encontré que se
puede desarrollar el factor ar en potencias de la masa reducida de los componen-
tes de la mezcla, siendo los coeficientes de estas expresiones independientes de la
concentracion, pero estando influenciados por la densidad.

Mientras que en el caso de las mezclas liquidas, también se han desarrollado
andlisis del coeficiente Soret en [I53] 154], basados en la suposicién de que el efecto
Soret en mezclas binarias es un factor que depende de contribuciones como la masa
molecular y la inercia. Utilizando estas premisas, en [I53], se llega a la expresién
(3.11) para la determinacion del coeficiente Soret en mezclas binarias, especialmente
en mezclas isotépicas.

Sr = S%+ay M +b61 (3.11)

Donde M = (My — My)/(My + Ms) y 61 = (I1 — I5)/(I; + I5). En esta expresion,
los coeficientes ay; v by se obtienen de un proceso de ajuste por medio de los datos
experimentales. El factor S9, se obtiene de forma andloga, siendo, adicionalmente,
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dependiente de la concentracién de los componentes. En [154], se realiza una variacién
en la expresion (3.11]), donde se sustituyen los términos dM y &1, por la diferencia
de masa e inercia respectivamente, tal y como se muestra en la expresion (3.12]).

Sy = S% 4+ ayAM + by AT (3.12)

Con el fin de comprobar estas teorias para otras mezclas, se ha analizado el
rendimiento de la expresiéon para las series equimolares nCs-nC;, nCo-nCj,
nC1o-nC; de alcanos normales. Se han obtenido los coeficientes correspondiente a
cada una de las series, tal y como se aprecia en la tabla |3.10} aplicAndolos posterior-
mente a su serie correspondiente y al resto de series analizadas. En las figuras [3.7]
y se presentan los resultados obtenidos para cada una de las tres series de
alcanos normales estudiadas.

Tabla 3.10: Valores de los pardmetros S%, aps y by en la expresién (3.12)) para las
mezclas nCg-nC;, nC9-nC; vy nChao-nC.

SEx 1073 ap x 1073 by x 1073
Mezcla . 1 1 1 1 9—2
(K™) (K™ amu™') (K7 amu ‘A ")
nCg-nC; 1.68 7.44 3.95
nCho-nCj -0.36 -4.67 6.35
O G ovmenmcs T O o bowmatcy
(a) (b) (c)

Figura 3.7: Comparacién entre los datos experimentales y los determinados mediante
la ecuacién en [I54] para el coeficiente Soret en mezclas binarias de alcanos
normales equimolares de la serie nCg-nC; (a) Usando los datos de ajuste de la serie
nCe-nCy; (b) Usando los datos de ajuste de la serie nC1o-nCj; (¢) Usando los datos
de ajuste de la serie nCo-nCj.
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Figura 3.8: Comparacion entre los datos experimentales y los determinados mediante
la ecuacion en [I54] para el coeficiente Soret en mezclas binarias de alcanos
normales equimolares de la serie nC¢-nC; (a) Usando los datos de ajuste de la serie
nCho-nC;; (b) Usando los datos de ajuste de la serie nCs-nCj; (¢) Usando los datos

de ajuste de la serie nCo-nC}.
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Figura 3.9: Comparacion entre los datos experimentales y los determinados mediante
la ecuacién (3.12) en [I54] para el coeficiente Soret de mezclas binarias de alcanos
normales equimolares de la serie nC12-nC; (a) Usando los datos de ajuste de la serie
nC12-nCy; (b) Mezcla nCho-nCy; (c¢) Usando los datos de ajuste de la serie nCo-nC.

Se ha podido comprobar cémo en general, la capacidad de prediccién de la ex-
presion es buena, pero se aprecia que al aplicar estos coeficientes a otras series
la calidad de prediccion de las expresiones disminuye. Cabe mencionar que reciente-
mente en [I55], se ha presentado otra nueva versién de esta expresion.
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Correlaciéon para el coeficiente Soret S; en mezclas de alcanos normales

En [80], por otro lado, se estudié la influencia de las masas de los componentes
sobre el factor de difusién térmica. Se realizaron simulaciones numéricas en mezclas
binarias de esferas de Lennard-Jones en un rango de estados termodinamicos extenso
y se dedujo que, para mezclas equimoleculares, la relacién entre el factor de difusién
térmica y el cociente entre la diferencia de masas y la suma de masas (masa reducida)
se mantiene aproximadamente constante en todos los estados analizados. Ademas
encontraron que esta relacion depende fuertemente de la densidad de la mezcla.

A la vista de los resultados encontrados en estos trabajos, en lo que sigue se
va desarrollar una correlacion del coeficiente Soret que puede predecir la magnitud
de este coeficiente para cualquier concentracién. Para ello se hara uso de los datos
experimentales del coeficiente Soret obtenidos en este trabajo y calculados a partir de
los valores obtenidos del coeficiente de difusiéon molecular y termodifusion en mezclas
binarias de alcanos normales.

Para ello, en primer lugar se van a estudiar las mezclas equimolares de estos com-
puestos. En la tabla se muestran los valores experimentales para el coeficiente
Soret obtenidos para las series nCg-nC};, nC1o-nC; y nCho-nC}; de estos compuestos,
a una concentracién molar de 0.50 y a una temperatura de 7" = 25 °C.

En la figura se muestran los valores del coeficiente Soret en estas series de
alcanos normales en funcién del factor p*dM. Los valores del coeficiente Soret pueden
ajustarse a una curva de segundo grado, por medio de la ecuacion (3.13)).

Sp = 46,44(p* 6 M)[1 — 1,57(p*d M)] (3.13)

donde 0M = (M; — Ms)/(M; + Ms). En la tabla [3.11] se muestran las diferencias
entre los valores experimentales y los determinados por medio de la expresion .
Tal y como se puede apreciar, el acuerdo entre ambos valores es excelente.

En consecuencia, puede concluirse que para una mezcla binaria equimolar de
alcanos normales, el coeficiente Soret puede calcularse exclusivamente si se conoce la
densidad de la mezcla.

Una vez analizado el caso de las mezclas equimolares, se ha estudiado la depen-
dencia del coeficiente Soret con la composicién de las mezclas binarias de alcanos
normales. Para ello se han examinado las series binarias nC1o-nCy, nC1o-nC7, nCla-
nCg y nCho-nCs en todo el rango de concentracién. Los valores del coeficiente Soret
para estas mezclas se muestran en la tabla[3.12] Para la determinacién del coeficiente
Soret, en el caso de la mezcla nC12-nCy los datos del coeficiente de difusion molecu-
lar y del coeficiente de termodifusion han sido determinados experimentalmente en
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Tabla 3.11: Comparacion entre los valores experimentales y los calculados con la
correlacién (3.13) para el coeficiente Soret en las series binarias de alcanos normales

nCg-nC;, nCio-nC; y nChe-nC; a una concentraciéon molar de 0.50 y a una tempera-
tura de T = 25 °C.

Mezcla,  SE™ x 1073 S§ele x 1073
x=0.5 ' (K™ (K™ o(%)
Serie nCg-nCy; x = 0,5
nC19-nCg 2.40 2.47 -2.5
nCh1-nCg 2.99 2.97 0.7
nC’lg—nC’G 3.34 3.43 -2.5
7’LC13-TLC@ 3.96 3.84 3.0
nChu-nCy 4.34 4.21 2.9
nCi5-nCg 4.37 4.56 -4.1
TLCm-ﬂCﬁ 5.06 4.86 4.2
TZCl?—nO@ 4.92 5.13 -4.1
nC’lg-nC’G 5.27 5.38 -2.0
Serie nCho-nCy; x = 0,5
nChio-nCs 2.97 3.04 -2.5
nC’lo—nC'6 2.40 2.47 -2.5
nC’lo—nC7 1.88 1.87 0.6
71014-71010 2.09 2.17 -3.7
n015—n010 2.76 2.61 5.5
nCig-nCho 3.10 3.01 2.8
Serie nCo-nCy; x = 0,5
nCha-nChs 4.00 3.94 1.6
nClg—nC’6 3.34 3.43 -2.5
71012-7’L07 2.79 2.89 -3.4
nCia-nCy 2.23 2.33 -4.3
nCia-nCy 1.71 1.76 -2.9
nC'16—nC'12 2.00 2.02 -0.1
71017—71012 2.39 2.40 -0.4
nClg—nC’lz 2.77 2.81 -1.4

esta tesis, al igual que los valores del coeficiente de difusién molecular de las mezclas
nCio-nCy y nCie-nCys. Los datos del coeficiente de termodifusion de la serie nCg-
nCs han sido determinados experimentalmente en [142] y [83] respectivamente. Los
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Figura 3.10: Datos experimentales del coeficiente Soret en funcion del pardmetro
p*dM para las series de alcanos normales equimolares () nCg-nC;, (o) nCio-nC; y
(A) nCia-nC; (a) y en funcién de la concentracion molar para las series de alcanos
normales ((J) nC12-nCs, (o) nCia-nCr y (A) nCia-nCy a una temperatura media de
25 °C (b).

valores utilizados para el coeficiente de termodifusion de las series nClo-nCy v nC'o-
nCyg, v de difusion molecular de la serie nC19-nCs vy nC12-nC57 han sido calculados
utilizando las correlaciones , desarrollada en [83], y , desarrollada en [84],
respectivamente.

En la figura [3.10] se representa el valor del coeficiente Soret de estas mezclas en
funcién de la concentracién molar de las mezclas. Tal y como se puede apreciar, el
valor del coeficiente Soret depende linealmente de la fracciéon molar de la mezcla.

Adicionalmente en la tabla .13 se muestran los valores obtenidos del coeficiente
Soret en las series de alcanos normales equimasicas. Para la determinacién del coe-
ficiente Soret de estas mezclas se han utilizado los valores del coeficiente de difusion
molecular y termodifusion presentados en la seccién de este documento.
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Tabla 3.12: Comparaciéon entre los valores experimentales y los calculados con la
correlacién para el coeficiente Soret en los sistemas nC'9-nCq, nCho-nCr, nCo-
nCys y nCho-nCjs en todo el rango de concentracion y a una temperatura de T' = 25 °C.
* Datos obtenidos de la Ref. [142]; T Datos obtenidos de la Ref. [83]; ¢ Determinados
con la correlacién en [84]; ® Determinados con la correlacién en [83].

Drx 1072 D x 107 SFPx 1073 §G4 x 1073

Mezcla o1 2ys ) migs) (KT kh OO0
nCio-nCs  0.10 9.14 2.48 3.69 3.70 -0.4
(A=0.100) 0.30 7.62 2.24 3.40 3.56 4.5
0.34 7.45 2.13 3.50 3.54 1.1
0.50 6.45 1.93 3.34 3.45 -2.5
0.70 5.37 1.72 3.12 3.21 -5.1
0.90 4.50 1.51 2.98 3.15 5.3
nCio-nCy  0.10 6.341 2.09 3.03 3.22 -5.8
(A=0.144) 0.30 5.301 1.84 2.88 3.05 5.6
0.37 5.08" 1.70 2.99 2.99 0.0
0.50 4.74% 1.70 2.79 2.89 -3.4
0.70 3.867 1.48 2.61 2.72 4.1
0.90 3.351 1.37 2.45 2.55 -4.3
nCio-nCs  0.07 4.34b 1.70 2.55 2.67 4.4
(A=0.171) 0.31 3.62° 1.56 2.32 2.48 6.4
0.40 3.39° 1.49 2.28 2.41 -5.5
0.50 3.23 1.45 2.23 2.33 4.3
0.73 2.64b 1.25 2.11 2.15 1.5
nCio-nCs  0.10 11.90%* 3.75% 3.17 3.14 1.0
(A=0.041) 0.20 10.36* 3.36% 3.08 3.12 1.1
0.34 9.37* 3.03 3.09 3.08 0.4
0.50 8.76* 2.96 2.96 3.04 2.7
0.64 7.56% 2.48% 3.05 3.01 1.4

0.80 6.92* 2.20¢ 3.15 297 6.0
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Tabla 3.13: Comparacion entre los valores experimentales y los calculados con la
correlacion ([3.26)) para el coeficiente Soret en las series de alcanos normales nCg-nC},
nCho-nC; y nCio-nC; a una concentracién masica de 0.50 y a una temperatura de
T =25 °C.

Ezp -3 Calc -3
1\cdezz(c)lg = v (K>i11)0 o (K>E1§O o(%)
Serie nCg-nCy; ¢ = 0,5
nCio-nCs  0.38  0.085 2.65 2.52 5.4
nCi1-nCs  0.36  0.099 2.93 3.05 -4.0
nCie-nCs  0.34  0.100 3.56 3.54 0.8
nCi3-nCs  0.32  0.102 3.86 3.98 -3.0
nCiy-nCs  0.30  0.108 4.52 4.40 2.7
nCis-nCs  0.29 0.105 5.11 4.76 7.4
nCie-nCs  0.28 0.097 5.44 5.07 7.2
nCi7-nCs  0.26  0.108 5.87 5.40 8.7
Serie nC1o-nC;; ¢ = 0,5
nCio-nCs  0.34 0.041 3.0 3.08 -1.1
nCig-nCs  0.38  0.085 2.64 2.52 5.0
nCio-nC7  0.41 0.130 2.09 1.92 9.1
nCie-nCio 0.39  0.192 3.35 3.14 6.5
Serie nC1o-nCy; ¢ = 0,5
nCio-nCs  0.30  0.056 4.26 4.03 5.6
nCio-nCs  0.34  0.100 3.56 3.54 0.8
nCio-nC7  0.37 0.144 3.03 2.99 1.2
nCio-nCs  0.40 0.171 2.28 2.41 -5.5
nCia-nCy  0.43  0.178 1.73 1.80 -3.7
nCig-nCry 043  0.178 2.05 2.07 -0.9

nCi7-nChry 041 0.188 2.32 2.48 -6.3
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El siguiente paso en el desarrollo de la correlaciéon ha sido el andlisis de la depen-
dencia del coeficiente Soret con la masa reducida de los componentes y la fraccion
molar de la mezcla. Para ello, se parte de la relacion , la cual se deduce de los
resultados obtenidos en la seccién de este documento y que se refiere a la li-
nealidad que presenta el coeficiente de termodifusién en funcion de la concentracién
masica.

En la expresion se puede sustituir la concentraciéon masica por la concen-
tracién molar de la mezcla, obteniendo de este modo la ecuacion .

. D%lngz + D%QMlxl
M1331 + MQIQ

Por otro lado, también se ha deducido que el coeficiente de difusién molecular

es lineal en funcion de la concentraciéon masica de los componentes de la mezcla

(ecuacién (3.8)). Por lo tanto haciendo un desarrollo andlogo al del caso del coeficiente
de termodifusién se obtiene la expresion (3.15)) para este coeficiente.

Dy = DT(ZEl) (314)

DY Myxy + DY M, xy
Mz + Mozo
Por consiguiente, a partir de las expresiones y (3.15) el coeficiente Soret
puede definirse por medio de la ecuacion (3.16]).

D = D¢y + D¢, =

— D(11) (3.15)

DT - D%lMgl’g + D%2M1$1
D DYMyxy + DMz,

En la seccion [3.1.1] ya se dedujo la similitud entre los valores de la relacién de
masas moleculares de los componentes de una mezcla y la relacién de los coeficientes
de difusién propios de la mezcla. Introduciendo los términos S, = D%, /D y S%, =
DY, /DY junto con la relacién z; + zo = 1, se obtiene la expresion (3.17)).

Sr(zy) = (3.16)

ST(xl) = S%le + 5%21’1 (317)

La expresion (3.17)) reafirma la linealidad del coeficiente Soret con la fraccién
molar de la mezcla, ya observada en los datos experimentales (Figura [3.10]). Adi-
cionalmente, aplicando esta ecuacion a mezclas equimolares se obtiene la expresion

B-13).

_ S+ 5
2

Debido a la linealidad puesta de manifiesto previamente (Figura|3.10]), los valores
limites del coeficiente Soret para x = 0 y x = 1 toman la forma:

Sr(x =0,5) =Sr (3.18)
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S9 = St + ASr (3.19)

S%, =St — ASr (3.20)
0 _ QO

ASy = w (3.21)

De las expresiones anteriores se puede obtener lo siguiente:

_ — AS
ST(lj) = ST + AST(.TQ — Il) = ST |:1 — S_T (l’l — .Z'Q):| (322)
T
donde se puede deducir que:
— S9 — SY
S L 1 3.23
r(x1) = St { S0 50, (21 — 22) (3.23)
y por lo tanto:
St
Sp(e1) =87 |1 — 22— (2; — x,) (3.24)
S+

Teniendo en cuenta que:

S9 DY DY M, DY
h-Difn_Mion 329
ST2 D 1 DT2 M, DT2
En consecuencia se puede definir la expresion (3.26)), para la determinacion del coe-
ficiente Soret en funcion de la concentracién molar.

Sr(x1) = Sr[l — My — 23)] (3.26)
donde A se define mediante la expresion ((3.27)):

DY, M, — D9, M,
DY My + D9, M,

A (3.27)

Recordando que St es una funcion cuadratica de la densidad, se puede introducir
la expresion (3.13)) en la ecuacién (3.26)), consiguiendo la siguiente expresion:

Sp(xy) = 46,44p S M[1 — 1,57p*0 M][1 — Mz, — 22)] (3.28)
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En secciones anteriores de esta tesis se han obtenido dos expresiones, (3.4) y
(3.5), las cuales permiten la determinacién de los valores limites del coeficiente de
termodifusion a partir de los valores de la masa molecular de los componentes de la
mezcla y del coeficiente de expansién térmica y viscosidad dindmica de los compo-
nentes puros. Por lo tanto, se puede determinar el coeficiente Soret en una mezcla
binaria de alcanos normales a cualquier concentracién a partir de los datos de la
viscosidad dinamica y el coeficiente de expansion térmica de los componentes puros
de la mezcla y de la densidad de la mezcla equimolar de los mismos.

En las tablas[3.12] y [3.13], se muestra la diferencia entre los valores experimentales
obtenidos para el coeficiente Soret en las mezclas binarias de alcanos analizadas y
los valores obtenidos mediante la correlacion propuesta. Tal y como se puede ver, el
acuerdo entre los datos obtenidos es razonablemente bueno, con una diferencia menor
al error experimental estimado para los resultados experimentales del coeficiente
Soret.

3.1.2. Mezclas Multicomponentes

El estudio de las mezclas compuestas de hidrocarburos realizado durante esta
tesis, se ha completado mediante el analisis del coeficiente de difusién térmica de
mezclas multicomponentes. En este caso, junto con los alcanos normales, caracteri-
zados por ser componentes lineales, se han estudiado compuestos formados por un
anillo (isobutilbenceno y tolueno), y dos anillos (tetrahidronaftalina). Esto permite
una mejor modelizacion de los distintos componentes que se pueden encontrar en los
pozos petroliferos.

Las mediciones se han realizado en mezclas ternarias de estos componentes a
diferentes concentraciones de los mismos. Adicionalmente, con el fin de obtener una
mayor comprension del fenémeno de la termodifusién en mezclas ternarias, se ha
analizado también el coeficiente de termodifusion de las correspondientes mezclas
binarias.

En el caso de las mezclas ternarias, mediante la técnica termogravitacional se
determina el coeficiente D7, el cual se refiere al coeficiente fenomenolégico de ter-
modifusion del componente 7 en una mezcla multicomponente.

Los sistemas estudiados en mezclas ternarias han sido dos: tetrahidronaftalina-
isobutilbenceno-ndodecano (THN-IBB-nCi3) y tolueno-nhexano-ndodecano (Tol-
nCs-nCha). A continuacién se van a presentar los resultados obtenidos en cada uno
de estos dos sistemas.
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Sistema THN-IBB-nC},

La mezcla THN-IBB-nC'5 es la que mas ampliamente ha sido estudiada de las
dos mezclas ternarias analizadas durante esta tesis, ya que esta mezcla representa
una buena caracterizacién de las mezclas multicomponentes en los pozos petroliferos.
Recientemente se ha comenzado una colaboracién entre varios de grupos de investi-
gacion a escala internacional dentro del marco del proyecto DCMIX de la Agencia
Espacial Europea (ESA), para la caracterizacién por medio de diversas técnicas de
esta mezcla. Los experimentos que se van a llevar a cabo incluyen medidas en el
espacio en un entorno de microgravedad, y experimentos en condiciones terrestres
por medio de diferentes técnicas, como la técnica termogravitacional o la técnica
Optical Beam Deflection, entre otras.

De acuerdo con el proyecto DCMIX, se han obtenido los primeros resultados
de microgravedad. Atun no se han podido analizar la totalidad de los resultados
obtenidos, pero los datos preliminares recopilados son prometedores. En la figura
3.11| se puede ver un ejemplo de los datos obtenidos.
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Figura 3.11: Interferogramas obtenidos de los ensayos de microgravedad dentro del
proyecto DCMIX (a) Imagen de la franja de interferencias y (b) Perfil de tempera-
turas dentro de la célula.

En Mondragon Goi Eskola Politeknikoa se ha contribuido a este proyecto median-
te la medicién del coeficiente de termodifusion de las mezclas que van a ser objeto de
estudio por medio de tres columnas termogravitacionales, dos de configuracion plana
y otra de configuracién cilindrica (apéndice . Las concentraciones masicas de las
mezclas ternarias, asi como de sus correspondientes mezclas binarias se pueden ver
en la tabla [3.14] Estas concentraciones de las mezclas ternarias son las que se han
definido en el proyecto DCMIX.

La tabla [3.15| muestra los resultados obtenidos a una temperatura de 25 °C en la
medida de la densidad, el coeficiente de expansién térmica, el coeficiente de expansién
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Tabla 3.14: Concentracion mésica de cada uno de los componentes en las mezclas
ternarias estudiadas y en sus correspondientes mezclas binarias.

Concentracion Mdsica

Mezcla IBB nCls
I 0.1000  0.1000  0.8000
I1 0.5000  0.5000 0
1.2 0.1111 0 0.8888
1.3 0 0.1111  0.8888
il 0.1000  0.8000  0.1000
.1 01111 0.88883 0
11.2 0.5000 0 0.5000
1.3 0 0.8888  0.1111
T 0.8000  0.1000  0.1000
1.1 0.8888  0.1111 0
111.2 0.8888 0 0.1111
1113 0 0.5000  0.5000
v 04500  0.1000  0.4500
V.1 0.8181  0.1818 0
V.2 0.5000 0 0.5000
V.3 0 0.1818  0.8181
V 0.4000  0.2000  0.4000
V.1 0.6666  0.3333 0
V.2 0.5000 0 0.5000
V.3 0 0.3333  0.6666

masica y la viscosidad dindmica de las mezclas binarias analizadas. Adicionalmen-
te, en esta tabla se muestran los resultados para estas mezclas del coeficiente de
termodifusion obtenidos mediante la técnica termogravitacional.

La tabla por otra parte, muestra los resultados obtenidos en las mezclas ter-
narias. En esta tabla se muestran los datos obtenidos en la medida de la densidad, el
coeficiente de expansion térmica y la viscosidad dindmica de las mezclas. Adicional-
mente, se proporcionan los datos medidos mediante la técnica termogravitacional del
coeficiente de termodifusion de los componentes de la mezcla. Estos valores repre-
sentan el valor medio de los resultados obtenidos mediante las dos columnas planas.
En el apéndice [K| se muestran los ensayos realizados mediante estas columnas. En
este caso, se da el valor obtenido de este coeficiente para el componentes mas denso
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(THN) y menos denso de la mezcla (nCis).

Los valores experimentales obtenidos para el coeficiente de termodifusion seran
contrastados con los obtenidos mediante otras técnicas, tanto en condiciones terres-
tres como de microgravedad.

Tabla 3.15: Propiedades termofisicas y coeficiente de termodifusién a una temperatu-
ra de 25 °C y diferentes concentraciones masicas de las mezclas binarias estudiadas.

Mezcla  Conc. Mésica p  ax 1073 pux 1073 Dy x 10712
nCynC, nC;  (ke/m®) (K 7 (Pas) (ms-K)
THN-IBB 0.1111 861.007 9.433 0.129 1.054 3.66
05000 904514 8876 0.128 1363 284
0.6666 924.032 &8.630 0.129 1.500 2.77
0.8181 942.275 8442 0.131 1.729 2.43
0.8889 951.097 &8.347 0.130 1.813 2.50
THN-nCis 0.1111 764.580 9.561 0.236 1.380 5.97
0.5000 841.241 8.950 0.257 1.502 6.21
0.8889 934.359 8.368 0.287 1.815 6.18
IBB-nCys 0.1111 754.940 9.694 0.119 1.288 3.20
0.1818 761.368 9.678 0.121 1.223 3.28
0.3333 775.664 9.641 0.125 1.165 3.58
0.5000 792.355 9.612 0.130 1.108 3.93
0.8389 835454 9.500 0.144 1.008 528

Tabla 3.16: Propiedades termofisicas y coeficiente de termodifusion de la mezcla
ternaria THN-IBB-nC', a diferentes concentraciones mésicas y a una temperatura
de 25°C.

p ax10ux1073 Dy x 1078 D3 x 10713

Mezela e G eimd) (K1) (Pa-s) (s K) (m?/s-K)
THN-IBB-nC72 0.1000 0.8000 771.944 9.542 1.314 5.01 -7.75
0.1000 0.1000 847.553 9.470 1.053 3.31 -4.84
0.4000 0.4000 842.524 9.054 1.266 13.84 -14.70
0.4500 0.4500 841.822 9.004 1.440 14.03 -14.76

0.80000.1000 924.348 8.483  1.719 7.72 -5.39
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Sistema Tol-nCg-nCia

El segundo sistema estudiado a lo largo de esta tesis ha sido el compuesto por
Tol-nCs-nCis. En este sistema se han estudiado 4 mezclas ternarias a diferentes com-
posiciones y sus correspondientes mezclas binarias (Tabla . El analisis de estas
mezclas se ha realizado en colaboracion con el grupo de la Prof. Wiegand, del centro
de investigacion de Jiilich. Este grupo utiliza la técnica TDFRS, la cual ha permi-
tido determinar adicionalmente los coeficientes de difusién molecular, termodifusién
y Soret en las mezclas binarias, pudiendo de este modo hacer una comparacién con
los resultados obtenidos mediante la técnica termogravitacional y la técnica sliding
symmetric tubes.

Tabla 3.17: Concentracién masica de cada uno de los componentes en las mezclas
ternarias estudiadas y sus correspondientes mezclas binarias.

Concentracién Maésica

Mezcla tolueno (Tol) n-hexano (nCs) n-dodecano (nChs)
I 0.2642 0.2471 0.4885
I.1 0.5167 0.4832 0
[.2 0.3510 0 0.6489
L3 0 0.3359 0.6640
II 0.2413 0.1367 0.6218
I1.1 0.6405 0.3594 0
I1.2 0.2787 0 0.7212
I1.3 0 0.1781 0.8218
I1I 0.2920 0.3807 0.3272
ITI.1 0.4331 0.5668 0
I11.2 0.4741 0 0.5258
I11.3 0 0.5413 0.4586
vV 0.3333 0.3333 0.3333
IvV.1 0.5000 0.5000 0
IV.2 0.5000 0 0.5000

IV.3 0 0.5000 0.5000
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Las mediciones de las mezclas binarias se han llevado a cabo tanto a 25 °C como
a 35 °C, lo que ha permitido hacer un analisis del efecto de la temperatura en las
propiedades de transporte de las mezclas binarias. Las mezclas ternarias, por otra
parte, inicamente han sido estudiadas a una temperatura media de 25 °C. Las tablas
[3.18] [3.19] y [3.20] muestran las diferentes propiedades termofisicas determinadas en

las mezclas tanto binarias como ternarias estudiadas a ambas temperaturas.

Tabla 3.18: Propiedades termofisicas a una temperatura de 25 °C y diferentes con-
centraciones masicas de las mezclas binarias de los compuestos Tol, nCgs y nCis

estudiadas.
Mezcla Conc. Mdsica p  ax 1073 pux 1073 (On/oT)
nCi-nC} nC; (kg/m3) (K™ g (Pa- s) (On/0c) x107*
Tol-nCg 0.053 663.583 1.369 0.243 0.324 - -
0.2630 699.368 1.305 0.257 0.344 - -
0.4331 731.425 1.255 0.268 0.369  0.1210 -5.4800
0.5000 744.757  1.231 0.273  0.385  0.1210 -5.4800
0.5167 748.213  1.230 0.275 0.386  0.1210 -5.4900
0.6405 774.495 1.200 0.284 0.416  0.1210 -5.5000
Tol-nC4 0.2787 772.611 1.000 0.135 0.949  0.0691 -4.6300
0.3510 780.306  1.008 0.141 0.881  0.0691 -4.6600
0.4741 793.966 1.022 0.144 0.786  0.0691 -4.8900
0.5000 796.902 1.023 0.145 0.769  0.0691 -4.9000
nC1ao-nCg 0.4586 695.112 1.174 0.129 0.524  0.0471 -4.8318
0.5000 698.780  1.158 0.128 0.564  0.0471 -4.7869
0.6640 713.777  1.094 0.129 0.712  0.0471 -4.6120
0.8218 728.268 1.035 0.129 0.940 0.0471 -4.4955
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Tabla 3.19: Propiedades termofisicas a una temperatura de 35 °C y diferentes con-
centraciones maésicas de las mezclas binarias de los compuestos Tol, nCs y nCis
estudiadas.

Mezcla Conc. Mésica  p  ax 1072 ux 1073 P (On/OT)
nCs-nC, nC; (ke/m®) (K1)  (Pars) (O/09) " g
Tol-nCs 0.0530 654.407  1.415 0.298 - -
0.2630 690.160  1.345 0.316 - -
0.4331 722.131  1.287 0.337  0.1205 -5.5400
0.5000 735.573  1.260 0.352  0.1205 -5.5400
0.5167 735.944  1.256 0.353  0.1205 -5.5500
0.6405 765.235 1.216 0.378  0.1205 -5.5700
Tol-nCis 0.2787 764.853  1.017 0.837  0.0676 -4.5800
0.3510 772411 1.024 0.765  0.0676 -4.6600
0.4741 785.827  1.038 0.686  0.0676 -4.8200
0.5000 788.715  1.040 0.674 0.0676 -4.8800
nCh9-nCy 0.4586 686.825  1.203 0.466  0.0480 -4.9042
0.5000 690.604  1.185 0.496  0.0480 -4.8704
0.6640 706.090 1.113 0.622  0.0480 -4.6661
0.8218 720.818  1.090 0.806  0.0480 -4.5180

Tabla 3.20: Propiedades termofisicas de la mezcla ternaria Tol-nCg-nCs a diferentes
concentraciones masicas y a una temperatura de 25 °C.

p ax 1073 ux 1073

Mezcla cy Cy c3 (kg/m3) (K_l) (Pa - s)
Tol-nCg-nChe 0.2642 0.2471 0.4885 754.713  1.047 0.753
0.2413 0.1367 0.6218 746.337 1.091 0.624
0.2920 0.3807 0.3272 736.305 1.151 0.513

0.3333 0.3333 0.3333 744.643 1.137 0.524
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En la tabla se muestran los valores obtenidos para el coeficiente de difusién
molecular, obtenidos experimentalmente mediante la técnica TDFRS y para el ca-
so de la mezcla nCi3-nCs mediante la téenica SST. Adicionalmente en esta tabla
se muestran los valores de este coeficiente para la mezcla nCis-nCy determinados

mediante la ecuacién (3.10) desarrollada en [34].

Tabla 3.21: Resultados para el coeficiente de difusiéon molecular a temperaturas de 25
y 35 °C para las mezclas binarias Tol-nCy, Tol-nC1s y nCho-nCs medidos mediante
la técnica TDFRS y los obtenidos para la mezcla nC15-nCy determinados mediante
la técnica SST y la ecuacién desarrollada en [34].

)
Mezcla Conc. Mésica D %107 (m*/s)

nCs-nC, nC, 25°C 35°C
e i TDFRS SST Corr. D [84] TDFRS Corr. D [’4]
Tol-nCq 0.4331 299 - - 3.63 -
0.5000 294 - - 3.34 -
0.5167 285 - - 3.29 -
0.6405 249 - - 2.80 -
Tol-nCis 0.2787 134 - - 1.45 -
0.3510 140 - - 1.64 ;
0.4741 144 - - 1.59 -
0.5000 147 - - 1.75 -
nCiy-nCe 0.4586 254 226 215 2.89 2.44
0.5000 213 213 209 2.75 2.38
0.6640 224 1.93 187 2.59 2.12
0.8218 1.79 173 165 2.17 1.88

En el caso del coeficiente de termodifusion, en la tabla|3.22, se presentan los resul-
tados obtenidos mediante la técnica TDRF'S y los determinados utilizando la técnica
termogravitacional. Los resultados de la técnica termogravitacional representan una
media de los valores obtenidos mediante la columna de configuraciéon plana y confi-
guracion cilindrica. El coeficiente de termodifusién de la mezcla nC9-nCyg también
ha sido determinado por medio de la expresién (3.3)), desarrollada en [83].

La tabla muestra los resultados obtenidos para el coeficiente Soret en las
mezclas binarias estudiadas tanto a 25 °C como a 35 °C. Por un lado se muestran los
resultados obtenidos mediante la técnica TDFRS, mientras que para la mezcla nC'o-
nCs se muestran adicionalmente los datos determinados utilizando la combinacion
de las técnicas termogravitacional y sliding symmetric tubes.
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Tabla 3.22: Resultados para el coeficiente de termodifusién a temperaturas de 25 y
35 °C para las mezclas binarias Tol-nCg, Tol-nChs y nCo-nCs medidos mediante la
técnica TDFRS y los obtenidos para la mezcla nCis-nCy determinados mediante la

expresién (3.3)) desarrollada en [83].

Conc. D7 x 10712 (m?/s - K)

nl\éezslca Misica 25°C 35°C

*77 nC; TDFRS TC Corr. Dy [83] TDFRS TC Corr. Dy [83]

Tol-nCs  0.0530 - 12.80 - - 13.08 -
0.2630 - 12.77 - - 13.71 -
0.4331 12.61 13.38 - 14.09 14.36 -
0.5000 13.75 13.51 - 14.68 14.44 -
0.5167 13.73 13.70 - 14.79 14.59 -
0.6405 13.94 14.09 - 14.65 14.82 -

Tol-nCyy 0.2787  1.61 1.95 - 174 241 -
0.3510 2.06 2.38 - 241  2.88 -
04741 297 3.14 - 3.29 3.64 -
0.5000 3.37  3.39 - 3.96 3.87 -

nCio-nCs 0.4586  8.39  8.02 7.72 9.01 8.46 8.91
0.5000 6.81 7.67 7.38 8.26 797 8.58
0.6640 5.54 6.69 6.54 7.09 7.12 7.61
0.8218 5.60 5.79 5.53 6.36 6.61 6.80

El coeficiente de termodifusion en las mezclas ternarias ha sido inicamente de-
terminado en este caso mediante la técnica termogravitacional. Se ha medido el
coeficiente de termodifusion de dos de los tres componentes de la mezcla. En este
caso han sido el componente méas denso (tolueno) y el menos denso (n-hexano). Los
resultados obtenidos para este coeficiente se muestran en la tabla [3.24]
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Tabla 3.23: Resultados para el coeficiente Soret a temperaturas de 25 y 35 °C para
las mezclas binarias Tol-nCy, Tol-nCis y nCio-nCys obtenidos mediante la técnica

TDFRS y los obtenidos para la mezcla nCo-nCyg determinados mediante combinacién
de las técnicas TC y SST.

—3 -
Mezcla Conc. Mésica St x 107 (K™)

25 °C 35 °C
nCinC; nCi TDFRS SST-TC TDFRS
Tol-nCy 0.4331 1.22 - 3.8

0.5000 4.67 ; 4.39
0.5167 4.82 - 4.49
0.6405 5.59 - 5.23
Tol-nCy 0.2787 1.20 ; 1.20
0.3510 1.47 ; 1.47
0.4741 2.06 ; 2.06
0.5000 2.29 - 2.27
nCho-nCs 0.4586 331 354 311
0.5000 320  3.60  3.00
0.6640 248 346 274
0.8218 312 334 293

Tabla 3.24: Resultados obtenidos mediante la técnica TC para la mezcla ternaria
Tol-nCg-nC'5 a una temperatura de 25 °C y a diferentes concentraciones masicas y
los obtenidos mediante la expresion (3.29)) [17].

Conc. Mésica Dy x 107 (m?/s - K)
Mezcl Exp. Corr. (3.29) Dif. (%
ezcla " ey o o X%Q Dlorr Dll <I)20>
T T T T T T

Tol-nCg-nChy 0.2642 0.2471 0.4885 0.57 -0.70 0.58 -0.83 -0.9 -16.1
0.2413 0.1367 0.6218 0.90 -1.47 0.93 -141 -3.8 4.1
0.2920 0.3807 0.3272 1.55 -2.02 148 -2.07 4.6 -2.7
0.3333 0.3333 0.3333 1.63 -2.01 1.60 -198 1.8 1.6
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3.1.3. Discusidon

Los resultados obtenidos en las dos mezclas ternarias analizadas, muestran como
en todos los casos, el componente mas denso se dirige hacia la zona fria, mientras que
el componente menos denso se dirige hacia la caliente. Este comportamiento esté de
acuerdo con el observado en mezclas ternarias por otros grupos [122].

Sin embargo, a la hora de la realizacion de los ensayos mediante la columna
termogravitacional plana de menor longitud, se ha podido comprobar durante el
analisis de las muestras, que la separacion de los componentes dentro de la columna
es menor en el caso de algunas concentraciones de las mezclas ternarias, lo que
muestra que el proceso de analisis es muy sensible, comparado con el caso de las
mezclas binarias.

Adicionalmente, se ha podido comprobar como, para este tipo de muestras el pro-
ceso de calibracién tiene una gran importancia. Se ha observado que para las mezclas
analizadas existe un cierto comportamiento lineal entre la densidad y el indice de
refraccién con la concentracién (ver apéndice . A mayor linealidad mayor es la difi-
cultad para determinar la concentracion de los componentes de las mezclas ternarias
en base al ajuste de calibracién. Un comportamiento similar ya habia sido observa-
do en [I56], donde se apreciaba que ciertas concentraciones de los componentes en
mezclas ternarias eran mas idéneas que otras a la hora de determinar la separacion
de cada componente mediante técnicas opticas.

Por esta razon, y con el fin de subsanar la sensibilidad en la lectura de la con-
centracién en el estado estacionario a partir de las medidas de densidad e indice
de refraccién, se ha utilizado la nueva columna termogravitacional plana de mayor
longitud. Esta cualidad hace que la separacion de los componentes dentro de la co-
lumna sea mayor (casi el doble: 1.96 veces mayor), y por lo tanto también aumenta
la sensibilidad de la medida. Se repitieron los ensayos en las mezclas ternarias ana-
lizadas en este estudio, pudiendo comprobar que aunque se mejoraba la calidad de
los resultados obtenidos mediante esta nueva columna, las diferencias con respecto
a la columna de menor longitud no eran importantes. Teniendo en cuenta estos re-
sultados y considerando la influencia del proceso de calibracién en la medida, se ha
determinado que para estas mezclas y mediante este procedimiento de analisis, no se
puede obtener un error experimental mejor que el 10 %.

Con el fin de analizar la influencia de la concentracion de la mezcla en el coe-
ficiente de termodifusién de cada componente para este tipo de mezclas, los datos
obtenidos para la mezcla THN-IBB-nC'5 se han anadido a los medidos para esta
misma mezcla en [I7]. En la figura se muestran los resultados del coeficiente
de termodifusion de los componentes THN y nCis en funcién de la concentracion.
Estos datos muestran como el coeficiente de termodifusién para esta mezcla alcanza
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su maximo valor cuando la concentracion de los componentes es similar.

D, /10" m’s'K")
D, /107 m?s"KY)

Figura 3.12: Valores del coeficiente de termodifusion de los compuestos de la mezcla
THN-IBB-nC, a diferentes concentraciones y una temperatura media de 25 °C: (a)
Valores para el componente THN; (b) Valores para el componente nC's.

Adicionalmente, los resultados obtenidos han servido para comprobar la eficiencia
de varias correlaciones para la determinacién de las propiedades de transporte en
mezclas binarias y ternarias [17, 83 [84]. En el caso de las correlaciones propuestas
en [83] y [84] se puede observar cémo los valores determinados para el coeficiente de
difusién molecular (Tabla [3.21]) y termodifusién (Tabla[3.22)) de las mezclas binarias
estan en buen acuerdo con los determinados experimentalmente.

En el caso de la correlacién propuesta en [17], esta permite la prediccién del
coeficiente de termodifusion en mezclas ternarias a partir de los coeficientes de ter-
modifusién de las correspondientes mezclas binarias (apéndice [A]). La correlacién
propuesta, la cudl esta basada en un regla aditiva desarrollada en [I17], estd definida
por la expresién ((3.29)).

U U , Ui
szoz_i- = Défcicja—zjj + D%lfcickoﬁ (3.29)

Gracias a que se dispone de los datos de las mezclas ternarias y de sus correspon-
dientes mezclas binarias, se ha podido aplicar la ecuacion a las dos mezclas
ternarias estudiadas. Se ha podido comprobar el buen funcionamiento de esta co-
rrelacién con diferencias, en general, entorno al 10% de media. En la tabla [3.24] se
muestran los datos para el coeficiente de termodifusion en la mezcla Tol-nCg-nChs
determinados de forma experimental y mediante la correlacién propuesta. En la tabla
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[3.25] se muestra esta misma comparacién para la mezcla THN-IBB-nC's, incluyéndo-
se los datos de las diferencias encontradas en la determinacién de este coeficiente para
cada componente mediante los dos métodos.

Tabla 3.25: Comparacion entre los datos experimentales y los obtenidos mediante la
ecuacion ([3.29)) desarrollada en [1I7] para el coeficiente de termodifusién de la mezcla
ternaria THN-IBB-nC', a diferentes concentraciones y una temperatura de 25 °C.

Conc. Mésica Dy x 1075 (m?/s - K)
Mezcl Exp. Corr. (3.29) Dif. (%
e €1 C2 €3 D! XpDz D?rr Dll (DOQ)
T T T T r_ Dr

THN-IBB-nC,2 0.1000 0.1000 0.8000 5.01 -7.75 532 -7.65 7.0 -1.3
0.1000 0.8000 0.1000 3.31 -4.84 3.84 -5.00 -15.8 3.3
0.4000 0.2000 0.4000 13.84 -14.70 14.46 -14.63 4.5 -0.5
0.4500 0.1000 0.4500 14.03 -14.76 14.47 -14.50 3.1 -1.7
0.8000 0.1000 0.1000 7.72 -5.69 7.17 -5.50 -7.2 21

Como se ha comentado anteriormente, la determinacién experimental con preci-
sion del coeficiente de termodifusién en mezclas ternarias es sumamente complicada.
Por un lado se tiene la influencia de la calibracion sobre la determinacién de las
concentraciones, y sobre todo, de la magnitud de la separacion estacionaria de cada
componente.

3.2. Mezclas Acuosas

Tal y como se ha comentado en la seccién [I] el estudio experimental de las mez-
clas acuosas es de gran interés, debido a los escasos datos bibliograficos existentes y
a las dificultades que presenta su medicién. En esta tesis doctoral se han analizado
mezclas binarias de este tipo, compuestas por agua e isopropanol. Mas concretamente
se han realizado medidas en esta mezcla abarcando todo el rango de concentracion y
a una temperatura media de 25 °C, comparando los resultados obtenidos con los de-
terminados mediante las técnicas Optical Beam Deflection, utilizada por el grupo del
Prof. Kohler, de la universidad de Bayreuth (UB), y Optical Digital Interferometry,
utilizada por el grupo de la Prof. Shevtsova, de la universidad Libre de Bruselas
(ULB). Adicionalmente se han comparado los datos obtenidos con los medidos por
la Prof. Shevtsova para esta misma mezcla en un entorno de microgravedad en el
experimento IVIDIL.
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3.2.1. Propiedades Termofisicas y Factores de Contraste

La determinacién de las propiedades de transporte mediante las técnicas utiliza-
das en este estudio requiere de la medida previa de varias de las propiedades de las
mezclas. En el caso de las medidas realizadas en el laboratorio de fluidos de Mondra-
gon Goi Eskola Politeknikoa, se hace necesaria la medida de la viscosidad dindmica
(1), el coeficiente de expansion térmica () y el coeficiente de expansién mésica (/3)
de las mezclas estudiadas (ver tabla[3.26). Estos coeficientes se han medido utilizando
la metodologia descrita en el apartado [2|

Tabla 3.26: Propiedades termofisicas de la mezcla agua-isopropanol a diferentes con-
centraciones masicas medidas a una temperatura de 25 °C.

c, ux107%  «a x 10° ) p
agua  (Pa-s) (K1) B> 10 (kg/m?)
0.990 0.946 25.64 18.56 995.16
0.950 1.126 27.70 16.24 988.35
0.900 1.416 33.34 14.37 980.89
0.850 1.748 42.79 14.28 974.96
0.800 2.093 55.64 16.44 966.55
0.750 2.390 67.23 19.92 957.89
0.700 2.604 75.05 22.53 947.75
0.650 2.801 80.35 23.99 936.92
0.600 2.927 84.44 25.24 925.60
0.500 3.056 90.04 26.06 902.37
0.400 3.015 95.23 27.17 878.74
0.300 2.816 100.49 27.89 855.03
0.200 2.521 106.10 28.90 831.15
0.100 2.172 110.48 30.63 806.89

Adicionalmente, las técnicas épticas requieren de la medicién de los factores de
contraste de las mezclas, los cuales se pueden ver en la tabla[3.27 Para este estudio,
los valores para estos coeficientes han sido determinados en la UB por el grupo del
Prof. Kohler.
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Tabla 3.27: Variacion del indice de refraccion en funcion de la temperatura,
(On/0T),., y la concentracién, (dn/dc), r, para la mezcla agua-isopropanol a di-
ferentes concentraciones masicas y a T' = 25 °C.

—4
¢ OOT) X0 5o 102

agua (K1)

0.000 -4.266 -
0.052 -4.369 0.336
0.100 -4.324 -0.517
0.150 -4.241 -1.02
0.200 -4.138 -1.45
0.250 -4.033 -1.86
0.300 -3.921 -2.25
0.351 -3.809 -2.62
0.409 -3.681 -3.01
0.451 -3.585 -3.30
0.500 -3.474 -3.64
0.547 -3.359 -4.02
0.600 -3.217 -4.56
0.650 -3.062 -5.22
0.700 -2.854 -6.04
0.747 -2.574 -6.97
0.800 -2.127 -8.18
0.854 -1.653 -8.99
0.899 -1.343 -9.23
0.926 - -9.14
0.950 -1.135 -8.91
0.975 - -8.49
1.000 -1.060 -7.89

3.2.2. Resultados de las Técnicas Termogravitacional y Sli-
ding Symmetric Tubes

En primer lugar se muestran los resultados obtenidos para el coeficiente Soret en
la mezcla agua-isopropanol, determinados utilizando una combinacién de la técnicas
termogravitacional y técnica sliding symmetric tubes.

Se ha utilizado la técnica termogravitacional (TC) de configuracién plana para
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la medicién del coeficiente de termodifusion en la mezcla de agua-isopropanol en
todo el rango de concentraciones. Por otro lado, las medidas del coeficiente de difu-
sién molecular se han realizado utilizando la técnica sliding symmetric tubes (SST).
Posteriormente se han utilizado los resultados obtenidos para estos coeficientes para
calcular el coeficiente Soret de las mezclas por medio de la expresién (1.1)). En la tabla
[3.28] se muestran los resultados obtenidos para el coeficiente de difusién, coeficiente
de termodifusion y coeficiente Soret de las mezclas estudiadas.

Tabla 3.28: Coeficientes de difusién, termodifusion y Soret medidos mediante las
técnicas termogravitacional y sliding symmetric tubes a una temperatura de 25 °C.

c, D x107"% Dpx1078 Spx 1073
agua (m?/s) (m?/s - K) (K™

0.100 6.13 4.72 0.77
0.200 3.50 8.44 241
0.300 2.45 10.10 4.13
0.400 1.80 10.45 .80
0.500 1.68 9.88 5.89
0.600 1.89 8.83 4.67
0.650 2.08 7.54 3.62
0.700 247 5.27 2.13
0.750 3.62 4.01 1.11
0.800 2.03 - -
0.850 5.51 - -
0.900 7.29 - -
0.950 8.77 - -
0.990 9.66 - -

El sistema estudiado, presenta un cambio de signo del coeficiente Soret en funcién
de la concentracién. Esto quiere decir que el componente mas denso (agua) se dirige
a la zona caliente en vez de hacerlo hacia la zona fria. En el caso de la técnica termo-
gravitacional esto conlleva al problema de estabilidad termohidrodinamica, el cual
distorsiona la separacién de los componentes. Debido a este efecto, ha sido imposible
la determinaciéon del coeficiente de termodifusiéon mediante la técnica termogravi-
tacional para las mezclas de agua-isopropanol con concentracién masica superior a
0.75 de agua. Esto a su vez a impedido el cdlculo del coeficiente Soret, ya que para
este rango de concentraciones, Uinicamente se disponian de los datos del coeficiente
de difusién molecular obtenidos mediante la técnica sliding symmetric tubes.
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3.2.3. Resultados Optical Beam Deflection

El sistema agua-isopropanol también ha sido estudiado por parte del grupo del
Prof. Kohler. Este grupo ha utilizado la técnica optical beam deflection para llevar
a cabo las medidas de las propiedades de transporte. En este caso, el sistema de
medida y andlisis de esta técnica permite la medicién de los tres coeficientes (D, Dy
y S1).

Gracias a las dimensiones de la célula de medicién utilizada por este grupo, con
una altura de H =1.022+0.002 mm, el dispositivo puede utilizarse para la medicién
de mezclas que presenten Soret negativo. Para ello, al aplicar el gradiente de tempe-
ratura, es la placa inferior la que se encuentra a mayor temperatura. Seleccionando
un gradiente de temperatura adecuado, se consiguen valores pequenos del nimero de
Rayleigh, lo que permite realizar la medida en este tipo de mezclas [91].

En la tabla|3.29| se presentan los resultados obtenidos mediante esta técnica para
el sistema agua-isopropanol en todo el rango de concentracién a una temperatura
media de 25 °C.

3.2.4. Resultados Optical Digital Interferometry

El grupo de la Prof. Shevtsova ha realizado medidas en el sistema agua-
isopropanol, pero en esta ocasién utilizando la técnica optical digital interferometry.
Mediante esta técnica se han determinado el coeficiente de difusién molecular y el
coeficiente Soret de las mezclas, obteniéndose el coeficiente de termodifusion usando
la relacién Dr = D - Srt.

En las mezclas que presentan Soret negativo, debido a las dimensiones de la célula
utilizada (18 x 18 x 6,5 mm), se genera una inestabilidad convectiva complicada de
eliminar. Esto impide la medida de los coeficientes de difusién molecular y Soret en
dichos rangos de concentracion. El grupo de la Prof. Shevtsova, ha conseguido estimar
el valor del coeficiente Soret en uno de estos puntos alrededor de la concentracion en
la que se produce el cambio de signo del coeficiente Soret (40,75 en concentracién
mésica de agua). Esto se ha conseguido por medio de la extrapolacién de datos
positivos del coeficiente Soret medidos préximos a la concentracién en la que se
produce el cambio de signo. La tabla muestra los datos medidos mediante esta
técnica asi como el dato estimado para el coeficiente Soret negativo.

Dentro del experimento IVIDIL [129, [130], se han llevado a cabo diferentes me-
didas en condiciones de microgravedad en la mezcla agua-isopropanol a varias con-
centraciones utilizando una técnica similar al método optical digital interferometry
[129]. Las condiciones en las que se han realizado algunas de estas mediciones las
hacen adecuadas para su comparacién con los resultados obtenidos por el resto de
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Tabla 3.29: Coeficientes de difusién, termodifusion y Soret medidos en la mezcla
agua-isopropanol por la UB en todo el rango de concentracién y a una temperatura

T = 25 °C.

c, Dx107° Dy x1078 Spx 1073
agua  (m’/s)  (m*/s-K) (K™

0.200 3.71 13.2 3.55
0.250 3.05 12.7 4.16
0.300 2.60 11.7 4.51
0.351 2.08 11.2 5.37
0.409 1.89 10.6 5.62
0.451 1.79 10.6 0.91
0.500 1.64 9.57 2.83
0.547 1.58 9.04 D.72
0.600 1.67 8.84 5.30
0.650 1.96 8.29 4.24
0.700 2.43 5.97 2.46
0.747 3.25 -0.61 -0.19
0.800 4.98 -18.3 -3.67
0.854 6.42 -43.9 -6.83
0.900 7.49 -66.4 -8.87
0.950 8.95 -90.7 -10.14

laboratorios incluidos en este estudio. Los valores determinados en el experimento
IVIDIL para los diferentes coeficientes se muestran en la tabla |3.31}
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Tabla 3.30: Coeficientes de difusion, termodifusion y Soret medidos en la mezcla agua-
isopropanol por la ULB a diversas concentraciones masicas y a una temperatura de
25 °C.

c, Dx107"Y Dpx 1078 Spx 1073
agua  (m?/s) (m?/s - K) (K™

0.200 3.15 10.7 3.39
0.300 2.48 10.8 4.37
0.401 1.81 10.2 5.64
0.500 1.72 10.1 5.89
0.600 1.76 9.39 5.32
0.700 2.35 2.52 2.35
0.720 2.94 3.97 1.35
0.750 - - -0.26

Tabla 3.31: Coeficientes de difusién, termodifusion y Soret medidos en un entorno
de microgravedad (IVIDIL) para las mezclas agua-isopropanol a una temperatura de
25 °C.

c, Dx107% Drx1072 S;rx 1073
agua (m?/s) (m?/s - K) (K™
0.900 6.55 -45.9 -7.01
0.500 1.62 9.51 5.87
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3.2.5. Discusién

Los resultados obtenidos para los coeficientes de difusiéon molecular (D), termo-
difusién (D7) y Soret (S7) mediante las diferentes técnicas experimentales muestran
un buen acuerdo entre ellas. Estos resultados se pueden ver en las figuras [3.13]
y 3.15 En estas figuras también se incluyen algunos datos para estos coeficientes
en la bibliografia. Se han anadido valores para el coeficiente de difusién molecular,
medidos mediante la técnica de dispersion de Taylor [157], y datos para el coeficiente
Soret determinados mediante la célula de flujo [I5§].
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Figura 3.13: Coeficiente de difusién molecular para la mezcla agua-isopropanol en
todo el rango de concentracién a una temperatura media de 25 °C. (%) Datos para
este coeficiente de la Ref. [157].

Un analisis de los datos obtenidos permite diferenciar tres zonas en funcién de la
concentracion en esta mezcla. Por un lado se tiene una zona de alta concentracion de
agua (¢ >0.75). Se ha confirmado que para esta mezcla, en este rango de concentra-
cién, el valor del coeficiente Soret es negativo. Es decir, el componente mas denso,
agua, se dirige hacia la zona caliente mientras que el menos denso, isopropanol, se
desplaza hacia la zona fria. Para esta region se observa como al aumentar la con-
centracién de agua se produce un incremento del valor absoluto del coeficiente Dy.
Del mismo modo, el valor del coeficiente D crece al aumentar la concentracién, pero
no con la misma proporcién. Esto se traduce en un aumento del valor absoluto del
coeficiente Soret conforme crece la concentracién de agua en la mezcla.
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Figura 3.14: Coeficiente de termodifusion para la mezclas agua-isopropanol en todo
el rango de concentracion a una temperatura media de 25 °C.
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Figura 3.15: Coeficiente Soret para la mezclas agua-isopropanol en todo el rango de
concentracién a una temperatura media de 25 °C. (57) Datos para este coeficiente
de la Ref. [I5§].
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Otra de las zonas diferenciadas comprende los valores intermedios del rango de
concentracién de agua (0.2< ¢ <0.75). Esta zona es la mejor caracterizada, ya que
todas las técnicas son capaces de proporcionar valores fiables de las propiedades de
transporte. En esta zona se puede apreciar que el coeficiente Dr estd poco influencia-
do por la concentraciéon y mantiene un valor aproximadamente constante. Por otra
parte tanto el coeficiente D como Sp, toman una forma parabdlica en este tramo,
con un extremo en ambos casos a una concentracion masica de 0.50 de agua.

Se puede distinguir otra tercera zona, correspondiente a la zona de baja concentra-
cién de agua (¢ <0.25). En esta zona los valores de los factores de contraste decrecen
rapidamente, lo que impide obtener datos fiables mediante las técnicas 6pticas. Es
por ello que esta zona unicamente se ha podido caracterizar utilizando las medidas
obtenidas mediante la TC y SST. En este caso se puede observar que tanto el valor
del coeficiente S, como el de Dy decrecen al disminuir la concentracién de agua en
la mezcla. El coeficiente D, por otro lado, aumenta su valor con la disminucion de
la concentracién de agua. En la literatura existen medidas experimentales [158], que
sugieren que se podria dar un segundo cambio de signo del coeficiente Soret en este
rango de concentracién para la mezcla agua-isopropanol. Sin embargo, los datos ob-
tenidos en este estudio no dan indicios de que este segundo cambio de signo suceda.
Los valores experimentales obtenidos, incluyendo los medidos con técnicas Opticas,
proporcionan valores positivos del coeficiente Soret para toda esta zona.

Entre los resultados del proyecto IVIDIL, llevados a cabo en condiciones de mi-
crogravedad y en ausencia de la conveccién, se han medido dos mezclas del sistema
agua-isopropanol. Uno de los puntos que se ha medido es en la zona con coeficiente
Soret positivo (concentracién maésica de agua ¢ =0.50), mientras que el otro, en la
zona del coeficiente Soret negativo (concentracién masica de agua ¢ =0.90). Esto ha
permitido la comparacion de los puntos medidos en el espacio con los determinados
en condiciones terrestres. En ambos casos se ha podido comprobar que existe un gran
acuerdo entre los valores obtenidos, tal y como se puede apreciar en la figura [3.15]

De acuerdo con los datos obtenidos, para los valores de los coeficientes de difusién,
termodifusién y Soret de la mezcla agua-isopropanol a una temperatura de 25 °C, se
ha propuesto un benchmark, utilizando para definir sus valores los datos determina-
dos por diferentes grupos y mediante diferentes técnicas, y condiciones terrestres y
de microgravedad. De entre estos valores se han utilizado tinicamente los datos con
alta fiabilidad y coincidentes en mas de una técnica (es por ello, que tinicamente se
incluyen valores a concentraciones mésicas de agua superiores a ¢ >0.20). Los valores
propuestos para los diferentes coeficientes se presentan en la tabla |3.32]
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Tabla 3.32: Valores del benchmark para el coeficiente de difusién, termodifusion y
Soret en la mezcla agua-isopropanol a diferentes concentraciones masicas y a una

temperatura media de 25 °C.

c, D x 10710 Dy x 10713 Sr x 1073
agua (m?/s) (m?/s - K) (K™
0.20 3,45+ 0,2 10,66 £ 2 3,09 £0,5
0.25 287402 11,38+ 1 3,96+ 0,4
030 24640, 11,30 + 0,5 4,60 + 0,4
035 21640, 10,96 + 0,5 5,08+ 0,2
0.40 1,93 £0,1 10,53 £ 0,5 5,47+ 0,2
0.45 1,73 £0,1 10,04 + 0,5 5,81 £0,2
0.50 1,60 £ 0,1 9,57+ 0,5 5,99 £0,3
0.55 1,569 +£ 0,2 9,31 £0,5 5,85 £0,3
0.60 1,75+ 0,2 9,21£+0,5 5,25 £0,3
0.65 2,14+0,3 8,63+ 0,5 4,02+0,2
0.70 2,79+0,3 9,85 £ 0,5 2,10 £0,2
0.75 3,67+0,3 -1,33+3 —0,36 £ 0,2
0.80 471 +0,3 —14,62£5 —-3,10+ 0,5
0.85 5,87 +0,4 —34,58 £6 —-5,894+0,9
0.90 7,11+04 —60,16 £ 10 —847+£15
0.95 8,35+ 04 —88,03 £ 8 —10,60 £ 2,0

3.3. Mezclas de Polimeros

Otro de los tipos de mezclas con los que se ha trabajado a lo largo de esta
tesis han sido las disoluciones de polimeros. En este caso, el analisis realizado se
ha centrado en las disoluciones de poliacrilamida (PAAm) en agua. El trabajo se
ha realizado en colaboracién con el grupo del Prof. Doumenc, de la universidad
de Pierre et Marie Curie de Paris, se han estudiado diferentes propiedades de esta
mezcla, como son la adsorcién isotérmica, la transicion vitrea y la difusién (para més
informacion ver apéndice |F)).

La determinacién del coeficiente de difusion de las mezcla agua-PAAm en este
trabajo se ha realizado por medio de dos técnicas. La técnica gravimétrica y la
técnica sliding symmetric tubes (seccion . En la técnica gravimétrica, para la
determinacién de este coeficiente, se preparan unas muestras en forma de discos de
la disolucion, y se analiza la evolucién de su masa al depositarlas en un lugar con
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atmosfera controlada. El analisis del cambio de masa de la muestra permite obtener
el coeficiente de difusion.

Sin embargo, el procedimiento para obtener el valor del coeficiente de difusion, es
solo valido en el caso de que al menos una parte de la cinética de adsorcion esté regida
por la difusién polimero/solvente. Esto limita la utilizacién de esta técnica solamente
en el régimen concentrado de la disolucién. Por contra, el sistema de analisis mediante
la técnica SST es més adecuado para su uso en los regimenes diluido y semi-diluido
de este tipo de mezclas. Por lo tanto, el uso conjunto de estas dos técnicas permite
realizar un estudio del coeficiente de difusién en todo el rango de concentracion y en
sus tres regimenes (concentrado, diluido y semi-diluido).

La poliacrilamida (PAAm), se puede encontrar con diferentes propiedades. En
este caso, se ha estudiado una PAAm con una masa molecular de 22.4 kg - mol~.
Se ha determinado el coeficiente de difusion de la mezcla agua-PAAm, a diferentes
fracciones volumétricas de polimero (), correspondientes tanto a los regimenes
diluido y semi-diluido, como al régimen concentrado, a una temperatura media de
25 °C. Los resultados obtenidos para los tres regimenes estudiados mediante ambas
técnicas se muestran en la tabla .33

Tabla 3.33: Coeficiente de difusién molecular de la mezcla agua-PAAm a diferentes
concentraciones volumétricas de polimero y a una temperatura media de 25 °C.

Régimen Diluido/ Semi-diluido Régimen Concentrado

®p Dt /m?s™! Pp Dt /m?s™!
0.0346 2,47 x 10710 0.8423 2,7 x 1071
0.1072 2,09 x 10710 0.8448 23 x 10713
0.1848 1,90 x 1010 0.8682 7.4 x 1071
0.2526 1,91 x 10710 0.8653 9,6 x 10~

Los resultados obtenidos muestran una tendencia de disminucién del coeficiente
de difusiéon molecular al aumentar la concentraciéon de PAAm en la mezcla. Se puede
apreciar un cambio de varios ordenes de magnitud en este coeficiente en funcién de
la concentracién, encontrando que estos cambios son mas acentuados en los extremos
del rango de concentracién (Figura . En los regimenes diluido y semi-diluido, se
puede observar un decrecimiento pronunciado del coeficiente de difusion al cambiar
de régimen.
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Figura 3.16: Valores del coeficiente de difusiéon en funcién de la concentracion vo-
lumétrica de PAAm a una temperatura de 25 °C (a) Regimenes Diluido y Semidiluido
(b) Régimen Concentrado.

3.4. Mezclas a Altas Presiones

Cabe mencionar, que durante la realizaciéon de esta tesis doctoral también se han
realizado avances en el campo de las medidas a altas presiones. En Mondragon Goi
Eskola Politeknikoa, se dispone de una instalacion termogravitacional cilindrica, la
cual esta disenada para la determinacion del coeficiente de termodifusion a presiones
de hasta 500 bar [132]. Este dispositivo ya ha sido utilizado con éxito para la medicién
del coeficiente de termodifusion en varias mezclas binarias de hidrocarburos a altas
presiones (ver apéndice .

Adicionalmente a los objetivos propuestos en la tesis, se plante6 el uso de este
dispositivo para la determinacion del coeficiente de termodifusién en mezclas binarias
de alcanos normales a altas presiones. Para ello, en primer lugar, se propuso el diseno
y puesta a punto de varios dispositivos que permitiesen la determinacion de las
diversas propiedades termofisicas (viscosidad, densidad y coeficientes de expansién
masica y térmica) a altas presiones.

Con este fin, se ha puesto en funcionamiento una célula Anton Paar DMA512P,
la cual permite realizar mediciones de la densidad en fluidos a presiones de hasta 500
bar (Figura . Adicionalmente se ha adquirido un viscosimetro Viscolab PVT
High Pressure Regulating Bath System, el cual permite realizar mediciones de la
viscosidad dindmica de fluidos a presiones de hasta 1370 bar (Figura [3.17)). Estos
dispositivos permiten obtener las propiedades termofisicas de los fluidos requeridas



84 C.3 Resultados

para la obtencién del coeficiente de termodifusién mediante la técnica termogravita-
cional.

(a) (b)

Figura 3.17: Dispositivos para el estudio de las propiedades de transporte a altas
presiones (a) célula Anton Paar DMA512P y (b) viscosimetro Viscolab PVT High
Pressure Regulating Bath System.

De esta forma, se ha completado a lo largo de esta tesis la instalacion a altas
presiones para analizar los fendémenos de transporte en mezclas liquidas. No obstante,
se ha encontrado que las juntas de presion de la columna termogravitacional se han
degradadado debido a su uso, lo que provoca caidas de presion cuando se realizan
ensayos a altas presiones. Este incidente ha frenado el avance de las actividades
experimentales propuestas, las cuales han quedado inconclusas y no se han podido
presentar en esta memoria.
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Conclusiones

De acuerdo con el objetivo principal de esta tesis doctoral, se han logrado los
siguientes resultados:

= Se han determinado diferentes propiedades termofisicas como densidad, visco-
sidad, coeficiente de expansién mésica y coeficiente de expansiéon térmica en
mezclas liquidas tanto binarias como ternarias a diferentes temperaturas.

= Se han determinado los coeficientes de difusién molecular, termodifusion y Soret
mediante la técnica sliding symmetric tubes y la técnica termogravitacional
para tres series de alcanos normales (nCg-nC;, nCio-nC; y nCia-nC;) tanto
equimolares como equimasicas, a una temperatura media de 25 °C.

= Se han determinado las propiedades de transporte en la mezcla agua-
isopropanol en colaboracion con el grupo del Prof. Kohler, de la universidad de
Bayreuth y el grupo de la Prof. Shevtsova, de la universidad Libre de Bruselas,
contribuyendo a ofrecer valores de referencia para los coeficientes de difusion
molecular, termodifusion y Soret en esta mezcla.

= Se ha combinado la técnica sliding symmetric tubes con la técnica gravimétri-
ca para el estudio del coeficiente de difusiéon molecular en la mezcla agua-
poliacrilamida para todo el rango de concentracién y en sus tres regimenes:
concentrado, semi-diluido y diluido.

» Se han realizado medidas del coeficiente de termodifusién en dos mezclas
ternarias de hidrocarburos (tetrahidronaftalina-isobutilbenceno-ndodecano y
tolueno-rhexano-ndodecano) y en sus correspondientes mezclas binarias.
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= Se han desarrollado tres nuevas correlaciones cuantitativas para la determina-
cion de las propiedades de transporte:

e Una de estas correlaciones se ha desarrollado para la determinacion del
coeficiente de termodifusion en mezclas binarias de alcanos normales a
cualquier concentracion, a partir de los datos de las masas moleculares de
los componentes y del coeficiente de expansién térmica y la viscosidad de
la mezcla.

e La segunda de estas correlaciones permite la determinaciéon, también en
mezclas binarias de alcanos normales, del coeficiente de difusién molecular
para cualquier concentracién utilizando los datos de la viscosidad de la
mezcla equimaésica, la masa molecular de los componentes de la mezcla y
la concentracién de cada componente en la mezcla.

e La ultima de estas correlaciones utiliza los datos de la viscosidad dinami-
ca y el coeficiente de expansion térmica de los componentes puros de la
mezcla y de la densidad de la mezcla equimolar para la determinacién
del coeficiente Soret de mezclas binarias de alcanos normales a cualquier
concentracion.

Los resultados obtenidos en esta tesis doctoral, han permitido avanzar en el cam-
po de las propiedades de transporte en mezclas liquidas, especialmente en las mezclas
binarias de alcanos normales, mezclas acuosas, mezclas de polimeros y mezclas mul-
ticomponentes.

4.1. Publicaciones y participaciones en Congresos

Los resultados obtenidos a lo largo de esta tesis han sido publicados en revistas
indexadas, ademas han sido expuestos en diversos congresos de cardcter nacional e
internacional. En los anexos se pueden encontrar los articulos publicados.

4.1.1. Articulos

Los resultados obtenidos han sido publicados en formato de articulos en las si-
guientes revistas indexadas:

1. S. Srinivasan, D. Alonso de Mezquia, M.M. Bou-Ali y M.A. Saghir. Thermodif-
fusion and Molecular Diffusion in binary n-alkane miztures: Fxperiments and
Numerical Analysis. Philosophical Magazine, 91, 4332-4344, (2011).
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2. D. Alonso de Mezquia, F. Doumenc y M.M. Bou-Ali. Sorption Isotherm, Glass
transition, and diffusion coefficients of polyacrylamide/water solutions. Journal
of Chemical and Engineering Data, 57, 776-783, (2012).

3. D. Alonso de Mezquia, M.M. Bou-Ali, M. Larranaga, J.A. Madariaga y C.
Santamaria. Determination of Molecular Diffusion Coefficient in n-alkane bi-

nary mixtures: Empirical Correlations. Journal of Physical Chemistry B, 116,
2814-2819, (2012).

4. A. Mialdun, V. Yasnou, V. Shevtsova, A. Koniger, W. Kohler, D. Alonso de
Mezquia y M.M. Bou-Ali. A comprehensive Study of Diffusion, Thermodiffu-

sion and Soret Coefficients of Water-Isopropanol Miztures. Journal of Chemical
Physics, 136, 244512, (2012).

5. D. Alonso de Mezquia, E. Lapeira, M.M. Bou-Ali, M. Klein, Z. Wang y S.
Wiegand. Thermodiffusion, Molecular Diffusion and Soret Coefficient for Some
Binary and Ternary Mixtures. En preparacion.

6. D. Alonso de Mezquia, M.M. Bou-Ali, J.A. Madariaga y C. Santamaria. et al..
Soret coefficient in n-alkane binary mixtures: empirical correlations of compo-
sition dependence. En preparacién.

7. D. Alonso de Mezquia, M.M. Bou-Ali, J.A. Madariaga, C. Santamaria y J.K.
Platten. et al.. Determination of the thermodiffusion coefficient in THN-IBB-
nCly ternary mizture using the thermogravitational column: contribution to
ground experiments of DCMIX. En preparacion.

4.1.2. Participaciones en Congresos
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Abril 2009. Comunicacién Oral.
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24-27 Mayo 2009. Comunicacién Oral.
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In this study, we have measured the thermodiffusion coefficients of six hydrocarbon liquid
ternary mixtures at 25 °C using the thermogravitational technique. Mixtures of
1,2,3,4-tetrahydronaphthalene-isobutylbenzene-n-dodecane at four different concentrations and
1,2,3,4-tetrahydronaphthalene-isobutylbenzene-n-decane at two concentrations have been
considered. We have used a plane-thermogravitational column with a small gap dimension to
improve the accuracy of the recently reported data. The obtained results have been confirmed by
measurements in a cylindrical column. We have also measured the thermodiffusion coefficients of
13 binary mixtures between the different components of ternaries in order to analyze the validity of
the additive rule proposed in the literature to determine thermodiffusion coefficients of ternary
mixtures from binary thermodiffusion data. A new correlation based on column separation, which
reproduces the data within the experimental error, is proposed. © 2010 American Institute of

Physics. [doi:10.1063/1.3354114]

I. INTRODUCTION

Most of the experimental thermodiffusion studies in lig-
uids have been performed only in binary mixtures, as there is
a lack of accurate experimental methods for multicomponent
mixtures. There are a few experimental studies focused on
the determination of mass separationl’2 or concentration
plroﬁles3 in multicomponent mixtures but without providing
the thermodiffusion coefficients. However, there are very
few experimental studies in ternary liquid mixtures where
the thermodiffusion coefficients are determined. Using the
thermal diffusion forced Rayleigh scattering (TDFRS) tech-
nique, Gans et al® and Kita et al.® measured the Soret co-
efficient of a dilute polymer and a colloid in a mixed water-
ethanol solvent at different concentrations and temperatures.
By means of the TDFRS technique, Sugaya et al’ analyzed
the consequences of adding urea to dextran-water solutions
in the thermodiffusion properties. Leaist and Hui® deter-
mined the Soret coefficients in a ternary electrolyte mixture
of water-sodium chloride-sodium hydroxide by means of a
conductometric technique. More recently, Bou-Ali and
Platten’ proposed a new methodology to determine the ther-
modiffusion coefficients in ternary liquid mixtures using the
thermogravitational column technique. These authors’ and
Leahy-Dios et al."® measured the thermodiffusion coeffi-
cients in the ternary mixture 1,2,3,4-tetrahydronaphthalene
(THN), isobutylbenzene (IBB), and normal dodecane (nC,,)
with an equal mass fraction for all components at 25 °C.
They analyzed the validity of the additive rule proposed by

YAuthors to whom correspondence should be addressed. Electronic
addresses: p.blanco@fz-juelich.de and mbouali @eps.mondragon.edu.

YPresent address: Forschungszentrum Jiilich GmbH, IFF Weiche Materie,
D-52428 Jiilich, Germany.
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132, 114506-1

Larre ef al."" to estimate the thermodiffusion coefficients in a
ternary mixture from those in the corresponding binary mix-
tures at the same mass fraction ratio; the results show that the
values given by the additive rule are in fair agreement with
the experimental data at least for the only case that was in-
vestigated. Leahy-Dios et al.'’ also provided the thermodif-
fusion coefficients of the components in the ternary mixtures
composed of normal octane (nCg), normal decane (nC,g),
and 1-methylnaphthalene with mass fraction ratios of 1:1:1
and 1:1:4 at 22.5 °C. They pointed out that for the mixture
with mass fraction ratio of 1:1:4 the additive rule does not
work. At least, in these last experimental studies™'” the po-
tentiality of the thermogravitational technique to determine
thermodiffusion coefficients in ternary mixtures has been es-
tablished.

In the past few years the interest in transport properties
of ternary mixtures has increased, especially in the oil
industry,lz’13 and the demand for experimental results has
grown in order to verify numerical codes'*"” and theories.”
In fact, different formalisms'! and theories'®!” exist in litera-
ture to describe the thermodiffusion effect in multicompo-
nent mixtures. For these reasons, we present in this study the
experimental results of the thermodiffusion coefficients in
six ternary liquid mixtures. In order to check the validity of
the above-mentioned additive rule we have also measured
the thermodiffusion coefficients of 13 binary mixtures be-
tween the components of the ternaries at the same mass ratio.
The studied mixtures are listed in Tables I and II. One of the
reasons for having chosen these ternary mixtures is that they
are representative of a hydrocarbon reservoir mixture con-
taining a normal alkane and two aromatics, one with one ring
and the other with two rings.'8 Moreover, we could compare
the previously reported data of thermodiffusion coefficients

© 2010 American Institute of Physics
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TABLE I. Mass fraction ratio of components and relevant thermophysical
properties of the ternary mixtures studied at 25 °C. The ratio in parentheses
is the molar ratio.

Mass ratio p a w
Mixture (molar ratio)  (kg/m?)  (10™* K1) (107 Pas)
THN-IBB-nC,, 1:1:1 843.541 9.142 1.289
1:1:3 800.875 9.367 1.287
3:1:1 888.788 8.747 1.484
(1:1:1) 833.888  9.188 1274
THN-IBB-nC, 1:1:1 835.806 9.366 1.076
3:1:1 883.900 8.949 1.325

for the mixture THN-IBB-nC;, at a mean fraction ratio of
1:1:1 with those measured in this study using two columns of
different configurations with smaller gap dimensions to im-
prove the accuracy of the measurements.

This article is organized as follows. In Sec. II the experi-
mental method is described starting with the description of
the equipment, the experimental installation, and the studied
mixtures, followed by the working equations. In Sec. III, the
results and discussions are presented, and finally the conclu-
sions of this study are provided in Sec. I'V.

Il. EXPERIMENTAL
A. Installations, equipments, and materials

We have designed and constructed a new plane-parallel
thermogravitational column of length L,=50+0.1 cm, gap
dimension L,=0.1*0.001 cm, and width Ly=5i0.1 cm.
The column is provided with five extracting points equidis-
tantly separated along the column.

To confirm the results obtained in the plane column we
have also used a cylindrical column designed to operate at
high pressures and that has been used extensively in previous
studies.'” ™' Both columns have been validated with mea-
surements using the standard mixtures of the benchmark of
Fontainebleau.'

An Anton Paar DMA 5000 vibrating quartz U-tube
densimeter having a repeatability of 1X107% g/cm® and an

J. Chem. Phys. 132, 114506 (2010)

Anton Paar RXA 156 refractometer with a repeatability of
21073 nD have been used to determine simultaneously the
density and refractive index of the studied mixtures and the
extracted samples along the column in order to have the ver-
tical composition profiles. From the density measurements
we have determined the thermal expansion and the mass ex-
pansion coefficients of the mixtures. A Haake falling ball
viscosimeter with = 1% precision has been used to determine
the dynamic viscosity of the mixtures. A digital scale balance
(capacity of 310 g and accuracy of 0.0001 g) has been used
to prepare the mixtures to fill the plane column. Another
digital scale balance (capacity of 4500 g and accuracy of
0.01 g) has been used to prepare the mixtures for the cylin-
drical column, as the necessary volume of liquid is much
greater in this last case. All the products used were from
Merck with purity better than 99%.

Tables I and II show the measured thermophysical prop-
erties of the binary and ternary mixtures considered.

B. Working equations

In a multicomponent mixture the mass diffusion flux is
given byg’10
n—1
Ji=—p|l 2 Dy Ve + DTiVT) i=1,2,...(n-1),
k=1

(1)

where p is the density, ¢, the mass fraction of the component
k, D;. denotes the molecular diffusion coefficients, and DTi
the thermodiffusion coefficient of the i component. In this
study we shall determine the values of D,’ from the column
separation measurements. The theory of the thermogravita-
tional column was first developed by Furry et al. 2 for binary
mixtures. A summary of this theory can be found in Ref. 23.
Later Marcoux and Charrier-Mojtabi24 extended the theory to
ternary mixtures and Haugen and Firoozabadi® made a gen-
eralization for multicomponent mixtures. Considering that
for the dimensions of our columns the vertical diffusion can
be neglected, the column theory gives for the vertical con-
centration gradient at the steady state

TABLE II. Mass fraction ratio and relevant thermophysical properties of the binary mixtures at 25 °C.
Component 1 is the first named component. The ratios in parentheses are molar ratios.

Mass ratio p a m D'T

Mixture (molar ratio) (kg/m?3) (10* K71 B (1073 Pas) (1072 m?/s K)
THN-nC,, 1:1 841.248 8.950 0.257 1.523 6.17
3:1 898.957 5.583 0.274 1.680 6.03
1:3 790.380 9.350 0.241 1.431 6.19
(1:1) 827.947 9.053 0.253 1.499 5.93
THN-IBB 1:1 904.514 8.876 0.128 1.374 2.92
3:1 934.216 8.555 0.130 1.708 2.53
(1:1) 904.069 8.860 0.127 1.374 2.98
IBB-nC,, 1:1 792.355 9.612 0.130 1.133 3.85
1:3 767.714 9.670 0.122 1.217 3.42
(1:1) 786.400 9.626 0.130 1.105 4.20
THN-nC), 11 829.823 9.299 0.284 1.150 8.12
3:1 892.747 8.742 0.302 1.443 7.50
IBB-nC,, 1:1 781.753 9.995 0.156 0.866 6.01
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TABLE III. Constant parameters of calibration planes of Egs. (5) and (6) for studied ternary mixtures.
Component i is THN. Component j is nC;, or nC,. The ratios in parentheses are molar ratios.

Mass ratio ko ky ky
Mixture (molar ratio)  (kg/m’) (kg/m?)  (kg/m?) k ki k)
THN-IBB-nC,, 1:1:1 (1:1:1)  848.056 101.957 —115.443 1483119 0.047282 —0.071 593
1:1:3 843.946 95.009 —103.380 1.480316 0.043599 —0.063 707
3:1:1 848.249  111.566 —131.806 1.483840 0.052267 —0.082077
THN-IBB-nC, 1:1:1 848.308 101.537 —138.909 1.483277 0.047 144 —0.084 067
3:1:1 848.026  111.787 —155911 1.483854 0.052217 —0.094 888
dc; 504 D/v p=ko+kic;+koc;, (5)
Slo_ T is12, (1), 2)
0z gL «
where z is the vertical coordinate, L, is the gap dimension, v
the kinematic viscosity of the mixture, « the thermal expan- n=ky+kic;+kyc;, (6)

sion coefficient, and g the gravity acceleration. Equation (2)
helps to determine the thermodiffusion coefficient of the
components of a mixture from the concentration measure-
ments along the column.

According to Eq. (1) for D,/>0, the thermodiffusion
flux of the i component goes to the cold side. Then from Eq.
(2) dc;/dz is negative, and thus this component concentrates
at the bottom of the column. On the contrary for D,/ <0, the
thermodiffusion flux of the i component goes to the hot and
it concentrates at the top of the column.

In the case of binary mixtures the vertical concentration
gradient is determined from the calibration curve for density
as a function of composition near the concentration of inter-
est. From this curve the mass expansion coefficient
Bi=1/p(dp/dc;) is obtained. The measurements show that
this coefficient is constant in the range of the concentrations
considered. Considering that the vertical variations of com-
position are small, the concentration gradient is given by

dei_ 1 op

dz  Bp iz’ ®)

where dp/dz is the vertical density gradient along the col-
umn. It is obtained from the measurements of the density of
samples taken from five sampling outlets distributed along
the column’s high. In all the mixtures considered the varia-
tion in density with height is linear.

In binary mixtures it is customary to define the thermo-
diffusion coefficient D', which relates to D, by

(4)

where ¢; and ¢; are the mass fractions of the two compo-
nents. In what follows, we shall take D7 as the thermodiffu-
sion coefficient of a binary mixture.

In ternary mixtures we have two independent concentra-
tions, and therefore according to Eq. (2), the determination
of the corresponding concentration gradients is needed to
obtain the two independent thermodiffusion coefficients. The
composition is determined from the calibration planes of
density and refractive index as a function of the concentra-
tions. More details can be found in Refs. 9 and 26. Summa-
rizing, for small variations in concentrations around their ini-
tial values, this calibration planes can be written as

i_ i
DT = CiCjDT’

where p and n are the mixture density and refractive index,
and ¢; and c; the mass fractions of the components THN and
nCy, (or nCyy), respectively. kg, ki, ky, k(, ki, and k3 are the
constant parameters given in Table III for the mixtures con-
sidered. They are determined from the measurement of p and
n for many mixtures of known concentration near the mix-
ture of interest. As an example the calibration planes of p and
n for the equimolar and equal mass fraction mixtures of
THN-IBB-nC, are shown in Figs. 1 and 2, respectively.

To determine the concentration gradients we measured
both the density and refractive index of five samples taken
along the column. In all considered ternary mixtures the den-
sity and refractive index were both linear functions of the
column height, as shown in Fig. 3, for the mixture
THN-IBB-nC;, with a mass fraction of 1:1.3 at 25 °C. Sub-
sequently, taking into account that the variations in concen-
tration along the column are small, Egs. (5) and (6) help to
determine the vertical concentration gradient of the compo-
nents of the mixture.

G hre
Gt e
s e

94

b
I s~
LI

FIG. 1. Calibration plane of density for the mixture THN-IBB-nC,, at the
mass fraction ratio of 1:1:1.
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1.485

~1.480

Refractive indey

FIG. 2. Calibration plane of refractive index for the mixture THN-IBB-nC,,
at the mass fraction ratio of 1:1:1.

lll. RESULTS AND DISCUSSION

Table IV shows the measured thermodiffusion coeffi-
cients for three of the ternary mixtures considered using the
plane and cylindrical columns. As can be seen, the two sets
of values agree within a few percent. This coincidence be-
tween data extracted from columns with a different geometry
gives a great support to the results presented in this study. In
view of this agreement we have used the plane column for
the remaining of the mixtures because it requires a lesser
quantity of mixture in each experiment and it is easier to
handle than the cylindrical column.

Table V gives the measured thermodiffusion coefficients
for all the ternary mixtures studied. The coefficients for THN
and nC;, have been obtained from column measurements
and the one for IBB has been calculated from the condition
that the sum of the three thermodiffusion coefficients is zero.

o ' ' ! - 1453

0.805 4

08041 L 1.452

0.803 4
E L 1.451
e 0802 — z
8 Q
D 0801 L 1.450 ©
2 0800 2
g . / e g
& 0799 o 2
- x

0.798

0.797 P=-0.01902LZ+0_80561 - R?=0.99994 | 1448

' n=-0.01047L +1.45334 ; R=0.99996

e ; ; ' L 1.447

0.1 0.2 0!3 0.4 0.5
TC height (m)

FIG. 3. Density p and refractive index n of the ternary mixture
THN-IBB-nC, with mass fraction ratio of 1:1:3 at 25 °C as a function of
the height of the plane column.
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TABLE IV. Thermodiffusion coefficients of ternary mixtures at 25 °C
obtained from plane thermogravitational column (PTC) and cylindrical
thermogravitational column (CTC). Component 1 is THN and component 3
is nCy, or nCy,,.

D, D’
(1072 m?/sK) (1072 m?/s K)
Mixture c [ PTC CTC PTC CTC
THN-IBB-nC;,  0.333  0.333 1.09 1.11 -125 —-1.20
0.303  0.390° 1.09 1.08 -124 -—121
THN-IBB-nC;,  0.333  0.333 1.39 1.34 -159 —155

“Equimolar mixture.

As can be seen in Table V, the thermodiffusion coeffi-
cient of the denser component (THN) is always positive and
for the less dense component (nC,, or nC) it is negative.
Therefore, THN goes to the cold side and then is advected to
the bottom of the column and nC;, or nC;, migrates to the
hot side and thus concentrates at the top.

The thermodiffusion coefficient of IBB is in absolute
values much smaller than the other two, being positive for a
concentration of about 0.30, and at the concentration of 0.20
it is positive or negative depending on the concentrations of
the other two components. This behavior has also been ob-
served in other ternary mixtures. According to Kita ef al.
the thermodiffusion of the polymer polyethylene oxide in
mixed water/ethanol solvent changes the sign, being positive
for high water concentrations and negative for low water
concentration.

Table VI shows the measured thermodiffusion coeffi-
cients for the ternary mixture THN-IBB-nC, at equal mass
fractions for the components and the reported values from
Refs. 9 and 10. As can be seen, relative differences of about
25% exist between the two sets of data. These differences
may be due to the method of analysis (separate measure-
ments of density and refractive index in previous studies
instead of simultaneous determinations used here) and to the
gap dimension of the plane column used in this study. As the
separation is proportional to the inverse fourth power of the
gap, the column used here (L,=1 mm) produces a mass
separation between the column ends that is six times higher
than in the column employed in previous studies” '’
(L,=1.59 mm), and therefore the accuracy of the measure-
ments is much higher.

Table IT shows the measured thermodiffusion coefficient
for the binary mixtures studied. These coefficients have been
measured in both cylindrical and plane columns, obtaining
coincident results within the experimental error, that is, on
the order of 5%. The reference component is the denser one
(the first named component in the binary mixture), which in
all cases goes to the cold side and concentrates at the bottom
of the column. Thus, D1T>0 for this component.

Larre et al." proposed the following additive rule to
determine the thermodiffusion coefficient of any component
in a ternary mixture from those in the corresponding binary
mixtures:

DTZ = Dl7j~CiCj + Dl7l~(CiCk, (7)

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE V. Thermodiffusion coefficients of ternary mixtures at 25 °C. Component 1 is THN, component 2 is

IBB, and component 3 is nCy, or nCy.

D, D, D/
Mixture ¢ 1 c3 (1072 m?/s K) (1072 m?/s K) (10712 m?/s K)
THN-IBB-nC, 0.333 0.333 0.333 1.10 0.13 —1.23
0.200 0.200 0.600 0.90 0.28 —1.18
0.600 0.200 0.200 1.14 —0.23 —0.91
0.303 0.307 0.390* 1.09 0.14 —1.23
THN-IBB-nC,, 0.333 0.333 0.333 1.36 0.24 —1.57
0.600 0.200 0.200 1.34 —=0.16 —1.18

“Equimolar mixture.

where D, is the thermodiffusion coefficient of component i
in the ternary mixture; c;, ¢;, and ¢ are the mass fractions of
components i, j, and k in the ternary mixture; and D% and Dg‘
are the thermodiffusion coefficients of component i in the
binaries i+j or i+k with mass fraction ratios c;/c; and c;/ cy.

We have checked this correlation with all the ternary
mixtures dealt with in this study. In Table VII, we compare
the measured thermodiffusion coefficients with those ob-
tained using this additive rule. As can be seen the empirical
correlation reproduces the experimental data within 7% on
an average, with maximum deviations of 11%, which is quite
good considering the sum of experimental errors of thermod-
iffusion coefficients in the binary and ternary mixtures.

We have observed from column data that the separation
of one component in a ternary mixture is nearly equal to the
sum of the separations of the corresponding binaries. Thus, a
better correlation can be obtained when the above additive
rule is applied to the separations instead of the thermodiffu-
sion coefficient. Then, taking into account Eq. (2) for the
separation, we can write

LV . Vi . Vi
DTl_l = DleiCj;l% + Dlylfcick_l, (8)

; ij Qi

where the subscripts of v and a have the same meaning than
those for Dy.

Table VII shows the obtained values of the thermodiffu-
sion coefficients using this correlation. As can be seen,
Eq. (8) reproduces the experimental data with an average

TABLE VI. Thermodiffusion coefficients for the system THN-IBB-nC,, at
25 °C and mass fraction ratio of 1:1:1. Component 1 is THN, component 3
is nCy,.

ia ib
DT DT

D,'=+0.874X 107> m?*/s K D,'=+1.10X 1072 m?/s K
D, =-1.021 X 1072 m*/s K D, =-1.23X 1072 m?*/s K

“References 9 and 10.
"This study.

difference of 3%, being the maximum difference of 6%.
These differences are within the experimental error of the
measurements. We have also found in a previous experimen-
tal study27 some regularities for the column separation in
n-alkane binary mixtures, which lead a quantitative
correlation where the thermodiffusion coefficient was pro-
portional to the ratio a/v.

IV. CONCLUSION

In this study we have measured the thermodiffusion co-
efficients of six hydrocarbon ternary mixtures and 13 binary
mixtures between the components of the ternaries at the
same mass fraction ratio. The present data for the mixture
THN-IBB-nC, at equal mass fraction for all components are
25% higher compared with the recently published data.”"*
The reason for this discrepancy is that we have used here a
plane column with a smaller gap dimension than the one
used in these references. The smaller gap increases the accu-
racy of determining the column separation. Moreover, the
obtained results have been confirmed by measurements in a
cylindrical column. Differences smaller than 4% have been
found between the data measured in both columns.

The measurements performed show that the additive rule
proposed by Larre et al." reproduces the thermodiffusion of
all the ternary mixtures with a 7% difference on an average.
A better correlation is obtained when the additive rule is
applied to the column separation. This correlation reproduces
the experimental data of the ternary mixtures within the ex-
perimental error of the measurements.
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TABLE VII. Comparison between experimental thermodiffusion coefficients and correlations (7) and (8).

Component 1 is THN and component 3 is nC, or nCy.

D, D,’
(1072 m?/s K) (1072 m?/s K)
Mixture ¢ c3 Expt. Eq. (7) Eq. (8) Expt. Eq. (7) Eq. (8)
THN-IBB-nC,, 0.333 0.333 1.10 1.01 1.16 —1.23 —1.11 —1.21
0.200 0.200 0.90 0.86 0.95 —1.18 —1.15 —1.23
0.600 0.200 1.14 1.03 1.17 —0.91 —0.88 —0.95
0.303 0.390° 1.09 0.98 1.13 —1.23 —1.20 —1.28
THN-IBB-nC, 0.333 0.333 1.36 1.23 1.39 —1.57 —1.57 —1.52
0.600 0.200 1.34 1.20 1.39 —1.18 —1.14 —1.15

“Equimolar mixture.
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In this work, we have measured the thermodiffusion coefficient of different n-alkane binary mixtures at several
concentrations using the thermogravitational technique. In particular, we have studied the n-dodecane/n-
heptane system as a function of composition and other systems covering a large range of mass differences
and concentration at 25 °C and 1 atm. The results show that for any concentration the thermodiffusion coefficient
of n-alkane mixtures is proportional to the mass difference between the components and to the ratio of the
thermal expansion coefficient and viscosity of the mixture. The obtained equation allows us to determine the
infinite dilution values of the thermodiffusion coefficient. We compare these values with recent experimental
results in dilute polymer solutions and analyze the Brenner theory of thermodiffusion. Finally, it is shown
that the thermodiffusion coefficient depends linearly with the mass fraction, and it can be calculated from the
viscosity and thermal expansion of the pure components.

1. Introduction

In an isothermal mixture, there is a transport of matter created
by temperature gradients. This transport phenomenon is known
as thermodiffusion or in particular for condensed systems as
the Soret effect. According to nonequilibrium thermodynamics
the mass flux of one component is given by

J = —pDVe — pDyc(1 — ¢)VT (1)

where p is the density; ¢ is the mass fraction of the reference
component; T is the temperature; D is the Fickian diffusion
coefficient; and Dy is the thermodiffusion coefficient.

A survey of the literature over the past decade shows an
increasing interest in thermodiffusion. However, there is still
no microscopic theory to explain the thermodiffusion in liquids.
According to Wiegand,' the main features that determine the
thermodiffusion in nonpolar fluids are the mass, moment of
inertia, and size of the molecules as well as their interactions.
Debuschewiz and Kélher? investigated the contribution of mass
and moment of inertia differences by measurements in isotopic
mixtures of benzene and cyclohexane. The influence of the
molecular structure was analyzed by Polyakov et al.? in mixtures
of benzene with normal and branched n-alkanes, and Artola et
al.* determined by molecular dynamic simulations the chemical
contribution to thermodiffusion. Finally, the influence of chain
length in dilute polymer solution has been investigated by
Stadelmaier and Kohler® and rationalized by the theory devel-
oped by Wiirger.®

A number of studies have focused on the nonpolar n-alkane
mixtures. These ideal mixtures have normal thermodiffusion
behavior: the heavier component migrates always to the cold

* Corresponding author. E-mail: mbouali @eps.mondragon.edu.
T University of Basque Country.
* Engineering Faculty of Mondragon Unibertsitatea.

10.1021/jp910823¢

side. Measurements of the thermodiffusion coefficient for
different n-alkane mixtures have been recently performed using
different techniques. Blanco et al.”® investigated the series nC,/
nCg, nCi/nCyo, nC;/nC,, and nC;/nC;g at a molar fraction x =
0.5 and nC/nC g a mass fraction ¢ = 0.5. Leahy-Dios et al.>!°
studied the series nC;/nC,, at decane mass fractions of ¢ = (.25,
0.50, and 0.75. Yu Yan et al."! analyzed the series nC;/nC), at
¢ = 0.5. All these authors employed the thermogravitational
method. Finally, Blanco et al.'? analyzed the system nCs/nC o
at different molar fractions and the series nC;/nC;, at a mass
fraction of ¢ = 0.5. They used both the thermogravitational and
the thermodiffusion forced Rayleigh scattering techniques and
obtained a good agreement between these two methods.

For equimolar mixtures it has been recently reported’ that
for each of the above-mentioned series mass difference is the
only parameter that determines the thermodiffusion coefficient.
On the other hand, a quantitative correlation was found between
the thermodiffusion coefficient, the mass difference, and the ratio
of the thermal expansion coefficient and viscosity of the mixture.

In the present work, we shall extend this correlation to
nonequimolar binary mixtures of n-alkanes and analyze the
dependence of Dr with composition. Finally, we compare the
obtained results with the Brenner'® theory of thermodiffusion
and with the recent experimental results of Stadelmaier and
Kohler’ for dilute polymer solutions.

II. Experimental Method

A. Equipment. The thermogravitational column used in this
study is a conventional stainless steel concentric tube column,
closed at both ends. It has been described in detail in earlier
publications; for example, see ref 8 and references therein. The
total length of the column is 0.49 m; the distance between the
two sampling ports near the ends is 0.40 m; and the annular
gap dimension is 1.2 mm. The temperature difference across
the column is 10 °C with an average temperature of 25 °C.

© 2010 American Chemical Society
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TABLE 1: Mixtures Considered, the Difference of Molecular Masses, and His Thermophysical Properties: Density (p),

Thermal Expansivity (o), and Dynamic Viscosity (¢) at 25°C*

AM o o u Dy Dr(calcd) o
mixture 10~*kg/mol kg/m? 107°K! 10%Pa s 10~ "?m?%sK 10~ "2m%sK %
x; = 0.80
nCyo—nCy 42.08 719.021 1.071 0.772 3.02 2.92 33
nC,—nCy 70.13 736.409 1.005 1.118 3.69 3.59 2.6
nCs—nCg 98.19 757.129 0.937 2.022 2.70 2.77 —2.7
nCie—nCy 126.24 760.652 0.928 2.334 3.55 3.56 —0.4
x; = 0.40
nCip—nCs; 42.08 702.601 1.151 0.580 4.00 3.75 6.3
nCy,—nCg 56.11 721.000 1.060 0.807 3.39 3.31 2.4
nCy7—nCys 70.12 759.557 0.938 2.213 1.35 1.33 1.2
nCc—nCjo 84.17 747.768 0.960 1.520 2.37 2.39 —0.7
nC;3—nCy; 98.20 757.000 0.933 2.220 1.89 1.85 1.9
nC;g—nCy 154.30 740.200 0.994 1.385 5.52 5.32 3.6
x; = 0.30
nC,—nCy 70.13 706.600 1.125 0.611 5.30 5.38 —1.6
nCi3—nCq 98.18 700.261 1.142 0.610 7.71 7.49 2.8
nCy—nCsq 112.21 705.405 1.132 0.656 7.97 791 0.8
nCys—nCyy 112.22 748.413 0.964 1.584 2.83 2.83 0.0
nC;5—nCsq 126.24 705.000 1.115 0.707 8.16 8.10 0.7
nCie—nCq 140.27 708.000 1.110 0.745 8.37 8.15 2.6
nC;g—nCg 140.27 738.000 1.011 1.250 4.70 4.68 0.4
nCg—nCy 154.30 727.000 1.030 1.044 6.34 6.20 2.2
X = 0.20
nCip—nCy 70.13 698.661 1.159 0.530 5.82 5.87 —-0.9
nCig—nCj, 84.16 754.246 0.946 1.808 1.65 1.76 —6.5
nCys—nCyy 112.22 741.925 0.985 1.311 3.07 3.16 —3.1
nC;g—nCy 154.30 716.475 1.083 0.796 7.28 7.08 2.7

¢ x; is the molar fraction of the heavier component; Dy is the measured thermodiffusion coefficient; and Dr(calcd) that calculated with eq 5.

In n-alkane mixtures, the heavier component always goes to
the cold wall and thus concentrates at the bottom of the column.
Thus, according to eq 1 Dy > 0 for this component. Further, in
this article, we take the heavier component as the reference
component, and it is denoted by subscript 1. The lighter
component is denoted by subscript 2.

The theory of the thermogravitational columns, which was
proposed by Furry—Jones—Onsager,'*”'¢ establishes a relation
between the steady separation and the thermodiffusion coef-
ficient Dt as follows

Acy = @pcic;—— (2)

where ¢ is a geometrical factor: ¢ = (504L.)/(gL}), L. being
the column length, L, the annular gap dimension, g the gravity
acceleration, ¢; and ¢, the initial mass fractions of the heavier
and lighter components, respectively, Ac, the steady separation
between the column ends, o the thermal expansion coefficient,
u the dynamic viscosity; and p the density of the mixture.

To determine the separation Ac;, we measure the index of
refraction of the two samples extracted from the sampling ports
using a Pulfrich-type refractometer with a nominal accuracy of
5 x 107°. The composition of each sample is then determined
from a calibration curve of refractive index as a function of
concentration. Each experimental test is repeated three times
for each mixture under consideration. To ensure that the
stationary state is reached, we work at operation times that are
considerably longer than the estimated relaxation time of the
separation process.'® The other required thermophysical proper-
ties, p, o, and u, at 25 °C were also measured by us. A vibrating-
quartz U-tube densimeter manufactured by Anton Paar (DMA

5000) was used with an accuracy of 5 x 107 g/cm® to measure
the density p of the different mixtures at the mean temperature
of 25 °C. By repeating the density measurements at different
temperatures (24, 24.5, 25, 25.5, and 26 °C), the thermal
expansion coefficient was determined. Dynamic viscosity 4 was
measured using the falling ball viscosimeter of Haake with an
estimated error of £+1%.

B. Studied Mixtures. All the products used in this study
were purchased from Merck and Aldrich with purity higher than
99%. The mixtures have been prepared by introducing the less
volatile component first, i.e., the alkane with higher molecular
weight. Then the corresponding amount of second alkane is
added. The concentrations of the binary mixtures are adjusted
by weighing both components separately using a balance with
an accuracy of 0.001 g. The sample volume needed to run an
experiment is approximately 30 cm?.

We have prepared the mixtures that appear in Table 1 at the
molar fractions of the heavier component x; = 0.2, x; = 0.3, x,
= 0.4, and x; = 0.8. For each concentration, the mixtures cover
a large range of mass difference to analyze the influence of this
difference on the thermodiffusion coefficient. In this table, the
values of the thermophysical properties o, p, and x# and the
obtained values of Dt for each of the mixtures are displayed.

We have also studied the n-dodecane/n-heptane mixture at
different molar fractions to determine the dependence of Dy
with composition for a given mass difference. The measured
values of the relevant thermophysical properties and Dy for each
molar fraction appear in Table 2.

III. Discussion

A. Correlation of Dt with Other Physical Properties. In
a previous work” we found that for equimolar binary mixtures
of n-alkanes the column separation is proportional to the mass
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TABLE 2: Density (p), Thermal Expansion Coefficient (o)), and Dynamic Viscosity (#) for the System nC,/nC; (AM = 70) at
25 °C and Different Molar Fractions (x;) of n-Dodecane”

P o u Dy D+(calcd) 0

X (kg/m?) (107K (10Pa's) (10"m¥sK) (10" "m¥sK) %
0.10 689.767 1.202 0.475 6.34 6.20 22
0.20 698.661 1.158 0.530 5.82 5.87 —-0.9
0.30 706.600 1.124 0.611 5.30 5.39 —-1.7
0.37 711.000 1.102 0.682 5.08 5.00 1.6
0.50 720.378 1.066 0.807 4.50 4.49 0.2
0.70 731.471 1.023 1.004 3.86 3.89 —-0.7
0.80 736.409 1.004 1.118 3.69 3.59 2.7
0.90 740.949 0.990 1.234 3.35 331 1.1

¢ Dr is the measured thermodiffusion coefficient, and Dr(calcd) is that calculated from eq 5.
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Figure 1. Yru/adr = Dreicy (Dr = Preicy) values of the systems
in Table 1 as a function of the molecular weight difference, AM = M,
— M,, for the molar fractions: @, x; = 0.20; A, x; = 0.30; O, x; =
0.40; V, x; = 0.80. Solid straight lines are a fit of experimental data.

difference, AM = M, — M,, between the components of the
mixture. According to eq 2, that means that this proportionality
holds for the quantity (“wu)/(or), where Uy is the coefficient
of the thermal gradient in eq 1 (Y1 = Drcic,). In what follows
and based on column separation data, we shall show that this
proportionality can be extended to nonequimolar mixtures.

In Figure 1, the values of (“ru)/(o) are plotted as a function
of AM for the n-alkane mixtures in Table 1 for molar fractions
x; =10.2,0.3,0.4, and 0.8. As shown in the figure, these values
for each composition lie on a straight line through the origin.
Therefore, one can tentatively write the following correlation

Dy

= k(x,)AM 3)

where k(x;) only depends on the molar fraction. Being inde-
pendent of AM, it can be conveniently determined from
experimental data of (Zu)/(o) at different molar fraction for a
reference n-alkane binary system. With regard to this, we have
taken the n-dodecane/n-heptane system, where the mass differ-
ence between the components is AM = 0.070 kg/mol. The
thermophysical properties at the different concentrations con-
sidered are shown in Table 2.

In Figure 2, (Yu)/(o) for this system versus the concentration
is shown. As can be seen, the data fit to a parabolic line. Then,
k(x,) is given by the equation of the fitted line divided by the
mass difference. In this way, the following is obtained

k(x,) = (5.34x, — 7.00x,” + 1.65x,7)10™" 4)
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Figure 2. &ru/a values as a function of the molar fraction of the
heavier component x;. ®, n-dodecane/n-heptane. Solid line is a fit of
experimental data. For comparison, we have shown the values for
n-decane/n-pentane from ref 12 (O).

For x; = 0.5, k(x;) = 1.15 x 107" m s72, and this is in
agreement with the value obtained for equimolar mixtures in a
previous work.”

In Figure 2, the data of (Yu)/(a) for the n-decane/n-pentane
system at several concentrations, taken from ref 12, are also
shown. The mass difference between the components is AM =
0.070 kg/mol, which is the same as that for the n-heptane/n-
dodecane system. Thus, according to eq 3, (Yu)/(Q) is the same
for each concentration in both systems. As shown in Figure 2,
the experimental points for n-decane/n-pentane lie on the curve
corresponding to n-dodecane/n-heptane, which is in agreement
with eq 3.

According to the results obtained above, we can use for Ut
the following correlation

Dy = k(x)(M, — Mz)l% (5)

where k(x;) is given by eq 4. To confirm the validity of this
correlation, we have determined the values of Dr = Uqilc e,
from eq 5 for the mixtures given in Tables 1 and 2. As shown
in these tables, the agreement between the obtained values and
the experimental ones is within the error of the measurements.

As an additional test of eq 5 we have used the experimental
Dy values for the mixtures nC,o/nC; (i =5, 6, 7, 15, 16, 17, 18,
and 20) at the mass fraction ¢; = 0.5 as reported in ref 12. We
have also used Dr values for the mixtures nCs/nC; (i = 5, 6, 7,
8,9, 10, 11, 12, and 13) and nC,/nC; (i = 5, 6,7, 8, 9, 17, and
18) at ¢; = 0.5 from ref 8 and 11, respectively. In Figure 3 the
values of Dt determined using eq 5 are plotted against the
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Figure 3. Comparison of experimental and calculated thermodiffusion
coefficients of the mixtures from eq 5: @, in this work; A, in ref 12; O,
in ref 7; v, in ref 11. Solid straight line is a fit of data.

experimental ones for each mixture. As seen here, all the data
lie on a straight line through the origin with slope unity.
Therefore, we can conclude that eq 5 helps in determining the
accurate values of the thermodiffusion coefficient for any
n-alkane binary mixture from viscosity and thermal expansion
data of the mixture.

B. Dilute Solutions. For the purpose of comparison with
recent theories'”!” and experimental results,’ it is convenient
to determine Dr in the dilute region. Taking into account that
for a dilute solution of the heavier component as solute (x; —
0) is

M,
cc;=candc, = TR
2

and further k(x;) reduces to
k(x,) = 5.34x 10 ",

we obtain from eq 5 for the infinite dilution value of Dy

_ -11 o M2
Di(x;, —~ 0) =534 %10 o M,(1 — M (6)

where M,, Q,, and u, are the molar mass, the thermal expansion
coefficient, and the viscosity of the lighter component (the
solvent). M, is the molar mass of the heavier component (the
solute), and D is the thermodiffusion coefficient of this
component. Thus, M, > M, and Dy > 0.

As can be seen, Dr depends on the ratio ou/u,. This
dependence is predicted by the two theories of thermodiffusion
of Semenov and Shimpf!” and Brenner.!* The dependence of
Dy with inverse viscosity of the solvent has also been experi-
mentally confirmed by Hartung et al.'® for dilute polymer
solutions.

Equation 6 can be written in the form

—n M, N —11
Dy(x, — 0) = DT(I - ﬁ) where D; = 5.34 x 10
1

o,

o o

2

which shows that Dy increases with the molecular mass of solute

Madariaga et al.

and extrapolating to large M, reaches for M; > M, a solute
molar mass independent plateau D™ r. The deviation of Dy from
the asymptotic plateau shows an M,”! dependence, and the
plateau value is inversely proportional to the solvent viscosity.
A similar behavior has been observed in a recent paper of
Stadelmaier and Kohler’ for dilute polymer and n-alkane
solutions in different solvents. The theory developed by Wiirger®
explains this dependence of Dr with the molecular mass of
solute. Moreover, if we consider for instance the dilute mixtures
of n-alkanes in n-pentane as solvent, the plateau value according
to eq 7, Dt = 0.62 x 107"%u,, in agreement with the
expression proposed by Stadelmaier and Kéhler® for dilute
polymer solutions.

As the Semenov and Shimpf theory!” includes parameters
that are difficult to assign to n-alkane mixtures, in what follows
we will compare our results to the theory of thermal diffusion
developed by Brenner.'? According to this theory, the thermod-
iffusion coefficient in the dilute region for solute large molecules
compared with those of the solvent is given by

Dy = Aa,D, (®)

where D is the self-diffusion coefficient of the solvent and A is
an unknown nondimensional parameter of O(1) independent of
the nature of solute that becomes unity for ideal mixtures.

To test the validity of eq 7, we consider the dilute solutions
of n-decane and n-octadecane in the solvent n-pentane. The
needed thermophysical properties of n-pentane are Dy = 5.5 X
1072 m?/s (ref 19) and u, = 0.224 x 1073 Pa s. Thus, u,Ds =
1.23 x 107'? kg m/s%, and comparing eqs 6 and 8, we obtain
for A

M
A= 43.4M2(1 —~ —) 9)

which depends on the molecular mass of solute M, in disagree-
ment with Brenner’s model. For the solute, n-decane is A =
1.54 and n-octadecane is A = 2.24, and thus A is of O(1)
although it differs from unity despite the ideality of the mixtures.
Therefore, the Brenner formulation with A = 1 can be used for
a rough estimation of Dr. Similar results have been recently
obtained by Hartung et al.!® for dilute mixtures of polystyrene
in different solvents.

Finally, we shall determine the limiting value of Dy for x;—1
(x,—0), i.e., when the heavier component is the solvent. We
have for Dy(x,—0) from eqs 4 and 5

_ —11 oy Ml
Dy(x, — 0) = 3.71 x 10 0 M, i, 1| 0

where a; and u; are the thermal expansion and viscosity of the
solvent.

C. Dependence of Dt with Concentration. In Figure 4 the
values of Dr plotted against the mass fraction of the lighter
component, ¢,, for the n-dodecane/n-heptane (Table 1) and
n-decane/n-pentane (ref 10) systems are shown. As can be seen,
Dr data for each system fit to a straight line of positive slope
which shows that Dy increases linearly with the mass fraction
of the lighter component. Therefore, we can write for Dy the
following linear equation
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Figure 4. Thermodiffusion coefficient as a function of the mass
fraction, ¢,, of the lighter component. @, n-dodecane/n-heptane; A,
n-decane/n-pentane.

Dy = ¢,Dy(c, = 0) + ¢,Dy(c, — 0) (11)

where D1(c;—0) and D1(c;—0) are the limiting values of Dy
for ¢;,—0 and ¢,—0, respectively. According to this equation,
the limiting values of Dy determine Dy in all the concentration
ranges.

By using eq 6 and eq 10, one can calculate the limiting Dr
values from viscosity and thermal expansion coefficient data
of the pure components. These data measured by us for all liquid
n-alkanes appear in Table 3. Then, eq 11 allows us to predict
Dr for the full range of concentrations.

We have checked the validity of eqs 6, 10, and 11 for all the
mixtures of n-alkanes in the references quoted above. The results
show that these equations allow us to predict Dt with the same
accuracy as eq 5. For instance, these equations reproduce the
Dr data for all the mixtures in ref 7 and Table 1 with deviations
smaller than 5%. As another example, in Figure 5, Dy data for
the mixtures of n-octadecane with n-heptane, n-decane, and
n-pentane versus the mass fraction of the lighter component
are plotted. The solutions of n-octadecane/n-pentane present the
higher mass difference of n-alkanes studied. The data for
equimolar and equimass mixtures are taken from ref 8 and for
other concentrations from Table 1. We have also represented
the limiting values for ¢;—0. The other limiting value when
¢,—0 cannot be calculated because the n-octadecane is solid at
25 °C. As can be seen, the experimental points and the calculated
ones for Dr(c;—0) are in a straight line. It can also be observed
that the increase of Dr with the concentration of the lighter

TABLE 3: Molar Masses (M), Density (p), Thermal
Expansion Coefficient (o), and Dynamic Viscosity () at
25°C for the n-Alkanes Used in This Work

M o a u
solvent (107%kg/mol)  (kg/m?)  (1073K™")  (1073Pa s)
pentane 72.15 621.77 1.61 0.224
hexane 86.18 655.12 1.38 0.300
heptane 100.20 679.78 1.24 0.387
octane 114.23 698.76 1.16 0.508
nonane 128.25 713.96 1.09 0.665
decane 142.28 726.09 1.04 0.838
undecane 156.30 736.74 1.00 1.098
dodecane 170.34 745.15 0.971 1.383
tridecane 184.36 752.89 0.951 1.724
tetradecane 198.39 759.34 0.930 2.128
pentadecane 212.42 765.36 0.920 2.570
hexadecane 226.45 770.21 0.910 3.032

heptadecane 240.26 774.52 0.905 3.690

J. Phys. Chem. B, Vol. 114, No. 20, 2010 6941

20

DT (1 O'mmz/sK)

Figure 5. Thermodiffusion coefficient as a function of the mass
fraction, ¢,, of the lighter component. O, n-octadecane/n-pentane; @,
n-octadecane/n-heptane; A, n-octadecane/n-decane.

component is enhanced with increasing mass difference between
the two alkanes. This behavior has also been observed for
Lennard-Jones mixtures by molecular dynamics simulation.?

IV. Conclusions

In this study, we have measured the thermodiffusion coef-
ficient of several n-alkane mixtures at different concentrations
by the thermogravitational method. We have found a linear
universal correlation between the thermodiffusion coefficient,
the mass difference, and the ratio of the thermal expansion
coefficient and viscosity. This correlation helps to determine
quantitatively the thermodiffusion coefficient of any binary
mixture of n-alkanes. In particular, the infinite dilution values
of Dt can be calculated.

We have shown that in dilute solutions of n-alkanes Dr
increases with the molar mass of solute reaching a molar mass
independent plateau, in accordance with recent studies for dilute
polymer solutions. Moreover, we have checked the Brenner
theory of thermodiffusion.

Finally, we have found that the thermodiffusion coefficient
in n-alkane mixtures depends linearly on the mass fraction. This
result allows us to determine accurate Dy values from viscosity
and thermal expansion coefficient of the pure components.
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Microfluidic separation process by the Soret effect in biological fluids
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ARTICLE INFO ABSTRACT
Article history: In this article the thermophysical and transport properties of mixtures composed of glucose
Available online 22 April 2011 and sucrose in dimethylsulfoxide (DMSO) are determined. The studied mass concentrations
are 5%, 10%, 15%, 20% and 25% of glucose or sucrose in DMSO at an average temperature
ﬁi{ Vrvé’fqﬁ;ics of 25°C. The properties studied experimentally are the dynamic viscosity, density, mass
Molecular diffusion and thermal expansion coefficient and thermodiffusion coefficient. The thermogravitational
Biotechnology technique in flat configuration is used in order to obtain the thermodiffusion coefficients.
Soret effect Once these properties are known, the work is focused on the numerical study of applying
Microseparation a temperature gradient in microdevices in order to optimize the extraction of DMSO

using the CFD Ansys Fluent software. The results show an improvement even of 35% on
microfluidic separation techniques that are based on a purely diffusive regime.
© 2011 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

For over a decade, numerous studies have demonstrated the importance of miniaturization in biotechnology [1], since
it can perform multiple assays simultaneously in a short period of time and uses less sample and reagent, among others.
To this end, microfluidic platforms are used, where the flows are laminar. Because of this, the mix of components, in many
cases, is limited by molecular diffusion. This makes the analysis of transport properties essential to determine the efficiency
of the mixture.

Within this context, one of the applications that have been attributed to microfluidic devices is the cleaning of cry-
opreserved cells, removing the cryoprotectant by molecular diffusion [2-4]. However, the microdevices submitted for this
purpose are too large or too complicated geometrically. This article presents the possibility of improving the efficiency of
these microdevices by the application of temperature gradients. These temperature gradients increase the separation through
the Soret effect [5].

One of the cryoprotectants employed is DMSO, which is used to cryopreserve cells, tissues or organs [6]. Some studies
have shown that its power of cryopreservation, is improved by adding sugars such as glucose [7]. Although DMSO provides a
protective benefit to cells during freezing, a long-term exposure can result in cell death because of its toxicity [4]. Therefore,
before implanting the cells it is necessary to clean them. The usual technique is the centrifugation cleaning, however, this
technique can damage up to 30% of the cells [8].

This article demonstrates the importance of determining the transport properties in biological mixtures in order to
improve on a microscopic scale the separation process without damaging the cells. To determine the transport properties,
specifically the thermodiffusion coefficient, the thermogravitational column technique is used [9]. The experimental results
are used in the numerical software Ansys Fluent, where the benefits of the Soret effect at the micro-scale is observed,
optimizing the microdevices for DMSO extraction.

* Corresponding author.
E-mail address: mbouali@eps.mondragon.edu (M.M. Bou-Ali).

1631-0721/$ - see front matter © 2011 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
doi:10.1016/j.crme.2011.03.012
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Fig. 1. Thermogravitational column configuration.

The determined properties correspond to biological mixtures of sucrose-DMSO and glucose-DMSO at mass concentra-
tions of 5%, 10%, 15%, 20% and 25% of sucrose and glucose. Similarly, the thermophysical and transport properties for a
mass concentration of 10% of DMSO in phosphate buffered saline (PBS) is determined, to discuss the results of work [3] and
demonstrate the effectiveness of the Soret effect in separation microdevices in biological mixtures.

2. Experimental procedure

To determine the thermodiffusion coefficient, the thermogravitational column (TC) technique is used. In this case a flat
configuration with four-point sample extraction is used (Fig. 1). For more details around the experimental procedure of this
technique the reader is invited to consult [10] where is fully explained.

The thermodiffusion coefficient can be determined by measuring the change in the density of samples at steady state
along the column, as shown in Eq. (1) [11]:

8y« 9
504 co(1 —co)Bn 0z

where Ly is the gap of the TC, cg the initial mass fraction of the reference component in the initial homogeneous mixture,
o= —%g—‘; the thermal expansion coefficient, 8 = %%—f the mass expansion coefficient, p the density of the mixture, ‘;—’Z’

the density gradient along TC, v the kinetic viscosity, g the gravitational acceleration and 7 the dynamic viscosity.

Dr = (1)

3. Experimental results

All experiments are performed at an average temperature of 25°C. All measurements were repeated at least 4 times. In
all cases the deviation was less than 4%. Table 1 shows the thermophysical and transport properties determined for mixtures
of sucrose-DMSO, glucose-DMSO and DMSO-PBS at different mass concentrations at an average temperature of 25 °C. Fig. 2
shows the thermal diffusion coefficient versus the mass concentration of sucrose (Fig. 2a) and glucose.

Fig. 2 shows how the thermodiffusion coefficient decreases linearly as the solute concentration increases. At solute
concentrations on the order of 30% of sucrose and glucose it is expected that the thermal diffusion coefficient changes sign,
i.e. in these concentrations the denser component is directed toward the warmest wall. Therefore, at higher concentration
of sugars in DMSO, the thermodiffusion coefficient is negative which will mean readjusting the sense of the temperature
gradient depending on the range of solute concentration in the mixture in order to optimize the separation.

4. Numerical simulation

Through numerical studies performed in a finite volume method (FVM) based fluid flow solver [12], the possibility
of optimizing the separation process in the microdevices by Soret effect is analyzed [13]. To this purpose, the geometry
proposed by other researchers is used [3], which separates the DMSO only by molecular diffusion. This device shown in
Fig. 3 is composed mainly of a central cavity of constant rectangular section where the separation occurs by diffusion of



344 A. Martin et al. / C. R. Mecanique 339 (2011) 342-348

Table 1
Thermophysic and transport properties of sucrose-DMSO, glucose-DMSO and DMSO-PBS mixtures at an average temperature of 25°C.
% Sucrose Density (kg/m?) a (°c 1) (107%) B (1071 n (kg/ms) (1073)
5 1113.85 8.87 3.404 2.73
10 1132.89 8.57 3.41 4.05
15 1152.37 8.28 3.438 6.4
20 1172.38 8.03 3.449 10.95
25 1192.70 7.72 3.532 20.59
% Sucrose Density (kg/m?) a (°Cc71) (107%) B (1071 n (kg/ms) (1073)
5 1114.08 8.86 3.405 2.93
10 1133.12 8.56 3.402 4.06
15 1152.62 8.30 3.4 6.34
20 1172.36 8.01 3.399 10.55
25 1192.41 7.69 3.386 18.73
% PBS Density (kg/m?) a (°c 1) (107%) B (1071 n (kg/ms) (1073)
10 1070.64 3.97 0.706 1.345
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Fig. 2. Variation of the thermal diffusion coefficient in mixtures of a) sucrose-DMSO, b) glucose-DMSO versus the mass concentration and at a temperature
of 25°C.

DMSO. The flows are introduced through two opposing inlets. These two flows are separated by a splitter plate that redirects
the flow and prevents the mixing between them, so that they flow in parallel to the central cavity. The flow extraction is
performed by two outputs identical to the inlet design. From the top entry cleaning liquid is introduced, which in this case
is PBS, while from the bottom entry a mixture of 10% DMSO in PBS is introduced.

The model used in the numerical simulation represents the main parts of the device, i.e. the central cavity and the
transition to outlets. The central cavity consists of two flat plates that generate a constant rectangular cavity. The dimensions
of it are exactly those used in [3], 25 mm wide, 500 pm high and 75 mm long. Downstream of this section, constant area
geometry is used as transition to outlets. The overall length from the beginning of the central cavity to the outlets, is
L =111 mm. In Fig. 4a can be appreciated the two inputs coupled to the central cavity in order to achieve fully developed
flow in the cavity. In Fig. 4b the whole geometry can be seen, where the transition from the central cavity to the outlets is
shown.

A 3-D incompressible implicit numerical method is used. For higher accurate results double precision option is used
and to avoid instabilities second order discretization for pressure, density, momentum, mass flux and energy is used too.



A. Martin et al. / C. R. Mecanique 339 (2011) 342-348 345

flow
-
25 mm
- -
H ]
U 2 7 (T
Inlets A AL 7/////;////12 Outlets
' l L=111mm :

Central cavity

Splitter

Fig. 3. Diagram of the experimental device used in [3].

Fig. 4. Model used. a) Detail of the entrance area of the flow, b) general view of the device model.

A fourteen order of magnitude residual level drop is selected to convergence in this study to be sure that the system reaches
the steady state. The final mesh configuration consists of 416 000 hexahedral cells.

4.1. Governing equations

The fully developed flow in a microchannel is governed by the Navier-Stokes equations (Eq. (2)) for the geometrical
model of the channel depicted in Fig. 4:

9*u  0%u  9*u  1dp

w2 Tyt T«
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Table 2

Comparison of the separation ratio with and without Soret effect for DMSO-PBS mixture with a mass fraction of 10% DMSO at T =25°C.
fq qr (m3/min) (1078) ce/co [3] cc/co (Soret) Improvement (%)
0.1 33 0.13 0.08 35.84
0.1 5.4 0.17 0.13 25.12
0.1 7.5 0.20 0.17 17.20
0.1 13.3 0.26 0.24 8.13
0.15 33 0.20 0.15 26.40
0.15 5.4 0.25 0.21 15.92
0.15 7.5 0.29 0.26 10.72
0.15 13.3 0.37 0.35 5.68
0.23 33 0.30 0.25 15.63
0.23 5.4 0.36 0.33 7.72
0.23 7.5 0.41 0.39 4.22
0.23 13.3 0.52 0.50 3.85
0.37 33 0.46 0.42 9.61
0.37 5.4 0.53 0.50 5.23
0.37 7.5 0.59 0.57 3.39
0.37 13.3 0.69 0.67 2.62

v 3%v  d*u  1dp
2 Tz T2 T
0x ay 0z ndy
o  Pw o 1dp
— t+t =
ox2  9y?  9z2 ndz
where u, v and w are the velocity components and p is the pressure. To study the molecular diffusion between streams

“Species Transport” model is necessary. To know the contribution of the temperature gradient the “thermodiffusion” option
is enabled too. Mass transport is formulated in Eq. (3) [14]:

J=-pDVcy — pDrco(1 —co)VT 3)

(2)

where D is the molecular diffusion coefficient and T is the temperature. For molecular diffusion, not having this property
the value of order ~10~2 m?/s used also in [3] has been chosen. To analyze the effect of thermodiffusion, the properties
of the mixture determined experimentally are used. Jointly a temperature difference is imposed between the top and the
bottom walls of the dispositive. As the DMSO is the heaviest component and the mixture of 10% of DMSO in PBS has a
positive Soret effect, the bottom wall is heated and the top wall cooled. This will boost the DMSO to the washing stream
(PBS) enhancing the separation. The chosen working temperature difference is 10 K.

As we analyze different density fluid streams and due to diffusion the density varies, the Boussinesq approximation
(Eq. (4)) to account those changes in density is used:

p = po(1—a(T —To) — B(c — co)) (4)

where pg is the density for 10% of DMSO in PBS. User defined function (UDFs) are written in C++ programming language
and are successfully incorporated into the present model to account for the changes in density.

4.2. Boundary conditions

No-slip boundary conditions are imposed at walls, which mean: u = v = w = 0. Outflow 0.5 outlet condition is applied
at both outlets in order to have same volumetric flow rate conditions at the outlets.

4.3. Numerical results

Table 2 provides a comparison of results obtained in [3] and those obtained in this study using the Soret effect. Sixteen
different cases were analyzed in total. At Table 2 the dimensionless variable dependent on the concentration of the bottom
plate is represented c./co, where cg is the initial mass concentration of DMSO (10%) and c. the mass concentration of DMSO
in the output. In the same way it is represented a fraction of the inflows, defined in Eq. (5):

qc

I qt

where g, is the flow of the mixture DMSO-PBS and q; the total input flow. The inlet flow of PBS is q,, and therefore
qt =qc +qw-

As can be seen, the results of Table 2 show a clear improvement in the separation process by the Soret effect, which can

reach up to 35% for a total volumetric flow of 3,33 x 108 m3/s. In the same way the results are shown in a neutral diagram

(Fig. 5) of the dimensionless variable dependent c./co as a function of (1/P.) x (L/d), where P, is the Peclet number, and

(5)
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I
0,9 T —-——-fq 0.23 teoretical model [3]
0,8 1\ fq 0.37 teoretical model [3]
I
07 \\\\\\ " X--fq 0.1 our teoretical model
06 R --@--fq 0.15 our teoretical model
0614 n NN
- | \\* N -—+--fq 0.23 our teoretical model
2 0,5 1 A N\ N B fq 0.37 our teoretical model
o° i [ \+\ .
04 ) \:\\\_‘1\ fq 0.1 with the Soret effect
NS e i
03 e S — —fq0.15 with the Soret effect
% \\*o§ - i
02 1 A ~ e — —1£q 0.23 with the Soret effect
y s — —1q0.37 with the Soret effect
0 T . . .
0 0,1 0,2 0,3 04
(1/Pe) * (L/d)

Fig. 5. DMSO extraction fraction c./co as a function of (1/P,) x (L/d).

L and d are the length and height of the diffusion zone, respectively. The Peclet number is represented as P, = U -d/D,
where U is the characteristic velocity. These variables are parameterized by f;, where the results of [3] are compared with
this work diffusion and Soret effect model.

As shown in Fig. 5, the results obtained for the diffusion model of this work are in well agree with those of [3]. Even
the amount of DMSO diffused into the cleaning flow (PBS) is higher due to the temperature gradient applied. As shown in
Table 2, the lower the difference between inflows best results are obtained. In the same way, the lower the flow velocity
best results are obtained. Thus, for all tested flows an improvement in separation by the Soret effect is achieved.

5. Conclusions

This work has highlighted the importance of the transport properties in microfluidics, as well as its applications in
biotechnological mixtures. Similarly, it has reflected the importance of experimental data in the numerical study. In this
case, we have explored the possibility of the removal of DMSO by molecular diffusion and proposed an improvement by
implementing the Soret effect. The results showed an improvement in the process of extracting up to 35%. In this way
we can reduce the final size of the device and the extraction time. Therefore, we propose a more efficient and lower cost
microdevice due to the decrease in extraction channel length and extraction time.
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New experimental data on the thermodiffusion and molecular diffusion
coefficients of nine non-equimolar binary mixtures of nCs—nC;
(i=10,...,18) at 298K and 1atm have been reported. The data have
been obtained using a combination of the thermogravitational column and
the sliding symmetric tubes technique, respectively. It was found that with
an increase in the disparity between the two components, the Soret effect
becomes more dominant. Further, the stronger Soret effect weakens the
molecular diffusion process. These trends are observed in the form of an
increase in magnitude of the thermodiffusion coefficient and a decrease in
the magnitude of the molecular diffusion coefficient. Numerical analysis
was also performed using the principles of non-equilibrium thermodynam-
ics. The model was able to predict the experimental data as well as the
trends fairly accurately.

Keywords: experiments; thermodiffusion; molecular diffusion;
hydrocarbons; numerical simulation

1. Introduction

Thermodiffusion or the Ludwig—Soret effect or simply the Soret effect, is a
phenomenon in which an applied temperature gradient induces a concentration
gradient in the mixture [1,2]. However, the onset of a concentration gradient almost
immediately initiates a counter-force in the form of Fickian diffusion. Thus, in a
binary mixture, one can write the net mass flux, J, under the influence of these two
opposing forces as

J=—pDVc— pDrc(l —¢)VT, (D

where D is the thermodiffusion coefficient, D is the molecular diffusion coefficient,
p is the mixture density, ¢ is the mass fraction of the reference species and T is the
temperature. At equilibrium, the net concentration gradient will depend on the
Fickian and thermodiffusion coefficients, which can be experimentally determined.

While the mass transfer phenomenon has been the subject of many investigations
because of its importance in areas such as medicine and physiology [3],
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thermodiffusion is speculated to play a role in natural processes such as solar ponds
[4], ocean demographics [5], convection in stars [6], etc. In industrial applications, it
is the mechanism employed for separation and characterization in thermal field-flow
fractionation devices [7].

Among other avenues, thermodiffusion is known to affect the distribution of the
components of hydrocarbons in an underground oil reservoir [8]. This has prompted
theoretical [9-16] as well as experimental investigations [17-20] on thermodiffusion in
hydrocarbon mixtures. While a theoretical formulation exists for multi-component
mixtures [21], due to the complexity of the problem, experiments are often undertaken
on binary [18,22,23] and ternary [24-26] hydrocarbon mixtures. Recently, a four-
component mixture has also been studied by Van Vaerenbergh et al. [27].

Various experimental techniques have been devised over the years to understand
thermodiffusion. A comparison of a subset of these methods was presented by
Platten et al. [28] in which binary mixtures of dodecane, isobutylbenzene and 1,2,3,4-
tetrahydronaphthalene were investigated using several experimental approaches.
From the results of these experiments, the Fontainebleau benchmark values of
thermodiffusion coefficient for these mixtures were established [23,29-32]. A detailed
review of all the methods has been published recently by Srinivasan and Saghir [33].
Likewise, several devices have been developed to analyze and determine the
molecular diffusion coefficient. Modern techniques include Open Ended Capillary
(OEQ) [34] and Thermal Diffusion Forced Rayleigh Scattering (TDFRS) [35].

While the composition distribution in an underground oil reservoir is influenced
by the combined effect of thermodiffusion and molecular diffusion, there is a limited
amount of experimental data even for binary hydrocarbon mixtures. As a result, our
understanding of the thermodiffusion process is very limited and has consequently
hampered the formulation of an accurate thermodiffusion model. Hence, as a
primary objective, in this study a thermogravitational column (TGC) and the sliding
symmetric tubes technique have been used to determine the thermodiffusion and the
molecular diffusion coefficients, respectively, in several binary n-alkane mixtures at
298 K and atmospheric pressure. Specifically, mixtures of hexane (nCs) and nC;
(i=10,...,18) have been studied. The mixtures have also been studied theoretically
using a computational model that is based on the principles of non-equilibrium
thermodynamics.

2. Experiments
2.1. Thermodiffusion

The experiments of this study have been carried out using a thermogravitational
column. Specifically, a cylindrical thermogravitational column that is capable of
handling mixture pressures of up to 500 bars was used [36]. The column has a height
of L.=0.5+0.00lmandagapof L, =1 x 1073 £ 5 x 107® m. The behavior of this
apparatus has been validated with respect to the experimental data of binary
mixtures [37]. The validation has also been made with respect to the cylindrical and
parallelepipedic versions of the thermogravitational column for alkane mixtures [18].

The working principles of a TGC are as follows. With the application of a
horizontal temperature gradient, the denser component separates to the cold side
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Figure 1. Density of nCs — nCy3 mixture for different concentrations of nCy in the mixture
at 298 K.

and advects to the bottom of the column. In other words, a vertical
concentration gradient is established along the height of the TGC. The developed
theory of TGC relates this steady state separation and D7 for a reference component
as [34]

504L. Dyv

Ac = — gL4 7(}0(1 — C()), (2)

where v and « are the kinematic viscosity and thermal expansion coefficient,
respectively. Further, o is related to the mixture density as o = —(1/p)(dp/dT).
Knowing Ac, v and «, D7 of the reference species can be derived. These quantities
have been determined as discussed below.

A preliminary calibration curve was generated to relate the mass fraction with the
density of the mixture (cf. Figure 1). This calibration is made by measuring the
density of several mixtures of known composition. In this study, these small
compositions were made by a 310 g capacity balance with an accuracy of 0.0001 g.
Further, the mass fractions of the mixtures are close to the original mass fraction,
i.e., ¢o £0.02. For measuring the density, an Anton Paar DMA 5000 vibrating
quartz U-tube densimeter with a repeatability of 1 x 107%g/cm® was used. Also,
from the calibration curve of density and concentration, observing the linear relation
between the two, the slope of the line in Figure 1 is used to calculate the mass
expansion coefficient () via the following relation

_1lap

" pac 3)

B

To measure the concentration gradient, samples extracted from five
equidistant sampling points along the height of the column were analyzed to
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determine the density of the mixture. The concentration gradient was then
determined as

L.0
Ae =25 (&)
Bp oz
Now, comparing Equations (2) and (4) we can express Dz as
L* o a
Dr=-% : (5)

504 ¢o(1 — co)pn 3z

where 7 is the dynamic viscosity of the mixture that is experimentally determined
using a Haake falling-ball viscometer with a precision of £1%. It must be noted that
as per the above equation D7 > 0 when the denser component migrates to the cold
side, i.e., advects to the bottom of the column.

Experiments were performed on binary mixtures of nC¢ — nC;, i = 10, 11,...,18,
at 298 K and atmospheric pressure. All the components used in this study were
Merck products with purity better than 99%. The mixtures were prepared by adding
the more volatile component to the less volatile one. The mixture was then shaken to
ensure a homogeneous composition. For the experiments, 300 cm® of mixture was
needed in a TGC. Hence, mixtures were prepared using a balance with a capacity of
4500 g and an accuracy of 0.01 g. Following the mixture preparation, its density was
measured and compared with the calibration curve to ensure the correct composi-
tion. The composition of nCy in each mixture and the mixture properties are
summarized in Table 1.

For each binary mixture the experiment was repeated three times. To ensure that
a stationary state has been reached, experiments were conducted for a much longer
duration than the relaxation time, t,, that is given as

91(I.v)*D

ty=——, 6
(gnaATL3) ©

Table 1. Thermophysical properties of ecach nCq —nC; mixture at 298K

and 1 atm.

0 ax10? nx 10°
nC; XnC, (kg/m”) (K™ p (Pa's)
nCig 0.623 689.823 1.20 0.103 470.4
nCyy 0.645 694.886 1.178 0.118 531.2
nCis 0.664 698.803 1.159 0.128 558.1
nCis 0.681 702.374 1.142 0.139 610.3
nCiy 0.697 705.405 1.132 0.147 655.6
nCis 0.711 708.106 1.120 0.155 693.8
nCig 0.724 710.322 1.110 0.161 744.6
nCi 0.736 712.325 1.106 0.167 773.7

nCig 0.747 714.123 1.090 0.172 826.5




Downloaded by [Ryerson University] at 08:42 07 November 2011

4336 S. Srinivasan et al.

where AT is the applied temperature difference, 6°C in the present experiments.
While the duration of the experiments was ¢ = 5¢,, in one of the trials the
experimental duration was ¢ = 15¢,. This was done to ensure that a stationary state
with maximum possible separation has been reached.

The thermodiffusion coefficients of these mixtures are summarized in Table 2
with an experimental error of less than 5%. The negative sign of D7 indicates that
nCs, the lighter component, migrates to the hot side, i.e., collects at the top of the
TGC. It can be seen that the magnitude of the thermodiffusion coefficient increases
as the disparity between the two participating components increases. This trend is
graphically represented in Figure 2, where the disparity between the molecules is
represented by the difference in the molecular weight of the two components. As can
be seen in this figure, there is a linear relationship between D’ and AM. This linear

Table 2. Experimental values of the thermodiffusion, molecular diffusion
and the Soret coefficient of each nCq — nC; mixture at 298 K and 1 atm.

DFP % 10" Dt x 107 ST x 10°
nC; (m’/sK) (m?/s) (1/K)
nCio —6.71 2.54 —2.65
nCiy —6.65 2.27 —2.93
nCis —7.45 2.09 —3.57
nCiy ~7.95 1.76 —4.50
nCis —8.28 1.59 —5.22
nCie —8.37 1.50 —5.58
nCiy —8.57 1.40 —6.11
nCig -8.9 1.37 —6.49
10
O
8 o 00F°
7 o ©
NE e} e}
Q °f O 107®Ix 10"
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Figure 2. D5 and D plotted against the difference between the
molecular weights of the components (AM = M, ¢, — M,c,).
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trend is in agreement with the observations of Blanco et al. [36] and Madariaga et al.
[38] for binary n-alkane mixtures.

2.2. Molecular diffusion

For the determination of the molecular diffusion coefficient, the sliding symmetric
tubes technique, validated with the experimental data of several binary mixtures
[28,39-42], was used. This method consists of several sets of two identical vertical
tubes of length L each containing a mixture with slightly different mass concentra-
tions. The mixture with the higher concentration of the denser component is placed
in the lower tube in order to eliminate convection.

At the beginning of the experiment, several sets (typically 10) in their separated
configuration are placed in a water bath that is at a constant temperature until they
all reach the working temperature. The sets are then changed to the faced
configuration allowing the diffusion to start. At specified instants of time the sets are
changed one by one back to the separated configuration to stop the mass transfer.
The densities of the mixtures are measured and the average concentration inside each
tube is determined from the calibration data. Thus, the change of the average
concentration with time is obtained for both tubes.

From the mathematical point of view, the mass transport in one direction (z)
obeys the equation

ac &*c

— =D (7)

The associated boundary conditions are

P z>0

0=,

z<0

ac(z, t)
0z

=0, atz==+L and t > 0.

In the above equations, ¢*°P and ¢*° are the concentrations at the top and bottom
tube, respectively. Solving for ¢, the following expressions are obtained for the

average concentrations at the top (¢t°P) and bottom (cb°t) tubes

clop cbot 8 . CFOP + ¢bot
top(f) — - top __ ~i i 1) 8
- = (- e ®)
clop cbot 8 C§OP 4 ct_)ot
cPot(f) — . == <c;°p G . i )cb, 9)

where

—(n+0.5)*(7*/L*)Dt

N e
°=2 @+ 17 (1

n=0
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By measuring the concentration as a function of time, the molecular diffusion
coefficient can be obtained from Equations (8) and (9).

The molecular diffusion coefficients of these mixtures are summarized in Table 2.
The uncertainty in the experimental data is less than 2%. The table also includes the
Soret coefficient (S5™) which is the ratio of the thermodiffusion and molecular
diffusion coefficients, i.e., S5 = DSP'/D™P'. As seen in the table, the molecular
diffusion coefficient decreases linearly in magnitude as the disparity between the
molecules increases (cf. Figure 2). This is because with an increase in the difference
between the molecules, the thermodiffusion process gains strength and this impinges
on the molecular diffusion process. In other words, molecular diffusion decreases in
magnitude.

3. Evaluation from the non-equilibrium thermodynamic model

The experimental mixtures have also been studied using the principles of non-
equilibrium thermodynamics that has been used to present a formalism for
thermodiffusion theory in multicomponent mixtures. According to this theory
[21,43], when a n-component mixture in mechanical equilibrium is subjected to a
thermal gradient, there is a segregation of the components of the mixture. The molar
diffusion flux, J;, of the ith component in the mixture, with respect to the molar
average velocity, can be expressed as

n—1
__Xp{@k wwzf” } (n
k=1

where x; is the mole fraction of the ith component, 7 is the temperature, u; is the
chemical potential, Q7 is the net heat of transport of the ith component and L, are
the phenomenological coefficients.

On the other hand, Equation (1) for an n-component mixture can be written as

n—1
J; = ‘X(Z D,-,Vx,+DT,,-VT>, (12)

=

where yx is the total mole density, D;; are the Fickian diffusion coefficients and Dy is
the thermodiffusion coefficient. Comparing Equations (11) and (12) we can write the
expression for the thermodiffusion coefficients as:

L:
D i = ia
ri=7 (13)
where L;, is
n—1
Ly =) (0 — 0L (14)
k=1

Thus, the key aspect of the thermodiffusion calculation is the estimate of the net heat
of transport and the phenomenological coefficients. The calculation of these factors
is discussed next.
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Q7 1s the net amount of energy which must be absorbed by the region per mole of
a component while diffusing out in order to maintain the constancy in the
temperature and pressure of the mixture [12]. Further, as suggested by Denbigh [44]
Q7 can be expressed in terms of the energy needed to detach a molecule i from its
neighbors and the energy given out when a molecule fills the hole. Dougherty and
Drickamer [45] suggested the use of viscous energy as a good approximation of the
energy needed to detach a molecule and proposed an expression for the
thermodiffusion factor in a binary mixture. Firoozabadi and co-workers [21]
extended the work of Dougherty and Drickamer to multicomponent mixtures and
they proposed the following equation for the net heat of transport that is also
employed in this study

U; - V;
U (S o) e 1
0=~ (; iU ) ST (15)

where t; is the ratio of the cohesive and viscous energy of component i. U; and V/; are
the partial molar internal energy and partial molar volume, respectively, that are
calculated using the Peng—Robinson equation of state (PR EOS) [46,47]. The
parameters that are used by PR EOS for these calculations are summarized in
Table 3, whereas the detailed calculation procedure using these data is outlined
in [46,47].

The performance of PR EOS with respect to hydrocarbon mixtures has been
validated by Galliero et al. [11]. The superior performance of PR EOS has also been
demonstrated by Srinivasan and Saghir [12] for several hydrocarbon mixtures, where
the authors have shown that compared to an equation of state like the Perturbed
Chain Statistical Associating Fluid Theory (PCSAFT), PR EOS performs better due
to a more accurate calculation of the density and chemical potential for a
thermodiffusion model.

Table 3. Parameters and properties associated with the pure components of the mixture that
are used by PR EOS to calculate various quantities of the thermodiffusion/molecular diffusion
models. These include the molecular weight (M), the acentric factor (w), the critical
temperature (7,), the critical pressure (P.), the critical volume (V.), the molar volume at
normal boiling point (V) and the ratio of cohesive and viscous energies (7).

M T, P, v, Vy

nC; (g/mol) w (K) (MPa)  (m?/kg) x 10°*  (m?*/mol) x 103 T

nCg 86.175 0.298 507.889 3.028 4.33 0.140 0.303
nCig 142.282  0.488  617.700 2.110 4.22 0.235 0.303
nCyy 156.308  0.530  638.700 1.940 4.25 0.262 0.298
nCi, 170.335  0.571 658.300 1.810 4.23 0.288 0.297
nCis 184.361 0.609 676.200 1.680 4.20 0.316 0.294
nCiy 198.388 0.644  693.200 1.570 4.17 0.342 0.287
nCys  212.415  0.692  706.800 1.470 4.14 0.370 0.287
nCie  226.441 0.731 720.600 1.380 4.11 0.399 0.282
nCy;  240.468  0.762  733.400 1.290 4.06 0.426 0.277

nCig 254494  0.792  745.300 1.210 4.02 0.457 0.272
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To obtain the phenomenological coefficients, L, the following relation derived by
Firoozabadi et al. [9] is used

li D

S ”2_5 My + MyxabudInfi | puMaXy
My ax; lx.T.P R v

(16)

I=1 k=1

where f;, and M, are the fugacity and the molecular weight of the kth component,
respectively. In this equation, fugacity is calculated using PR EOS.

For calculating D, the following expression for the diffusion coefficients in an n-
component mixture as presented by Leahy-Dios and Firoozabadi [48] has been used

D=(BY)T, (17)

where D is the (n — 1) x (n — 1) matrix of diffusion coefficients, and BM is a matrix
that has elements

k=l,izk — % (18)
1 1 . ..
BY — —x,(ﬁ_j—a_n), =1 = Li]

where Dj; are the Stefan—-Maxwell diffusion coefficients for each i-j binary pair in the
mixture that are calculated using the infinite dilution coefficients as discussed by
Leahy-Dios and Firoozabadi [48]. Finally, I' is a matrix with elements

olnf;

/ 0x; |x,1.pP’

Lj=1,...,n—1, (19)
and is computed using the PR EOS. Further details of the calculation of D are
presented in the work of Leahy-Dios and Firoozabadi [48].

The molecular diffusion coefficient computed by the non-equilibrium thermo-
dynamic model (NE) is summarized in Table 4. These calculated values of D agree
well with the experimental data (cf. Figure 3), the errors being less than 5%.

Table 4. Thermodiffusion, molecular diffusion and the Soret coefficient of each nCgs — nC;
mixture at 298 K and 1 atm using the non-equilibrium thermodynamic theory. In the table,
S¥E1 — DyEl/Dexpt and S¥E2 — D?EZ/DNE'

DNE x 10° DNE! x 1012 DNE2 5 1012 SNEL 10 SNE2 103
nC; (m?/s) (m*/sK) (m*/sK) (1/K) (1/K)
nCig 2.50 —6.75 —6.65 —2.66 —2.66
nCy, 2.26 ~7.92 —7.89 —3.49 —3.49
nCiy 2.06 —8.31 —8.21 —3.98 —3.98
nCis 1.92 —8.65 —8.48 —4.41 —4.41
nCy 1.75 ~9.79 —-9.72 —5.55 —5.55
nCis 1.65 —9.25 —9.64 ~5.83 ~5.83
nCig 1.52 —10.56 ~10.71 —7.04 —7.04
nCis 1.42 —10.12 —10.26 ~7.22 ~7.23

nCig 1.33 —10.48 —10.21 —7.64 —7.65
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Figure 3. Comparison of the experimental (D®P') and calculated molecular diffusion
coefficient (DNF) of the binary mixtures of nCs — nC; at 298 K and 1atm. DNF is computed
using the theory of non-equilibrium thermodynamics. The solid straight line is a fit of the data.

To calculate the thermodiffusion coefficients, the molecular diffusion coefficients
from the experiments as well as the values calculated by the model were used. This
was done to understand the sensitivity of the model to the variations in the molecular
diffusion coefficients. The thermodiffusion coefficients from these two sets of D are
also presented in Table 4. DYE! represents the values obtained by using the
experimental D, and D}E? is the result using the value of D from the model (DNF).
Specifically, these are calculated as follows:

e For calculating DJF!, experimental values of D are used in Equation (16) to
obtain the phenomenological coefficients. Using these values of L; and
calculating QO from Equation (15), we can estimate DYF! via Equation (13).

e For calculating DY, instead of using the experimental values of the
molecular diffusion coefficient, the model of Leahy-Dios and Firoozabadi is
employed [48] (cf. Equation 17) and the value DNF is used in Equation (16)
to obtain the phenomenological coefficients. Next, using these values of L,
and the calculated value of Qf from Equation (15), DYF? is estimated via
Equation (13).

The corresponding Soret coefficients are SHE! = DYEl/DoPt and  SHE? =
DYE2/DNE | respectively. A comparison of the thermodiffusion coefficients in
Tables 2 and 4 shows that the direction of separation of the components is predicted
accurately by non-equilibrium thermodynamic theory. Also, in Table 4 the
thermodiffusion coefficients in columns three and four are nearly the same. This
indicates that thermodiffusion is not very sensitive to small variations in D.

The Soret coefficients, SYE! and SYE?, are equal and are summarized in the last
two columns of Table 4. As in the experiments, the magnitude of the Soret coefficient
increases with the increasing disparity between the molecules. In other words, the
separation is stronger when the molecules are very different. A comparison of these
Soret coefficients with the experimental value of S+ is shown in Figure 4.

While the overall prediction of the NE model is fairly good, the disagreement
increases with the increasing difference between the two components. This is perhaps
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Figure 4. Comparison of the experimental (S3"') and calculated (SY!, SNF2) Soret coefficient
of nCgs for binary mixtures of nCs —nC; at 298K and 1atm. SFE! = DYEl/pexpt and
SNE2 — DINE2/DNE The calculated values are obtained using the theory of non-equilibrium
thermodynamics. The reference line with slope = 1 indicates agreement between the model and
the experimental data.

an indicator that the disparity between the components must be represented more
aggressively in the model. Nevertheless, we can conclude that the non-equilibrium
thermodynamic theory is able to predict the thermodiffusion process fairly
accurately using the concept of net heat of transport.

4. Conclusions

The thermodiffusion and molecular diffusion coefficients of nine non-equimolar
binary mixtures of nCs — nC; (i = 10, ..., 18) have been experimentally determined.
All mixtures were at 298 K and atmospheric pressure. For the thermodiffusion
experiments, a previously validated cylindrical thermogravitational column was
used. For measuring the molecular diffusion coefficients, the sliding symmetric tubes
technique was employed. It was found that as the disparity between the two
components increases, the thermodiffusion process becomes stronger, i.c., the
magnitude of the thermodiffusion coefficient increases. This in turn impedes the
molecular diffusion process as a result of which the molecular diffusion coefficient
becomes smaller.

Numerical analysis has also been done for these mixtures using the theory of non-
equilibrium thermodynamics. The theoretical model was able to predict these
experimental trends fairly accurately. Specifically, it was found that the model can
predict the molecular diffusion coefficients fairly accurately. A similar conclusion
was made for the thermodiffusion coefficients. Finally, it was noted that the errors
for the Soret coefficient was slightly higher when the dissimilarity between the
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components greatly increases. This favors a stronger representation of the difference
between the molecules in the numerical model.
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ABSTRACT: In this work we have measured the molecular
diffusion coefficient of the n-alkane binary series nC;-nCg, nC;-
nC,q, and nC;-nC,, at 298 K and 1 atm and a mass fraction of
0.5 by using the so-called sliding symmetric tubes technique.
The results show that the diffusion coefficient at this
concentration is proportional to the inverse viscosity of the
mixture. In addition, we have also measured the diffusion

coefficient of the systems nC,,-nCq, nC,,-nC;, and nC,,-nCq as a function of concentration. From the data obtained, it is shown
that the diffusion coefficient of the n-alkane binary mixtures at any concentration can be calculated from the molecular weight of
the components and the dynamic viscosity of the corresponding mixture at 50% mass fraction.

I. INTRODUCTION

A concentration gradient within a mixture results in a mass
transport of its components from the zones of a higher
concentration to those of a lower concentration. This pheno-
menon, known as molecular diffusion, has generated great
interest since its discovery in the nineteenth century when, first
in gases and later on in liquids, it was studied with the aim of
understanding the atom’s behavior.

It was in 1855 when Fick' established the first quantitative
relation for the molecular diffusion phenomenon, known
nowadays as Fick's law. Since then, interest in this transport
property has increased, discovering a great number of fields in
which the molecular diffusion coefficient has a huge influence,
such as medicine or phisiology.”

As a consequence of this interest, there have appeared a
great number of apparatus designed for the determination of
the molecular diffusion coefficient. There are, for example,
techniques that employ the principle of Taylor dispersion” or
other techniques such as open ended capillary (OEC)* or
thermal diffusion forced Rayleigh scattering (TDERS)?®
developed for the study of the molecular diffusion coefficient
in liquid mixtures. The different techniques used for the deter-
mination of the molecular diffusion coefficient can be found
elsewhere.”™?

Some of these techniques, such as the OEC, have already
been satisfactorily used in several studies earlier.”'® With the
aim of correcting some of the limitations of this technique, the
sliding symmetric tubes (SST) technique has been developed.
This new technique takes out perturbations that appeared in
the OEC technique, especially in aspects such as evaporations
or manipulation of the apparatus, reducing, at the same time,
the liquid quantity needed to carry out a measurement. In this
work a complete description of the SST technique will be done,
including the improvements obtained compared with the OEC

i i © XXXX American Chemical Society
~g7 ACS Publications

technique, and the validation process used to validate this new so
technique. 51

On the other hand, nowadays, there exist several models s2
developed for the estimation of the molecular diffusion s3
coefficient.'"'* In order to check the validity of these models, s4
it is necessary to compare the theoretical values obtained with ss
the experimental ones. On some occasions, the procedure that ss
checks these models requires a huge number of experimental s7
values, which, at the same time, requires a great experimental ss
effort. In this work, a new correlation, which is capable of so
predicting the molecular diffusion coefficient in normal alkane 6o
binary mixtures, is presented. The use of this correlation may 61
help in the development of new theories or could be useful in 62
verifying the existing ones. 63

This article is organized as follows: In section II, the SST 64
technique is presented, and a complete description of the 6s
experimental installation and its analytical resolution is done. In 66
this section, the process used to validate the technique is also 67
included. In section III, the results obtained in the measure- ¢s
ment of the molecular diffusion coefficient in several normal 69
alkane mixtures are presented, to continue with the discussion 70
and the development of new correlations for the prediction of 71
the molecular diffusion coefficient (D;,) in normal alkane 72
mixtures. In section IV, the conclusions obtained are based on 73
the study carried out in this work. 74

Il. SST TECHNIQUE

A. SST Technique Description. The SST technique 75
consists of several sets of two identical vertical tubes. Each 76
set has two positions: “faced tubes” (Figure la), in which the 77
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Figure 1. (a) Scheme of the sets of the SST technique on “faced
tubes” configuration. (b) Scheme of the sets of the SST technique on
“separated tubes” configuration. (c) Scheme of the SST sets (2) inside
the water bath (3) in both their configurations: “faced tubes” position
(left) and “separated tubes” position (right) and the screws (1) used to
make the tubes slide. (d) Scheme of SST technique. w'°P(¢) and W(t)
are the mass fractions of component i in the top and bottom recipient,
respectively.

mass transfer between both tubes is permitted, and “separated
tubes” (Figure 1b). In this position, the content of the tubes is
isolated. At the beginning of an experiment, the studied mixture
with a slight difference of mass fraction of its components is
introduced in each of the tubes. The mixture with a higher mass
fraction of the denser component is introduced in the bottom
tube, and the upper tube is filled with the mixture with a less
concentration of the denser component so that the convective
instability is avoided.

The SST technique introduces some improvements
compared with the OEC technique on which it is based. For
example, since the mixture is contained inside closed tubes,
evaporations are eliminated, which gives the advantage of using
this technique with volatile mixtures without reducing its
efficiency. Another fact that has been improved has been the
mixture quantity needed to carry out an essay. The OEC
technique requires a huge quantity of mixture (400 cm®
approximately). This quantity is highly reduced in the SST
technique, as it only needs around 100 cm® of mixture in each
experiment. One more improvement has been done related to
the setup handling. In the OEC technique, whenever it is
needed to analyze the experiment evolution, it is necessary to
manipulate the setup. This fact affects the results of the
experiment, which are highly influenced by the experimenter’s
expertise. However, in the SST technique, thanks to its design,
all of these influences have been eliminated.

B. Analytical Solution. Assuming Fick’s second law in one

dimension (z: vertical direction), the following can be written:
w _ 0w
o o2 M

where D;, is the molecular diffusion coefficient, which is
considered constant for small mass fraction (w) changes. The
formulation can be implemented as can be seen in Figure 1d

considering the following boundary conditions:
wat 0<z<L
w(z, 0) =
w'P L <z<aL @)
ow(z, t)

=0atz=0, 2Landt> 0
ot 3)

where w™* and w'? are the mass fractions of the bottom and
upper tube, respectively, and L is the tube length. Solving
eqs 1—3, we have

WwioP 4 wbot 2(Wtop _ wbot)
L
o (<1)"® COS(M,;E)
2 L
2n + 1 *

w(z, t) =

n=0
where ¢ = —((2n + 1)/2)*(x/L)*D,,t). Therefore, at the

middle point between both the tubes, we have
top bot
w4+ w
w(l, t) = ——
ho=" ©

The change of mass fraction in each tube in function of time
can be obtained using the following equations:

—Sono 1 2L
WO(E) = — fL w(z, t) dz

B WwioP 4 Wbot 4(wt0p _ wbot)
2 2
©
>
(2n + 1)
n=0 (6)

bot/,y _ 1 L
w Ol (t) = . /0 w(z, t) dz

_ wioP 4 Wbot 4(Wtop bot)
2 n’
©
&
(2n + 1)?
n=0 (7)

where w™ and W™ are the mean mass fractions in the upper

and bottom tube, respectively. The solution of the inverse
problem posed by eqs 6 and 7 to obtain the molecular diffusion
coefficient (Dy,) is solved by the least-squares method using
Matlab software. Solving expressions 6 and 7 when n = 0, an
initial guess of the molecular diffusion coefficient D, is
obtained. This initial value is then used for obtaining the Dy,
coefficient iterating the eqs 10 times and using terms on the
summation up to n = 1000. The more experimental points
used, the more accurate the estimated value of the molecular
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diffusion coefficient. Typically up to 11 points are used in each
experiment. This tactic allows the use of experimental points
from the very beginning of the experiment, which does not

Table 1. Values of Viscosity (#) and Molecular Diffusion
Coefficient (D,,) for the nC4-nC;, nC;;-nC;, and nC;,-nC;
Series at 50 wt % and 298 K*

130 happen in other similar techniques that require some initial — .
131 experimental time before beginning the analysis of experimental gpn  palhe D 1 ah e (Dl )
132 data.>® set 1: nC;nCqy

133 C. Equipment and Procedure. We have used the SST nC;pnCq 0.4704 2.53 251 08
134 equipment designed and constructed in Mondragon Goi Eskola nC;-nCs  0.5312 227 222 21
135 Politeknikoa and described elsewhere."*™"* The two tubes with nCy,-nCs 0.5581 2.09 211 -12
136 which each set of the device is provided have the same dimen- nCpznCs 06103 1.96 1.93 14
137 sions (length of 60 & 0.01 mm and diameter of 9 + 0.01 mm). nCy,-nCs 0.6556 1.76 1.80 —2.3
138 The experimental procedure starts with the preparation nCinCs 06938 1.62 1.68 =37
139 of two mixtures of 50 cm® with a mass fraction difference nCyenCs 0.7446 1.54 1.58 —26
140 (+4—6 wt %) so that the mean concentration of both mixtures nCp7nCy 0.7737 146 1.52 —41
141 corresponds with the one of the mixture to be studied. The nC,gnCy 0.8265 1.39 143 —29
142 tubes of several sets (typically 10) in their “separated tubes” set 1: nCinCyo

143 position are filled with the mixtures, next introducing the sets in nCsnCyo 0.3993 3.03 296 23
144 the water bath (Figure 1d) so that the mixture obtains the nCenCyo 04704 2.54 251 12
14s working temperature (T = 298 K). The temperature of the nCrnC,yo 0.5633 209 2.09 —00
146 water in this bath is controlled by a thermostatic bath, which nCynCp 12929 0.913 0.915 —02
147 has a temperature control of 0.1 K. In order to make sure that nClgnCyy 13972 0.819 0.845 -3l
148 the studied mixture is in the working temperature, the sets in nCienCp 15150 0.756 0.779 —30
149 their “separated tubes” configuration are introduced in the bath nCiynCp 16337 0.702 0.722 —28
150 no less than 48 h before the beginning of the experiment. nCynCy 17780 0.656 0.664 —12
151 Once the mixture has reached the working temperature, set 1: nCnCyy

152 all the sets in the bath are changed to their “faced tubes” nCynCyy 04551 2.57 259 —09
153 configuration, starting the diffusion process in this manner. nCenCyy 0.5381 209 211 -12
154 With the aim of making this transition, the bath has some nCrnCyp, 0.6823 170 173 -7
15s external screws (Figure 1c) that make sliding of the tubes nCenCpy 0.8071 149 L46 19
156 possible in a controlled way. nCynCpy 0.9452 1.24 1.25 —08
157 In determined time intervals, the position of the sets is nCienCp, - 20335 0.589 0.580 LS
158 changed one by one using the screws back to the “separated nCpynCpy 22323 0.547 0.529 32
159 tubes position.” The time intervals in which the set’s positions nCinCp - 2.3945 0-503 0493 20
160 are changed are between 6, 12, or 24 h, depending on the speed 4(Dy,).. is the diffusion coefficient calculated from eq 9, and & is the
161 at which sensitive concentration changes occur in the tubes. relative deviation between Dy, and D..

162 After stopping the mass transfer process between the tubes, the . . .

163 sets are extracted from the bath, and the concentration in each Table 2. Diffusion Coefficient (D{Z) in the nCl?-'nCGf nC,p-
164 of them is analyzed. This allows obtaining the concentration nC; and nC,;-nC, gystems for Different Mass Fractions of
165 change in the tubes in function of time. nCi, (wy) at 298 K

166 The SST technique was validated'*'* using five binary mixture " Dy, 1070 m* s (D). 1079 m s~ & (%)
167 mixtures: the three binary mixtures composed of pairwise nCynCs 018 2.48 255 _30
168 combinations of tetrahydronaphtalene, normal dodecane, and 046 224 217 11
169 isobutylbenzene at 2?58 K and 50 wt % of each component used 0.50 213 211 07
170 in a benchmark test™” to compare various experimental tech- 0.66 193 188 25
171 niques and the binary mixtures: water—ethanol at 298 K and 0.82 L72 L67 29
172 60.88 wt % water and toluene-n hexane at 298 K and 51.67 Y\;t_;/g 095 Ls1 149 10
173 toluene, which have been widely studied in the literature. nCpynC, 016 2.09 2.04 26
174 The experimental test was repeated at least twice. The re- 042 184 1.80 22
175 producibility of the experimental results of the SST technique is 050 170 173 17
176 within 3% of deviation. In general, the differences with pub- 063 L64 L61 16
177 lished data are, on an average, below 3%. 0.80 148 146 12
178 The determination of the mass fraction of a mixture is 094 137 133 2.9
179 essential to determine molecular diffusion coefficients. In binary nCpy-nCy 0.10 170 1.69 0.6
180 mixtures, the mass fraction is related to one physical property 040 1.56 1.52 25
181 of the mixture (the density in this experimental study). An 0.50 1.49 1.46 2.0
182 Anton Paar DMA 5000 vibratirég quar3tz U-tube densimeter 0.80 125 128 24
183 having an accuracy ij +5 X 1.0 g/cm’ is usefl to d?termlne ?(Dyy). is the diffusion coefficient calculated from eq 19, and § is the
184 the density of the mixture. Since we are working with small relative deviation between calculated and measured diffusion
185 mass fraction differences, it can be supposed that coefficient.

p = aw (8)
parameter. To determine the constant parameter, a, five 188

mixtures of known concentration are prepared by weighing 189
and then, the density of each mixture is measured. Thus, we 19

186 where p is the density of the mixture, w; is the mass fraction of
187 component i in the binary mixture, and a is a constant
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Figure 2. Diffusion coefficient as a function of the inverse of the
dynamic viscosity for the systems nCgnC; (O), nC,;-nC; (O), and
nC,,-nC; (A), at S0 wt % and 298 K.

determined the mass fraction with a deviation around wt % =+
0.01.

The dynamic viscosity () of the studied mixtures has been
measured with an Anton Paar AMVn falling ball Micro-
viscosimeter with reproducibility better than 0.1%. All the
measurements were done at 298 K.

lll. RESULTS AND DISCUSSION

A. Studied Mixtures. All of the products used in this study
were purchased from Merck with a purity better than 99%. The
studied mixtures have been prepared by weight using a Gram
VXI-310 digital scale with a precision of 0.001 g. and intro-
ducing first the less volatile component and then the corres-
ponding amount of the second component; the mixture is
finally shaken to ensure homogeneity. After the preparation, the
density of the mixture was measured to confirm that the
composition deduced from the calibration curve coincides with
the prepared one. This was always the case.

Lo
<

R ON N R
o B B B m

"

Malecular Diffuision Coefficient x 107 (més™)

o0 02 04 DB o8 0
Mass Concentration (nC,))

Figure 3. Diffusion coefficient as a function of the mass fraction of the
denser component (nC,,) for the mixtures, nC;,-nCq nC;,-nC,, and
nC;,-nCyq at 298 K. W, nC;,-nCq this work; [, nC,,-nCg ref 22; X,
nC,,-nCy ref 24; @, nC,,-nC, this work; O, nC;,-nC, ref 23; A,
nC;,-nCq this work; A, nC;,-nCq ref 21. The continuous lines
represent a linear fit to the data.

In this study, 25 mixtures at 50 wt % have been prepared
corresponding to the n-alkane series

nCg — nC;i = 10, 11, 12, 13, 14, 15, 16, 17, 18

nCyy — nC;i =S5, 6,7, 14, 15, 16, 17, 18

Table 3. Values of the Limiting Diffusion Coefficient (D
and DY) Taken from Refs 3 and 237

system D} DY D}/DY M,/M, (%)
nC,¢-nCy 221 0.85 2.60 2.62 0.7
nC,,-nCyg 274 1.42 1.93 1.97 2.5
nC,,-nC, 2.19 1.30 1.69 1.70 0.6
nC,,-nCyq 171 115 1.49 1.49 0.0
nC,s-nCy, 0.67 0.49 1.36 1.33 22
nC,nCq 2.80” 2437 L1 1.14 -17

“M, and M, are the molecular masses of the components, and § is the
relative deviation between the ratios DY/D3 and M,/M,. bInterpolated
from ref 3.

I'IC12 - nCii = 5, 6, 7, 8, 9, 16, 17, 18

The measured values at 298 K for dynamic viscosity (#) and
mass diffusion coefficients for these mixtures are summarized in
Table 1.

In addition, this study has been completed measuring the
molecular diffusion coefficient of the systems nC,,-nC¢, nC,,-
nC,, and nC;,-nCq at 298 K at different concentrations. For
this end, the following mixtures were prepared:

nCj, — nCgw; = 0.18, 0.46, 0.50, 0.66, 0.82, 0.95.
nCy, — nCyw; = 0.16, 0.42, 0.50, 0.63, 0.80, 0.94.

nCjy — nCgw; = 0.10, 0.40, 0.50, 0.80.

where w, is the mass fraction of dodecane.
In Table 2, the measured values of the diffusion coefficients
of these systems at the concentrations considered are shown.
These systems were chosen, as hydrocarbon mixtures are
quite regular in their properties. It was hoped that at least some
general and useful empirical relationship would be found.

30 T T T T

25 -

20 -

151 4

D, (m*s")
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00 1 1 L L 1
a.0 o5 10 1.3 20 23 30

D, (m? &™)

Figure 4. Experimental diffusion coefficient versus calculated from eq
19 diffusion coefficient. X, nC,(-nC, ref 23; O, nC;,-nCq ref 22; 0,
nC,,-nCq ref 24; V, nC,,-nC, ref 23; A, nC,,-nCq ref 21; +, nC,4,-nC,
ref 23; X, nC,,-nCq ref 23; *, nC;,-nC, ref 22.
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B. Correlation between Diffusion and Viscosity. In
what follows, we shall analyze the relation between the diffusion
coefficient and the dynamic viscosity for mixtures at a mass
fraction equal to SO wt % (equimass mixtures).

In Figure 2, the values of D, as a function of the inverse of
dynamic viscosity for the equimass mixtures in Table 1 are
represented. As can be seen, the data fit well to a straight line,
which passes through the origin and, thus, the following linear
relation can be written:

Dy = k-
U 9

where D, and 7 are the diffusion coefficient and the dynamic
viscosity at w; = 0.5, respectively. The proportionality constant
kis k=118 X 1072 kg m/s™.

In Table 1, the values of Dy, calculated using eq 9 for each
mixture are also shown and in the last column, the relative
deviations with the measured values are given. As can be seen,
these deviations are smaller than 3% in all the cases. Thus, we
can conclude that the product D,u for equimass mixtures is a
universal constant for n-alkane mixtures.

D. Dependence of the Diffusion Coefficient with
Composition. According to Darken equation for thermody-
namic ideal mixtures, the diffusion coefficient should be a linear
function of the molar fraction. However, as was suggested in an
earlier work by van Geet and Adamson,”" the diffusion coefficient
in n-alkane mixtures is linear with the mass fraction but not with
the mole fraction. To closely analyze the diffusion composition
dependence we have measured the diffusion coefficient as a
function of composition for the three systems: nC;,-nCqy, nCi,-
nC,, and nC,,-nCg. The results obtained appear in Table 2. In
Figure 3, these data as a function of the mass fraction of the
heavier component, wy, are plotted. As can be seen, the ordinary
diffusion coefficient is for each system a linear function of the
mass fraction and decreases with the concentration of the heavier
component. In this figure, the diffusion data in the literature for
the systems considered”' ~>* are also shown. These data coincide
with our measurements within the experimental error.

Thus, the dependence of D), with composition can be
written as follows:

Dy, = 0 0

12 = waDr + wiD) (10)
where w; and w, are the mass fraction of heavier and lighter
components, respectively, and D] and DJ are the limiting
diffusion coefficients defined by

0_ 1
Dy = limy, 9 D13

(11)

DY = lim,,, 0 D12 (12)
In Table 3, the values of DY and D for some selected mixtures
reported in the literature®* covering a large range of mass ratio for
liquid n-alkanes are given. As can be seen in this table, the ratio
DY/DY is always close to the ratio of the molecular masses M, /M,
of the two alkanes involved. Thus, we have

(13)

Introducing eq 13 in eq 10, one obtains 267

D =D0w +&w
12 1|2 Mll

(14)
For w; = w, = 0.5, the corresponding diffusion coefficient Dy, will be 268

0
_ Dy [ My + M
5 =_1(¥)

12
2 M (15)
and then, eq 14 in terms of D;, can be written as 269
—_ M1W2 + M2W1
Dpp =2 DIZ(i
M + M (16)
In particular, the infinite dilution values D,° and D,’ will be 270
M
Dy =2Dyy
M) + M, (17)
— M
Dg =2 Dlziz
M + M, (18)
Finally, using eq 9, the diftusion coefficient can be written as 271
Zk M1W2 =+ M2W1
Dp=—|—F77"7—
EU M+ M (19)
where k = 1.18 X 1072 kg m/s”. 272

Equation 16 allows determining D, from D,, measurements, 273
which, in turn, can be calculated using eq 9 from viscosity 274
measurements. 275

To confirm the validity of this correlation, we have 276
determined the values of D, from eq 19 for the mixtures 277
given in Table 2. As shown in the last column of this table, the 278
relative deviations between these values and the experimental 279
ones are inferior to the experimental error. 280

As an additional test of eq 19, we have taken the 281
experimental D, values as a function of concentration reported 282
in the literature”' ~>* for different n-alkane systems. In Figure 4, 283
the values of Dy, calculated using eq 19 are plotted against the 284
corresponding experimental ones. As seen here, all data lie on a 285
straight line through the origin with slope unity. 286

From what has been just mentioned, we can conclude that 287
the diffusion coefficient of n-alkane mixtures at any concentra- 288
tion can be calculated from the data of dynamic viscosity for 289
equimass mixtures. 290

IV. CONCLUSIONS

In this work, the diffusion coefficient of several n-alkane 291
mixtures at S0 wt % has been measured by using the SST 292
technique. From the results obtained, it is shown that the 293
product of the diffusion coefficient and the dynamic viscosity 294
for these mixtures is a universal constant independent of the 295
alkane involved. 296

In addition, the diffusion coefficient of the systems nC,,-nCy 297
nC;,-nC,, and nC,,-nCy in the whole concentration range has 298
also been measured. We have obtained for each system a linear 299
correlation between the diffusion coefficient and the mass 300
fraction. This correlation allows determining the diffusion 301
coefficient at any concentration from the molecular weight of 302
the components of a mixture and the dynamic viscosity of the 303
mixture at 50 wt %. 304
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ABSTRACT: The sorption isotherm, the glass transition, and
the mutual diffusion coefficient of polyacrylamide/water solu-
tions are obtained experimentally. All of these parameters are
measured in the concentrated regime by gravimetric experi-
ments. The mutual diffusion coefficient is also measured at
high solvent concentrations by the sliding symmetric tubes
technique. Three different polyacrylamide batches differing in
their molar mass have been characterized. The results are
expressed in terms of simple empirical correlations, suitable for
use in process modelization or numerical simulations.
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Bl INTRODUCTION

Thermodynamic properties of polymer solutions are of great
interest for both industrial processes and fundamental research.
For example, the saturated vapor pressure and mutual diffusion
coefficient, which strongly depend on solvent concentration,
are needed for the design of industrial dryers used in the
coating industry' > or for membranes formation processes.*
More fundamental issues like hydrodynamic instabilities® or
wetting phenomena®” in drying polymer solutions also require
such characteristics.

The present article is dedicated to the characterization of
polyacrylamide (PAAm)/water solutions. Gravimetric experi-
ments allowing swelling and deswelling of a polymer film in a
controlled solvent vapor are used for the investigation of the
saturated vapor pressure as a function of concentration and
temperature. The solvent activity and the polymer volume
fraction at glass transition are deduced from the desorption iso-
therm at several temperatures. Data obtained in the rubbery
regime allow the determination of the polymer—solvent interac-
tion parameter, using the well-known Flory—Huggins model.
This model is then modified to take into account the effect of
viscoelastic stress on the solvent activity in the glassy regime.

Finally, the mutual diffusion coefficient is measured at room
temperature, on one hand in the concentrated regime using the
same experimental setup and on the other hand at high solvent
concentrations using a different experimental technique called
the sliding symmetric tube technique.

B SYSTEM CHARACTERIZATION

Pure Polymer. Characteristics of polyacrylamide (PAAm)
used in the present study are listed in Table 1. The three
batches differ in their molar mass. The weight average molar
mass M,, has been obtained from the manufacturer for batches

i i © 2012 American Chemical Society 776
~g7 ACS Publications

Table 1. Characteristics of PAAm (NA Stands for Not
Available)

batch no. 1 2 3
supplier Sigma-Aldrich Polysciences, Inc. Biovalley
catalog no. 434949 19901 02806
product form 50 wt % aqueous 10 wt % aqueous powder

solution solution
Mw/kg-mol" 22.4 600—1000 5000—6000
M,/M, 35 11 NA
T,/K 449 451 460
(p*p 0.049—-0.14 NA 0.0054—0.0094
[u]/mikg™ 0014 NA 6.7

2 and 3. The polydispersity is defined as M, /M,, M, being the
number average molar mass. The polydispersity of batch 2
comes from ref 8. For batch 1, M,, and M, have been measured
by gel permeation chromatography (GPC) at Laboratory
PMMD (ESPCI, France). This laboratory also measured the
glass transition temperature T, of pure polymers by differential
scanning calorimetry. There are no significant differences
between the three polymers, the uncertainty in T, being + 7 K,
and these glass transition temperatures are close to the value
T, = 461 K reported in Polymer Data Handbook.”

Aqueous Solutions. The theta temperature of aqueous
solutions is 235 K,” so they are stable in the whole range
of temperature investigated in this study, (283 to 328) K.
Crystallization is not expected (amorphous system)® and has
not been detected in our experiments.
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The solvent mass fraction @ is defined as the ratio of the
solvent mass M, over the total mass of the solution: @, = M,/
(M, + M,) with M, as the mass of polymer. @, = (1 — w,) is
the polymer mass fraction. The solution specific volume 7 has
been measured as a function of @, by an Anton Paar 5000
vibrating tube densimeter with a relative uncertainty of 5-107°
(temperature T = 298 K, polymer from batch 1). The relative
uncertainty on @, due to sample preparation is lower than
3-107°. Figure 1 shows that 7 varies linearly with e, This result

1
=
=}

3

Solution specific volume /cm™.g

0.98

0.96

0.94

0.92

0.90

0.88

Polymer mass fraction

Figure 1. Solution specific volume ¥ as a function of polymer mass
fraction @, at T = 298 K (polymer from batch 1). O, experimental
points; solid line, linear fit.

supports the assumption of constant partial specific volumes
and 7, (respectively of solvent and polymer) since 7 is given by

(1)

A linear fit performed on data of Figure 1 gives 7, = 1.0021
cm*g™" and v, = 0.681 cm®-g~". The value of 7, is very close
from the value 1.0030 cm®g™' reported for water,'® and the
value of 7, is consistent with the data collected from the
literature,” ranging from 0.674 cm3-g_1 to 0.716 Cm3-g_1.

The solvent volume fraction ¢, is derived from the solvent

mass fraction @ assuming volume additivity:

F=VS_(DP(FS_VP)

057/,

- 1= ms(l - 75/71))

@
@

Variations of the ratio 7,/7, with temperature and polymer
molar mass are neglected. The polymer volume fraction ¢, is
given by ¢, = 1 — ¢,.

Using solutions of various concentrations, the polymer
volume fraction at critical entanglement ¢*, and the intrinsic
viscosity [u] have been obtained from viscosity measurements
performed with a low shear 30 rheometer at room temperature
(see values in Table 1). Due to high polydispersity of polymers
used in this study, we are not able to provide a single value of
@*,, but a concentration range corresponding to the transition
between the dilute and the semidilute regimes. It is well-known
that the intrinsic viscosity dependence on the polymer molar
mass can be described by a power law. In the case of batch 1,
using the value of [¢] in Table 1 and the sets of coefficients
reported by Scholtan,'! Klein and Conrad,'? or Munk et al,,'®
we obtain molar mass estimations of (15, 21, or 9.2) kg:mol ™",
respectively, which are rather close from the value M,, = 22.4
kg-mol ™' measured by GPC. On the contrary, the same method
applied to batch 3 leads to molar mass estimations 10 times
higher than the value provided by the manufacturer. Anyway,

777

this batch is only used in experiments which are expected to be
weakly sensitive to the molar mass (sorption isotherm or
diffusion coefficient in the concentrated regime). This weak
dependency is systematically checked by comparison with
results from batch 2.

B EXPERIMENTAL SETUP

Gravimetric Experiments. Setup Characteristics. The
sorption isotherm and the diffusion coefficient in the con-
centrated regime are obtained using an experimental setup which
consists of an accurate balance coupled with a vapor chamber
whose temperature and pressure are controlled. The sample is
hung in the chamber, and changing the solvent vapor pressure
allows for swelling or drying of the polymer film. The gravimetric
setup is a Hiden IGA system based on a precise balance. The
chamber is a stainless steel cylinder with a diameter of 34.5 mm
and a height of 300 mm. The temperature is regulated with a
fluid circulating in the outer wall of the chamber from a
thermostatted bath. The temperature is measured by a platinum
resistance thermometer (Pt 100) located near the sample. The
uncertainty in the temperature measurement is + 0.1 K, and the
temperature stability is better than + 0.05 K. The chamber is
connected through various valves to a vacuum pump on one
hand and to a solvent tank on the other hand, where liquid
solvent is in equilibrium with its vapor at 328 K. The pressure is
regulated with a PID controller, and the pressure stability is
better than 2 Pa. The solvent vapor is the only gas present in
the chamber, so the total pressure and the solvent vapor pressure
are the same. The pressure is measured with a manometer (relative
error 0.3 %). The mass measurement noise is about 1 ug, and the
reproducibility (same measurement performed at various times) is
about 10 ug.

Determination of Solvent Activity. The saturated vapor
pressure of pure water has been estimated from Antoine's law:

>)
T-C (3)

with P, in Pa, T the absolute temperature in K, A = 23.5334,
B = 4023.44, and C = 38.076 (coefficients obtained from the
Hiden microbalance software). We tested this relation by
comparison with data reported by Riddick et al.'* and found a
relative error lower than 0.4 % in the temperature range from
(273 to 373) K. Assuming that water vapor behaves like an
ideal gas, the water activity is given by the classical relation
a = (Py/P,), with P, the vapor pressure measured above the
solution. The relative error in the activity due to the uncertainty
in P, and P, is lower than 1.4 %.

Sample Preparation. For gravimetric experiments, aqueous
solutions were prepared using ultrapure water (resistivity 18.2
MQ.cm). Then polymer films of uniform thickness were
obtained by slow drying of the aqueous solution in glass dishes.
The drying time (typically a few days) was controlled by
putting the dish in a box, with a small aperture to allow slow
vapor diffusion outside the box. The initial concentration was
chosen to get a solution initial viscosity in the range from
(0.1 to 1) Pa-s. Indeed, a too-large viscosity induces formation
of air bubbles, while hydrodynamic instabilities leading to
wrinkle formation® are promoted by a too-small viscosity (for
the highest molar mass, good results were obtained with an
initial polymer mass fraction approximately equal to 0.01). The
initial thickness (typically from 1 mm to a few centimeters) is
adjusted to get the desired dried sample thickness. After drying,

Pio = exp(A —

dx.doi.org/10.1021/je200777d | J. Chem. Eng. Data 2012, 57, 776—783



Journal of Chemical & Engineering Data

the film is taken off from the dish, and a disk of diameter D =
20.0 + 0.1 mm is cut with a hollow punch. This operation is
performed in an atmosphere of 80 % humidity to prevent
formation of cracks. Then the sample is hung horizontally in
the balance chamber, its two sides being exposed to solvent
vapor. After the end of experiments, complete drying of the
sample is achieved by placing it in an oven under vacuum
during at least 10 h at 423 K. Then the film is weighed on a
Sartorius balance to get the polymer mass M, (absolute
uncertainty: + 0.1 mg). Finally, the sample dry thickness hg,, is
estimated by the relation hy,, = 7,M,/ (zD?/4).

The polymer mass M,,, the dry thickness A, and the higher
bound of the absolute error in @, (estimated from the errors in
M, and M,) of the three samples used in gravimetric
experiments are given in Table 2. The relative uncertainty on

hdry is estimated at + 7 %.

Table 2. Characteristics of Samples Used in Gravimetric
Experiments (See Table 1 for Batch Characteristics)

sample 1 2 3
batch 2 B 3

MP/mg 9.5 16.8 217.5

hyy/ pm 21 36 470

Aw, < 51073 <2:1073 <1107

Sliding Symmetric Tubes Technique. Setup Charac-
teristics. The determination of the mutual diffusion coefficient
D, at high solvent concentrations has been carried out by the
sliding symmetric tubes (SST) technique, which has been
developed recently at Mondragon Unibertsitatea for the deter-
mination of mutual diffusion coefficient of binary systems in the
liquid phase. This technique has been validated by measuring
the mutual diffusion coefficient of several well-documented
systems.”> The difference with data from literature was less
than 3 %.

The SST technique consists of two identical vertical tubes
(length: 60 + 0.01 mm, diameter: 9 = 0.01 mm), each
containing a solution with slightly different concentrations
(the concentration difference between the tubes has to be
small enough to make the variation of diffusion coefficient
negligible). The solution with higher density is placed in the
lower tube to eliminate convection. The temperature of the
tubes is controlled by introducing them in a water bath,
regulated by a Lauda RCS thermostatic bath. All of the walls
of the bath are thermally insulated so that the temperature
variations inside the bath are lower than 0.1 K. A couple of
tubes can be set in two positions: the “faced” configuration
allows mass transfer between tubes, while the “separated” con-
figuration interrupts it (in the latter case, each tube is closed
impermeably).

Measurement of Average Concentration as a Function of
Time. In these experiments, we used batch 1 polymer, purchased
as an aqueous solution of 0.50 polymer mass fraction.
The desired concentration is obtained by adding the appropriate
amount of bidistilled water, using a 10 mg precision micro-
balance. At the beginning of the experiment, 10 couples of
tubes are placed in the water bath in a “separated” con-
figuration. We first wait a time long enough to be sure that
thermal equilibrium is reached (typically 48 h), and then the
tubes are switched to the “faced” configuration by an ex-
ternal screw, allowing the diffusion to begin. The couples
of tubes are then switched back to the “separated” configuration,
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one after the other, at different times (see Figure 2). After
homogenization of the concentration field by shaking, the

Figure 2. Photograph of the chamber containing the sets of tubes. (1)
Screws used to switch between “faced” and “separated” positions, (2)
sets of sliding tubes, (3) insulated walls.

density of the solution is measured by the Anton Paar 5000
densimeter, which allows us to know the average solution
density in each tube (maximum solution viscosity allowed with
this densimeter: 70 mPa-s). Finally, the average concentration
inside each tube is determined from density measurements (see
data in Figure 1). This gives the average polymer concentration
in each tube at the time corresponding to the interruption of
mass transfer between the tubes.

Bl SORPTION ISOTHERM

As already mentioned, sorption isotherms are obtained from
gravimetric experiments. The experimental protocol must take
into account that dry PAAm is glassy at temperatures investiga-
ted in this study. To erase history effects,'>'” we always start
the experiments at a vapor pressure high enough to bring the
sample above the glass transition, in a state of thermodynamic
equilibrium (rubbery regime). Then we perform a series of
decreasing differential steps of solvent vapor pressure. When
the sample is still in the rubbery regime, the asymptotic value
reached at the end of the step gives the equilibrium solvent
concentration in the film, corresponding to the imposed solvent
vapor pressure. Below the glass transition (ie., in the glassy
regime), a steady state can no longer be reached in a reasonable
time. In that case, the duration of each step is fixed at three
hours, and the desorption isotherm is built using the mass at
the end of each step.

The experimental desorption isotherms obtained for the
different temperatures are represented in Figure 3. The glass
transition corresponds to the sudden change of slope in the
function @,(a). The glassy regime is characterized by an excess
of solvent, compared to thermodynamic equilibrium. The
extension of the glassy regime is reduced when the temperature
is increased.

The rubberly domain can be described by the classical Flory—
Huggins law:'®

a= (1= g)exp(@, + x@}) )
where y is the Flory—Huggins interaction parameter which
characterizes the affinity between the solvent and the polymer.
To determine y as a function of ¢, and T, we first make a rough
determination of ¢, and a, (with (¢, and a, the solvent volume
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0.4F .

Figure 3. Desorption isotherm: solvent volume fraction ¢, as a
function of activity a (sample 2). +, 283 K; X, 298 K; %, 313 K; [T, 328
K; solid lines, fit of the equilibrium regime (eq 4); dashed lines, fit of
the glassy regime (eq 6).

fraction and the activity at glass transition, respectively), based
on the change of slope in the function ¢,(a). Then y is fitted
using the data such that ¢, > ¢;. Assuming that y varies linearly
with @, and T gives a good description of experimental data.
We obtain:

1(@, T) = 0482 — 0.150¢, + 3.3-107>(T — 298)

2

— 1.44-10" @ (T — 298)

©)
This empirical law is valid in the rubbery regime and in the
parameter range covered in the experiments, that is, a,<a <
0.9 and 283 K < T < 328 K. In this validity domain, the Flory—
Huggins interaction parameter varies from 0.32 to 0.48.
Polymer of batch 3 was used in the experiments, but we do
not expect any significant effect of molar mass on y in that
concentration range. Indeed, we checked that eqs 4 and §
predict in a very satisfactory way, at T = 298 K, the rubbery
regime of a solution made from batch 2 polymer.

We can account for the excess of solvent in the glassy regime
by usmg the simple model developed by Leibler and
Sekimoto.'” This model relates the excess of solvent to elastic
properties in glassy regime. The elastic energy associated with
the sample deformation under volume variation is taken into
account via an osmotic bulk modulus Ky which is assumed to
be constant. This leads to a modified Flory—Huggins equation,
valid below the glass transition:

7oK, ()
a=(1-¢)exp|p + 192 — —log{ —
p p P~ "RT 0
P8 (6)
with 7°; as the solvent molar volume, R as the ideal gas

constant, and @,,, as the polymer volume fraction at glass transi-
tion.

Parameters K, and ¢@,, are fitted using eq 6 and the experi-
mental data in the glassy regime. Then the activity at glass
transition 4, is obtained by setting ¢, = ¢, in eq 6 (this leads
to a slightly more accurate estimation of ¢,, and a, than the
values previously obtained by slope inspection). We can see in
Figure 3 that the fit is quite good, except at very low solvent
volume fractions. It is worthwhile to note that a constant value
of K, gives a good agreement with the experimental data over a
wide range of solvent volume fraction @, so a direct dependence
of K, on ¢, cannot be established in a stralghtforward way. As
already pointed out by Saby-Dubreuil et al,** the value of K,
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obtained from this method is an average value which corres-
ponds to the concentration range of the fit and depends strongly
on the polymer matrix state.

The results are presented in Table 3. By comparing samples
1 and 2 at T = 298 K, we see that the effect of the molar mass

Table 3. Activity a, and Solvent Volume Fraction @, at
Glass Transition, with Osmotic Bulk Modulus K, in a Glassy
Regime, as a Function of Temperature (The Relatlve
Uncertainty in K, Is of the Order of 10 %)

temperature/K 283 298 298 313 328
sample 2 2 1 2 2
P 0.30 0.26 0.28 0.22 0.18
ag 0.75 0.69 0.72 0.62 0.54
K,/GPa 1.08 1.25 1.04 1.65 222

on @, a, and K; is very weak, at the limit of the uncertainty
ranges. On the other hand, increasing the temperature from
(283 to 328) K induces a significant effect on these parameters.
We observe that the higher the temperature, the lower ¢, and

, as expected. At the contrary, K, increases significantly with
the temperature (it is multiplied by 2 when the temperature
goes up by 45 K). This means that the system stiffness in the
glassy regime increases with temperature. This nontrivial
behavior can be related to observations made by Saby-Dubreuil
et al*® on the desorption isotherm of PMMA-PnBMA
statistical copolymers in toluene (similar protocol than the
present study). These authors found that, at a fixed tem-
perature, increasing the amount of the monomer with the
lowest glass transition temperature (nBMA) leads to a decrease
of ¢, and a, but to an increase of K, while the opposite
behavior was notlced on annealed samples (decrease of K,
when increasing the nBMA amount). This observat1on
confirms that K, is not an intrinsic property of the system

g
but also depends on its history.

B DIFFUSION COEFFICIENT

Concentrated Regime. The time evolution of the mass of
the film in response to an imposed step of the solvent vapor
pressure gives access to the mutual diffusion coefficient, through
a suitable model of the swelling kinetics. This method of mea-
surement of mutual diffusion coefficients of polymer solutions
has been widely used in the literature, for rubbery systems"** as
well as glassy systems.”>~>” This method can only be used if at
least a part of the sorption kinetics is driven by polymer/solvent
mutual diffusion. This is not the case at high vapor pressure,
since it has been shown that in this regime the kinetics are
dominated by thermal effects.”® This is why the measurement of
polymer/solvent diffusivity by gravimetry is usually restricted to
the concentrated regime. Moreover, in the case of glassy systems,
the model must take into account viscoelastic relaxation, coupled
with diffusion. Like for sorption isotherms, we always perform
decreasing vapor pressure steps, starting from thermodynamic
equilibrium. However, the step duration is not fixed but adapted
to be much longer than the diffusion time. This condition is neces-
sary to distinguish the mass evolution due to diffusion from the
effect of viscoelastic stress relaxation.” For the thickest samples at
low vapor pressure, the step duration can go to several days.

The sample being glassy in the concentration range covered
by the experiments, the variation of mass after the pressure step
is due to the coupling between solvent diffusion and polymer
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matrix relaxation. Indeed, in the glassy regime, viscoelastic
relaxation involves characteristic times of the same order of the
experiment duration and must be incorporated into the modeling
of kinetics. We therefore used the classical model by Long and
Richman,* which takes into account the relaxation of polymer
matrix through its effect on solvent solubility at the film—vapor
interface. After the pressure step, the solvent concentration at the
interface is assumed to vary in the following way:

Acing(t) = Acq + (Acgo — Acg)[1 — exp(—t/T)]  (7)

where Ac,,(t) is the variation of solvent concentration at the
interface as a function of time f, Acy is the “quasi-equilibrium”
concentration variation (the asymptotic concentration variation if
the only mechanism is diffusion), Ac, the equilibrium
concentration variation, and 7, the relaxation characteristic time.
The solvent transport inside the film is described by the Fick
equation. If the pressure step is small enough, the solvent contents
varies very little, so the mutual diffusion coefficient D, and the

sample thickness /1 can be considered as constant. The diffusion
equation thus reads:

0%Ac
t
mu axz

0Ac

— = for 0<x<h/2
ot

(8)

where Ac is the local solvent concentration variation since the
pressure step and x the distance from the symmetry plane in the
center of the sample. The second boundary condition results from

symmetry:

9ac
ox

=0 ©)

and the initial condition is Ac = 0. Finally, the variation of
solvent mass can be obtained by integration over the sample
thickness:

h/2
Amy(t) = /(; c(x, t)dx (10)

Equations 7 to 10 can be solved analytically by use of the Laplace
transform.”® The parameters D, 7, Acy, and Ac, are then
estimated by least-squares optimization (Levenberg—Marquardt
algorithm), to minimize the differences between the theoretical
and the experimental mass variations.

The Long and Richman model is well-known to reproduce in
a very satisfactory way the shape of the different types of kinetics
encountered in the glassy regime,’**® with the advantage of
simplicity and low computational time. Its drawback is the naive
representation of viscoelastic relaxation, based on a unique char-
acteristic time. Indeed, the relaxation of the polymer matrix in
the glassy regime involves a broad distribution of characteristic
times, running on several decades.®' In a previous study,”® we
showed that changing the exponential in eq 7 into a stretched
exponential to introduce a time distribution into the relaxation
model leads to different values of Ac,, and 7, but does not alter
significantly the estimated values of Acyq and D, Although
oversimplified, this modeling of relaxation succeeds in separating
the effect of diffusion from the effect of relaxation and therefore

is consistent with our aim which is the determination of D,,.
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The parameter 7, having no physical sense, we do not present
it in the following (in fact, it reflects the part of the time distribu-
tion which is observable during the experiments, so its value is
always of order of the experimental time 7,; see ref 27 for
details).

The typical kinetics is presented in Figure 4. The absolute
value of mass variation is plotted as a function of square root of

Texp

02— T T
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ALY y B
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<
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172 172
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Figure 4. Drying kinetics at 298 K. Sample 2, hy, = 36 mm, ¢ =
0.142, ¢y = 0.135, Dy = 1.6:1075 m*s7!, 7, = 6.9-10% 5, 7,
7.2:10* s. Solid line, experimental data; dashed line, numerical
simulation (fit).

time. The change of slope around (£)"/* ~ 50 s'/* delimits two
regimes: the first one is dominated by diffusion, the second one
by viscoelastic relaxation. The very good fit observed in that
figure is representative of all of the experiments.

The same procedure has been repeated for various initial
and final vapor pressures and different sample thicknesses.
The values obtained for D, are presented in Table 4, as

Table 4. Mutual Diffusion Coefficient D, in the
Concentrated Regime (Relative Uncertainty: + 15 %)

Sample 1, kg, = 21 pm

Dt

o, @ P m*s~!
0.1347 0.1393 0.1301 9.6-1071*
0.1318 0.1301 0.1334 74107
0.1552 0.1541 0.1563 2.3-10713
0.1577 0.1613 0.1541 2710713

Sample 2, hy, = 36 pm

Dt

@ ?g Py m*s”!
0.1125 0.1207 0.1043 46107
0.1278 0.1346 0.1209 8.9-107*
0.1411 0.1400 0.1421 141078
0.1384 0.1421 0.1346 1.6:1071
0.1449 0.1501 0.1396 24-10713

Sample 3, hy,, = 470 pm

Dmut

@, P oy m*s~!
0.1766 0.1845 0.1687 1.7-10712
0.1897 0.1949 0.1845 5.0-107"2
0.1981 0.2013 0.1949 7.0-10712

a function of @ and @, the initial and final polymer volume
fraction averaged on the sample thickness, respectively.
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These data have been fitted to get the following empirical
relation:

loglO(Dmut) = 27.23¢, — 16.624 for

0.11 < ¢, < 020 (11)

The experimental values of D, are plotted in Figure 5 as a
function of solvent volume fraction ¢,. D, increases by more

-11
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mut

P R R B R
2 0.14 0.16 0.18 02 0.22
P
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1007 0.

Figure S. Mutual diffusion coefficient in the concentrated regime as a
function of solvent volume fraction, at T = 298 K. Symbols,
experimental values (horizontal error bars represent @y and @
vertical error bars represent the uncertainty on D,,,); solid line, linear

fit (eq 11).

than two orders of magnitude when ¢, goes up by approxi-
mately 0.1. This strong sensitivity of D, on ¢, is characteristic
of polymer solutions in the concentrated regime.

Semidilute and Dilute Regimes. The mutual diffusion
coefficient at high concentration of solvent has been measured
by the SST technique at T = 298 K, for polymers of batch 1.
Figure 6 shows the time evolution of the average polymer

0,13 v - v v T r v v
' U\ T T T T T T T
O‘0-0
O-O-O-O‘O\O~O
0,12 - B

011 | E
0,10 |- -

0,09 |- ._._._._-."l—l J

Polyacrylamide Volume Fraction

S
0N
-

0,08 1 I I Lo L 1
-50 Y] 50 100 150 200 250 300 350

Time (Hours)

Figure 6. Time evolution of polymer volume fraction in both tubes for
@, = 0.1072. W, top tube; O, bottom tube; solid lines represent fits by
egs 12 and 13 (T = 298 K, polymer from batch 1).

volume fraction in each tube (upper and bottom). The polymer
volume fraction averaged over both tubes @, is a constant and
is equal to 0.1072 during the entire experiment.

We assume that mass transfer inside the tubes is purely
diffusive (convection has been canceled by placing the heavier
fluid in the bottom tube) and obey the classical Fick's law
(solvent concentration being far above the glass transition, the
effect of viscoelastic stress on mass transfer can be neglected).
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In addition, we consider that, before contact at time ¢ = 0, the
concentration is uniform in each tube. Solving the diffusion
equation with these assumptions leads to the expression of the
average concentration in each tube as a function of time:

— Ciup + Cibot 8| up CiuP + cibOt
() - —— = | - ———
2 2 2
2y ?
co €Xp) —(n+1/2) PDmutt
o (2n + 1)?
(12)
bot 5 P+ CibOt 81 up Ciup + CtbOt
%M (t) — =—-——]¢
2 o 2
27'52
o exp|—(n+1/2) ?Dmutt
o (2n + 1)
(13)
where PPt (t) are the mean polymer concentrations in the

upper and lower tube, ¢,"”/**" are the initial polymer concen-

trations in upper and lower tube, respectively, L is the length of
the tube, ¢ is the time of the experiment, and D, is the mutual
diffusion coefficient. The mutual diffusion coefficient is
obtained by least-squares method (Matlab routine), to mini-
mize the difference between the model and the experimental
results (see the fit in Figure 6). Typically up to 11 points are used
in each experiment. This allows us to take into account
experimental points from the very beginning of the experiment,
which is not possible in other similar techniques like the open-
ended capillary technique.** Another advantage of the SST is that
the two tubes give independent results, which can be compared
each other. Indeed, in the ideal case where the difference of initial
concentrations goes to zero, the two tubes should give the same
result. In all cases presented in this article, the difference between
the values obtained for D, in each tube was lower than S %. In
the following, we present the average value.

Four different polymer volume fractions have been
investigated. The first one (gTJP = 0.0346) is in the dilute
regime; the second ((ﬁP =0.1072) is in the transition regime, and
the two last ones (qTJP = 0.1848 and 0.2526) are in the semidilute
regime. Results are presented in Table S and Figure 7. The order
of magnitude of D, is the same in all cases and corresponds to
what is expected for polymer solutions at room temperature in
that concentration range. There is no variation of D, in the
semidilute regime, and then it increases by 30 % when the
polymer concentration is lowered.

The mutual diffusion coefficient of PAAm/water solutions
has been widely investigated in the literature, but at very low
polymer volume fractions. Experimental techniques include
ultracentrifuge’’ or light scattering.’*** The diffusion coef-
ficient D in the limit of vanishing polymer volume fraction
depends on the polymer molar mass through a power law,
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Table 5. Mutual Diffusion Coefficient as a Function of
Polymer Volume Fraction in the Dilute and Semidilute
Regimes”

Z Dt
Py @° 4)11,”‘ mPa-s m?s~!
0.0346 0.0206 0.0486 1.6 24710710
0.1072 0.0844 0.1300 52 2.09-1071°
0.1848 0.1606 0.2091 17 1.90-1071°
0.2526 0.2400 0.2962 68 1.91-1071°
“@yF and (p;"" are the initial polymer volume fractions in the upper and

bottom tubes, respectively. @, is the polymer volume fraction averaged
over both tubes. The dynamic viscosity u at volume fraction @, is also
provided for information (T = 298 K, polymer from batch 1).
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Figure 7. Mutual diffusion coefficient D, as a function of polymer
volume fraction , in the dilute and semidilute regimes (T = 298 K,
polymer from batch 1). Horizontal error bars represent @i and ¢
vertical error bars represent the uncertainty on D, .

which coefficients have been experimentally fitted. Using our
value M,, = 22.4 kg-mol ™', Scholtan's empirical law'"! gives D =
0.84-107"° m?s™' at 298 K, while the laws proposed by
Frangois et al.”> or Patterson et al.>* at temperature 293 K both
lead to Dy = 0.61-107'° m>s™". These values are significantly
lower than our results presented in Table S. Nevertheless, the
experimental study performed by Patterson et al.** shows a
rapid increase of the diffusion coefficient in a very short-range
of PAAm volume fraction (from 0 to 1073), so there is no
inconsistency with our results.

B CONCLUSION

Some thermodynamic properties of polyacrylamide/water
solutions have been measured by several techniques. In the
concentrated regime, we used gravimetric experiments to
obtain the desorption isotherm and the glass transition as a
function of temperature from (283 to 328) K. In that range of
temperature, the Flory—Huggins interaction parameter in the
rubbery regime varies from 0.32 to 0.48, the solvent activity at
glass transition from 0.75 to 0.54, and the corresponding
solvent volume fraction from 0.30 to 0.18. In the glassy regime,
the osmotic bulk modulus K increases with temperature, from
1.1 GPa at 283 K to 2.2 GPa at 328 K. The same experimental
setup was used to measure the mutual diffusion coefficient at
room temperature in the glassy regime. As expected, in this
regime, this parameter is strongly dependent on concentration.
It increases by two decades and a half when the solvent volume
fraction goes up by approximately 0.1 (D, = 2.4-107'* m*s™"
to 6.6:107* m*s™ for ¢, = 0.11 to 0.20). The diffusion
coefficient has also been measured at high solvent concen-
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tration. Since gravimetric techniques fail in that case, due to
thermal effects induced by latent heat of vaporization, we used
another technique called the sliding symmetric tube, which
consists in measuring the concentration as a function of time in
two tubes in contact each other. The mutual diffusion
coefficient keep the same order of magnitude over the whole
range of polymer volume fraction investigated (from 0.035
to 0.25), around 2-1071% m>s71,
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We report on the measurement of diffusion (D), thermodiffusion (D7), and Soret (S7) coefficients in
water-isopropanol mixtures by three different instrumental techniques: thermogravitational column
in combination with sliding symmetric tubes, optical beam deflection, and optical digital interferom-
etry. All the coefficients have been measured over the full concentration range. Results from different
instruments are in excellent agreement over a broad overlapping composition (water mass fraction)
range 0.2 < ¢ < 0.7, providing new reliable benchmark data. Comparison with microgravity mea-
surements (SODI/IVIDIL (Selected Optical Diagnostic Instrument/Influence of VIbration on DIffu-
sion in Liquids)) onboard the International Space Station and with literature data (where available)
generally gives a good agreement. Contrary to theoretical predictions and previous experimental ex-
pectations we have not observed a second sign change of Sy at low water concentrations. © 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.4730306]

I. INTRODUCTION

Diffusion and thermodiffusion correspond to mixing and
separation on the molecular level that is essential for a wide
range of physical and chemical processes. Important exam-
ples include chemical and electrochemical reactions, sedi-
mentation equilibrium (e.g., in crude oil reservoirs), crystal
growth, transport across membranes, cell metabolism, and so-
lidification (see Refs. 1-4). Molecular and thermodiffusion
processes are quantified by mass and thermodiffusion coef-
ficients, D and Dy, respectively. Due to mass conservation,
there is only one independent component of a binary mixture.
Let us denote the mass fraction of this independent compo-
nent (solute) as c¢. Then, the mass fraction of the dependent
component (solvent) is (1 — ¢). When pressure diffusion is
negligible, the diffusive flux of the independent component is
driven by concentration and temperature gradients

J =—p(DVec+ DyVT), (1)

where p is the mixture mass density and 7 is the temperature.
The transport coefficients are assumed to be constant in a suf-
ficiently small range of temperature and concentration varia-
tions and correspond to the mean temperature 7 and compo-
sition ¢g. Since the diffusive flux must vanish in the two dilute
limits ¢ = 0 and ¢ = 1, the thermodiffusion coefficients can
be represented as’

D} =c(1 —c¢)Dr. 2)

Note that Dy assumes finite values in the two dilute limits but
may still depend on concentration. In the linear limit of small

a)Electronic mail: vshev@ulb.ac.be.
b)Electronic mail: werner.koehler @uni-bayreuth.de.
©)Electronic mail: mbouali @mondragon.edu.
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concentration changes the approximation c¢(1 — ¢) = co(1
— ¢p) is used and the diffusive flux can be written as

J =—pD[Vec+cy(l —co) SrVT]. A3)

The Soret coefficient St = D7/D is determined as the ratio
of the thermodiffusion and the mass diffusion coefficient. The
signs of the Soret coefficient S and of the thermodiffusion co-
efficient Dy depend on the selection of the independent com-
ponent. For its choice there exist two approaches in the litera-
ture: one is based on the molecular mass and the other one on
the density of the components. In molecular dynamics sim-
ulations the use of molecular mass is appropriate and, as a
rule, the component with a higher molecular mass is chosen
as the independent one. Hydrodynamic effects become im-
portant when liquid mixtures are studied on a macroscopic
scale. Correspondingly, it is appropriate to choose the denser
component as the independent one, and a positive Soret coef-
ficient implies that this component migrates towards the cold
side. In case of a negative Soret coefficient, even heating from
above may lead to convective instabilities®” (unstable density
stratification). Following the latter convention, we have cho-
sen water (mass fraction c) as the independent component for
the analysis of water-isopropanol (IPA) mixtures.

The growing interest in the measurement of transport co-
efficients of multicomponent mixtures at first requires well
established and reliable techniques for binary mixtures. Since
the discovery of thermodiffusion in the second half of the 19th
century,®? a variety of different experimental techniques has
been developed, where one or two coefficients among D, Dr,
and S7 can be measured.

Motivated by the need for a pool of reliable data that
could serve as a test for existing and novel experimental

© 2012 American Institute of Physics
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techniques, a concerted effort with the aim to provide
reference values for Soret, diffusion, and thermal diffusion
coefficients has led to the so-called Fontainebleau bench-
mark. During this campaign, the transport coefficients of
the three symmetric (¢ = 0.5) binary mixtures of 1,2,3,4-
tetrahydronaphthalene, isobutylbenzene, and dodecane at Ty
= 298 K have been determined. These quasi-ideal hydro-
carbon mixtures mimic representative compounds of crude
oil that can be modeled with different degrees of success by
molecular dynamics simulations.'” The experimental tech-
niques employed by the five participating laboratories'' ~'¢
covered all methods for measuring the Soret coefficient
available at that time, with the exception of diffusion cell
experiments. Recently, two teams using different variants
of diffusion cell setups, beam deflection technique!” and
optical digital interferometry (ODI),'® reported the missing
benchmark data.

Another type of mixtures of high interest comprises
aqueous solutions, for which molecular dynamic simulations
are still scarce.'”?° These mixtures impose a number of
experimental difficulties: the Soret coefficient changes sign
in a certain concentration range, optical properties exhibit
strong variations with concentration, or contrast factors
may exhibit extrema at certain compositions. In this class
of systems, water-ethanol is one of the most intensively
studied binary mixtures and has served as a model system
for double-diffusive convection experiments.>!~>* There are
speculations that the sign change of S7 might be related to the
breakdown of the hydrogen bond network.”® The idea that
some aqueous solutions may exhibit two sign changes?:°
could not be confirmed for water-ethanol mixtures.'”

The present study is focused on mass and thermo-
diffusion coefficients in a less investigated aqueous binary
mixture, namely, water-IPA. The data presented in this work
cover a wide range of compositions measured by three
different techniques in the participating laboratories and, in
addition, the coefficients of two compositions measured in
the experiment IVIDIL (Influence of VIbration on DIffusion
in Liquids) on the International Space Station (ISS). The
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experimental techniques employed by the three participating
laboratories are the thermogravitational column (TGC) and
the sliding symmetric tubes (SST) technique (University of
Mondragon (UM), Spain), beam deflection (University of
Bayreuth (UB), Germany), and optical digital interferometry
(University of Brussels (ULB), Belgium). The experimental
technique used in the microgravity experiment IVIDIL,
which we briefly discuss in support of our comprehensive
study, is similar to that developed in Brussels.

This paper is organized as follows: Sec. II presents a
short description of all employed experimental techniques.
Section III reports on the results of the measurements of
contracts factors and transport coefficients. A discussion, the
comparison with literature data, and an error estimation are
given in Sec. IV. Finally, the conclusions are drawn in Sec. V.

Il. DESCRIPTION OF THE EXPERIMENTAL
TECHNIQUES

A. Thermogravitational column and sliding
symmetric tubes

1. Thermodiffusion coefficient

The thermogravitational column (TGC) is the eldest
among all the techniques in this study.?” The here employed
plane thermogravitational column has been developed at UM
and is characterized by the following parameters: a plane-
parallel column has a length of L, = (50.0 £ 0.1) cm, gap
dimension L, = (0.1 & 0.001) cm, and width L, = (5.0
=+ 0.1) cm. The critical element of the column is its very uni-
form thickness L, over the entire length. The precision in L,
is a reflection of gap uniformity. In the column, a mixture is
placed in a narrow slot between two plates with different tem-
peratures (Fig. 1). The imposed horizontal temperature gra-
dient induces horizontal gradients of composition due to the
Soret effect. It also results in convective flow driven by buoy-
ancy forces. The flow is strictly vertical, except at the top and
bottom ends of the slot. The horizontal separation of com-
ponents in combination with the vertical convective current

{ Filling

hole
Cavities for
hot (cold) =
water
circulation
== SAMPLE Sampling
EXTRACTION Working taps
mixture
-
HOTWATER
INTLET
Copper
plates

FIG. 1. Thermogravitational column, general view and sketch of cross section.
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FIG. 2. Sliding symmetric tubes instrument; individual cell (left) and cell array (right).

leads to an enhanced separation between the top and bottom
ends. The theories for the column operation and for data ex-
traction are well established and verified for both gaseous and
liquid mixtures. The vertical concentration gradient is mea-
sured in the steady state by taking samples through sampling
taps. The aspect ratio L,/L, = 500 of the thermogravitational
column is very high, which allows for neglecting the vertical
diffusion in the steady state. Then, the vertical concentration

gradient is given by?%2
ac 504 Drv
— =—co(l — 4
7z co ( Co)g L “

where x and z are the horizontal and vertical coordinates, v is
the kinematic viscosity of the mixture, « = p~'(3d pl3T),, ¢ is
the thermal expansion coefficient, and g is the gravity accel-
eration. Equation (4) is used to determine the thermodiffusion
coefficient D7 from the concentration measurements along the
column. Note that the separation in the column is independent
of the temperature difference between the cold and hot plates.
The temperature gradient is imposed by heating (cooling) the
walls of the thermogravitational column. The two water baths
used for stabilizing the temperatures of these lateral walls had
a temperature control to within +0.01 K.

The thermal expansion coefficient of the mixture is ob-
tained by measuring the density of the fluid at five different
temperatures between 297 and 299 K centered around the
working temperature of 7 = 298 K. The thermal expansion
coefficient is determined from a linear fit to the temperature
dependence of the density of the mixture.

The vertical concentration gradient is determined from a
previously obtained calibration curve for the density as a func-
tion of composition near the concentration of interest, from
which the mass expansion coefficient 8. = p~'(d pldc), T is
obtained. This coefficient is constant in the typical range of
the concentration variation over the column. Considering that
this vertical variation of composition is small, the concentra-
tion gradient is given by dc/dz = (B. p)~'(dp/dz). The vertical
density gradient along the column dp/dz is directly obtained
from the measurements of the density of four samples taken

at evenly spaced elevations. In a narrow mass fraction range,
the variation of p with height is linear.

An Anton Paar DMA 5000 vibrating quartz U-tube den-
simeter with a precision of 1 x 107® g/cm?® and an accuracy
of 5 x 107 g/cm? has been used to determine the density of
the extracted samples along the column as well as the mass
and thermal expansion coefficients 8. and « of the mixtures.
An Anton Paar AMVn falling ball microviscometer with an
accuracy of better than 2% has been used to determine the
dynamic viscosity u of the mixtures. A digital balance with a
capacity of 310 g and accuracy of 0.0001 g has been used to
prepare the mixtures. All the chemicals used were purchased
from Merck with a purity of better than 99%.

2. Diffusion coefficient

The TGC experiments provide only the thermodiffusion
coefficient D7. In order to obtain the Soret coefficient,
supplementary measurements of the diffusion coefficient D
are required. For this purpose a new apparatus, called sliding
symmetric tubes, has been developed and validated at UM.*
It is a modification of the open ended capillary method.?’
In this technique, two liquid mixtures (co,s co p) With
slightly different concentrations around the point of interest
(co £ 3%) are placed into two tubular containers (subscripts ¢
and b stand for top and bottom). In the experiment, typically
10 sets of such two-tube cells, with the same initial concentra-
tion of the mixtures, are used (see Fig. 2). To prevent convec-
tion, the mixture with the higher concentration of the denser
component is placed in the bottom tube. The sets are then in-
troduced into a water bath and given time to equilibrate at the
working temperature, which is controlled with a precision of
0.1 K. All pairs of tubes are then simultaneously brought into
contact with each other and the diffusion process starts. From
this point on, the initial concentration difference between the
corresponding tubes gradually decreases by diffusion.

Separating different pairs of tubes, one by one with a cer-
tain time step, the mean concentrations in the top and bottom
parts ¢,, ¢ are determined at successive moments of time. The
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FIG. 3. Optical beam deflection setup: principle (left) and cross section of the cell (right).

diffusion coefficient is extracted by fitting the experimentally
obtained concentration profile with the solution of the diffu-
sion equation®

] 2L
C = — ,Hd
C L/L c(z,dz

_ Cor—Cop 4(co,r — co,p) i 2\
2 2 —=\2n+1

2n+1)22
X exp [—QD tj|, 5)

12
1 L

Cp = — ,Hd

Ch L/o c(z,t)dz

_ Cop —Cop  4cos — Cop) i 2\
2 72 —\2n+1

2n41)2_ 2
X exp |:—(2iDt:|. ©6)

L2

B. Optical beam deflection (OBD)

The optical beam deflection technique has recently been
used by different teams for the measurement of the Soret
effect.!”-?231 Advantages of the technique are the short dura-
tion of a typical experiment, a relative simplicity of the setup,
and a well established theory. The method utilizes the classi-
cal Soret cell, but often relatively small in height (typically
1 mm). The setup used in this benchmark at UB has thor-
oughly been tested against reference data for water-ethanol
and the Fontainebleau benchmark mixtures and is described
in detail in Ref. 17.

The cell is formed by a rectangular glass frame with an
internal optical path length of 40 mm. This glass frame is
clamped between chromium-plated copper plates with two
Viton O-rings for sealing. The vertical spacing between the
plates defines the diffusion length of the experiment and is
fixed by two spacers to H = 1.022 +0.002mm. The en-
tire cell is sandwiched between two Peltier elements, which
are connected to digital proportional-integral-derivative (PID)
temperature controllers for maintaining the temperatures of
the two plates with residual fluctuations of 1 mK. Feed-
back to the controllers is provided by calibrated thermistors
inserted into the copper plates close to the copper/liquid in-

terface. Filling of the cell is accomplished with syringes via
two stainless steel capillaries ending in two opposite corners
of the cell. Figure 3 shows a sketch of the OBD setup and a
cross section of the diffusion cell.

A fiber coupled diode laser with reduced coherence
length operating at A = 637 nm is used as light source. The
beam is weakly focused into the diffusion cell with a beam
waist of 244 yum (FWHM) and detected 1.5 m behind the cell
by a line scan CCD camera. The position of the laser spot on
the camera can be measured very precisely with a sub-pixel
resolution by fitting a Gaussian function to the measured in-
tensity profile. All components are mounted on a profile rail
reducing the beam drift at the detector to typically 11 nm/h.

In a typical experiment, the plate temperatures are set to
the same value for at least ten diffusion times, 7, = H*/(72D),
in order to allow the system to reach thermal equilibration.
Then, a sudden temperature gradient is applied by symmetri-
cally rising and lowering the two plate temperatures. Depend-
ing on the sign of the Soret coefficient, the sign of the tem-
perature gradient is chosen to avoid convection. For a positive
Soret coefficient of the denser component, heating is done
from above to ensure a stable density profile. In the case of a
negative Soret coefficient, heating is done from below to guar-
antee a stratified stationary state. A thermal Rayleigh number
below the critical threshold ensures a convection free interme-
diate state between the temperature step and mass diffusion.

Values of refractive index variation with temperature and
concentration, (dn/07T), . and (9n/dc), r (the so-called con-
trast factors), are required for conversion of the deflection
signals into concentration changes. These values were deter-
mined by refractive index measurements over a wide range
of temperatures and concentrations. Concentration dependent
measurements have been carried out with an Abbe refrac-
tometer (Anton Paar Abbemat WR-MW) with an accuracy of
4 x 1073, For temperature dependence, an interferometer has
been employed.'? The isopropanol (99.9%) was obtained by
BDH Prolabo and used without further purification. The water
used in this work was deionized with a Milli-Q system.

The laser beam deflection is proportional to the refractive
index gradient

on on oT on ac
Zo() () = ™
0z or /), . 9z dc ), r 9z

The transport coefficients are determined by numerically fit-

ting a mathematical model of the experiment to the time
dependent measured beam deflection angle using the plate
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FIG. 4. Optical digital interferometry setup; cross section of the cell (left) and top view of the entire setup (right).

temperatures as time dependent boundary conditions. Even
minute effects, like the time constants of the thermistors, the
heat conduction in the copper plates, and the tiny temperature
fluctuations of the order of 1 mK, are taken into account. De-
tail of the procedure can be found in Ref. 17. All quantities of
interest, the Soret, diffusion, and thermodiffusion coefficients,
are determined in the fitting routine simultaneously.

C. Optical digital interferometry
1. Laboratory setup

A setup for the measurement of the Soret effect by
ODI has been developed at ULB and recently tested against
the Fontainebleau benchmark mixtures.'® A classical ther-
modiffusion cell has also been adopted for this setup but,
when compared to OBD, with a relatively large height
(Fig. 4(a)). Similarly to the OBD cell, a rectangular glass
frame is clamped between two nickel-plated copper blocks
with special seals of high thermal conductivity and thickness
of either 0.08 mm (in case of epoxy glue) or 0.15mm (in
case of rubber). The cell used for these experiments has an
inner volume of 18 x 18 x 6.5mm? and is custom made
from optical quality fused silica with a wall thickness of
2mm. Each copper block is thermostabilized by Peltier
elements driven independently by PID controllers that allow
for a temperature stability of £0.002K. The temperature
gradient applied across the cell was close to 1 K/mm in all
measurements. The chemicals used were purchased from
Fisher Scientific (isopropanol) and Acros Organic (water)
with a purity of better than 99%.

The concentration variation within the liquid mixtures
is observed by means of a Mach-Zehnder interferometer.
The light source is a He-Ne laser with the wavelength of A
= 632.8 nm. An expanded and collimated laser beam is split
into a reference and an objective arm, with the cell assembly
placed within the latter. Then, both beams are deflected by
mirrors and merged at the second beam splitter. One of the
beams is inclined with respect to the other in order to create a
narrow fringe pattern. The resulting interferogram is recorded
by a CCD camera with a sensor of 1280 x 1024 pixels. The
resolution of the imaging system is about 50 pixels/mm. In or-

der to reconstruct a wave front (spatial distribution of optical
phase), the Fourier transform method is applied to obtain the
phase distribution from a single interferogram. To be precise,
two interferograms are used in processing, as the interference
pattern of interest is always processed against a reference
interferogram taken before the refractive index change.

To ensure the thermal stability of the interferometer
during the course of an experiment (up to 2-3 days), the
whole setup, including a bearing bench plate, is placed inside
a box of thermal insulation material, see Fig. 4(b). The box is
equipped with air-to-air cooling/heating assembly based on
a Peltier element and driven by a dedicated PID controller.
A set of shields is inserted in the box to prevent air motion
over optical paths. The temperature inside the box was kept
equal to the mean temperature of the liquid with residual
fluctuations of £0.02 K. With this stabilization, the optical
phase variations due to the instability of interferometer do
not exceed 0.1—0.2rad. More details about the setup can be
found in Ref. 18.

The unique feature of this method is that it traces the tran-
sient path of the system over the entire two-dimensional cross
section of the cell. The quantity obtained after processing an
interferogram is a spatial phase distribution Ag(x, z, t), which
is transferred into a concentration distribution by the equation

gz =(2) A
X, 2, = ~ c\xX, 2,
2n H ISk ac /), r ¢

(2) arwzn. ®

8T x? Z’ K
p.c
where the second term is defined during the initial step of the
experiment.'® Consequently, Soret and diffusion coefficients
are simultaneously extracted by fitting of Ac(x, z, ) from
Eq. (8), averaged in x-direction, with the 1D analytical
solution®’

1 Z 4

(z,1) + co(1 YSrAT i 1cos
c(z,t) =co+co(l — ¢ - - —
‘ 0o 07T 2 H 2 L 2
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X (%) exp (_"HTZ Dz> :| . &)




J. Chem. Phys. 136, 244512 (2012)

244512-6 Mialdun et al.
membrane expansion
“ compensation
ﬁlling i volume
channel
1cm \
hole for
sensor

(@)

(b)

FIG. 5. Microgravity setup: Cross section of the IVIDIL cell housing and top view of the cell with the path of the objective beam.

2. Setup inside the SODI instrument on the ISS

The IVIDIL experimental objectives were manifold (for
details see Refs. 34 and 35). A few experimental runs without
imposed vibrations enabled measurements of the Soret coef-
ficient of water-isopropanol mixtures at two specific compo-
sitions, namely, ¢ = 0.50 and ¢ = 0.90 mass fraction of wa-
ter. It is valuable to compare these unique measurements with
ground results.

The sketch of the IVIDIL cell housing is shown in
Fig. 5(a) and the top view of the cell in Fig. 5(b). The cell ge-
ometry is different from the laboratory one: the IVIDIL cell
had a cubic inner volume of 10 x 10 x 10mm?>. The exter-
nal walls of the cell are shaped in the form of two prisms
to allow optical observation in two perpendicular directions.
The beam paths through the cell are shown by the arrows in
Fig. 5(b). The coherent light source was a laser diode emit-
ting at A = 670 nm wavelength. Temperature differences ap-
plied to the cell were 5, 10, or 15 K with a typical stability

=
WA T Y
»—--""_"

(a)

of £0.02 K. The resolution of the imaging system is about
77 pixels/mm. In spite of the same type of probing (Mach-
Zehnder interferometer), the instrument had many peculiari-
ties when compared with its ground analogue.

Along with the housekeeping data, the interferograms
are the only source of scientific information provided by the
IVIDIL experiment. An example of an interference pattern in
front view of the cell is shown in Fig. 6(a). For a quick ex-
amination of running experiments, 283 digital images were
downloaded for each run via telemetry. In total 653 images
per run have been recorded, and they have returned to Earth
on flash disks a few months later.

The data extraction procedure was basically the same as
for the ground experiments. Due to time constraints, the du-
ration of the microgravity experiments was relatively short:
12 h of thermodiffusion separation followed by 6 h of dif-
fusion relaxation. Consequently, the analysis of the data re-
lies on the transient behaviour. The concentration field in the

(b)

FIG. 6. Microgravity experiment. (a) Typical interference pattern of the cell in front view. White line depicts the volume filled with liquid. (b) Surfaces of the
equal concentration after 12 h of the Soret separation in water-IPA mixture when ¢y = 0.9.
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IVIDIL cell is shown in Fig. 6(b) after r = 12 h of separation.
The isosurfaces of equal concentrations are shown by differ-
ent colors for the mixture with negative Soret coefficient. The
mid-surface (green) corresponds to the initial concentration
co = 0.9 and the following surfaces are separated by Ac = 6
x 107, This 3D concentration field demonstrates the possi-
bility of optical digital interferometry using two perpendicular
views and shows that ODI is capable to follow a component
separation Ac of less than 1% from the initial value.

lll. EXPERIMENTAL RESULTS

Following the discussion in the Introduction, the mass
fraction of water c is selected as the independent concentra-
tion. Correspondingly, the mass fraction of IPA is (1 — ¢).
When taking the concentration of IPA as the independent one,
the signs of S7, Dr, and (9n/dc), r must be inverted.

A. Physical properties of the mixtures

The Soret coefficient of water-IPA mixtures displays a
sign change as a function of concentration. In a non-uniform
temperature field in the presence of gravity the mixture devel-
ops fingering and instabilities, which renders it an attractive
system for theoretical and numerical analysis. These studies
require the knowledge of all relevant physical properties of
the system, including viscosity, thermal and mass expansion
coefficients, and density. Some of these data can be found
from different sources in literature, e.g., Ref. 32, but they
are scattered and correspond to various mean temperatures.
Thus, we have measured these properties along with diffu-
sion and Soret coefficients in order to provide all necessary
information for theoretical studies of this system and their
comparison with experimental observations. Furthermore,
the determination of the thermodiffusion coefficient by the
thermogravitational technique (Eq. (4)) requires knowledge
of thermophysical properties of the mixture such as dynamic
viscosity, thermal expansion coefficient, mass expansion
coefficient, and density. Table I summarizes these properties
for different concentrations measured at UM at 7 = 298 K.

B. Contrast factors

Beam deflection and optical digital interferometry re-
quire precise knowledge of the contrast factors (dn/07),, . and
(0n/dc),, 7, whose accuracy directly determines the accuracy
of the Soret and the thermodiffusion coefficient. These val-
ues were measured at UB from 288 K to 308 K and in the
full concentration range for a wavelength of . = 633 nm. The
measured values for the temperature dependence (9n/07),,
were obtained by an interferometric technique. Details of
the interferometer and the data evaluation can be found in
Ref. 12. The measurement error is typically below 0.5%.

The concentration derivative has been determined by re-
fractive index measurements at different concentrations and
differentiation of an approximating polynomial fitted to a
small concentration range. All contrast factors are summa-
rized in Table II and presented in Figs. 7 and 8. The symbols
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TABLE 1. Physical properties of the water-IPA mixture measured at T’
=298K.

c, wx 102 a x 10° Bc % 102 P

water mPa x s K-! kg/m3
0.990 94.57 25.64 18.56 995.16
0.950 112.60 27.70 16.24 988.35
0.900 141.57 33.34 14.37 980.89
0.850 174.75 42.79 14.28 974.96
0.800 209.26 55.64 16.44 966.55
0.750 239.03 67.23 19.92 957.89
0.700 260.42 75.05 22.53 947.75
0.650 280.06 80.35 23.99 936.92
0.600 292.68 84.44 25.24 925.60
0.500 305.56 90.04 26.06 902.37
0.400 301.47 95.23 27.17 878.74
0.300 281.63 100.49 27.89 855.03
0.200 252.06 106.10 28.90 831.15
0.100 217.22 110.48 30.63 806.89

in the figures indicate the measured points and the curves out-
line the trend.

At low water concentration the contrast factor (9n/dc),, r
changes its sign. Near this point, concentration changes in
the sample cannot be detected by optical techniques. In the
vicinity, where the contrast factor is low, an optical measure-
ment of the transport properties is difficult and subject to large
ITOrS.

TABLE II. Variation of refractive index with temperature, (0n/07)p, ¢, and
concentration, (dn/dc)p, T, for water-IPA.

¢, water (@n/dT) /1074 K1 (@nfdc)p, 711072

T= 288K 298K 308K 288K 298K 308K
0.000  —4.141 —4266 —4.420

0.052  —4.243 —4369 —4505 0260 0336  0.399
0.100  —4.185  —4.324 -0.564 —0.517

0.150  —4.125 —4241 —4372 —114 —102 —0.746
0.200 —4.138 —145

0250  —3.919 —4.033 —4156 —209 —186 —1.67
0.300 —3.921 —4.040 —225  —201
0351  —3.705 —3.809 —3922 —283 —262 —242
0409  —3.570 —3.681 —3784 —326 —301 —279
0.451 —3.585 —-3.30

0.500  —3.398 —3474 -3560 —3.89 —3.64 —347
0.547 —-3.359 —4.02

0.600  —3.155 —3217 -3294 —484 —456 —438
0.650 —3.062 —5.22

0700  —2.782  —2.854 —2943 —642 —6.04 —535
0.747 —2.574 —-6.97

0.800  —1.863 —2.127 -—2347 -9.15 —818 —730
0.854  —1.389 —1.653 —1974 —984 —899 —8.13
0.899  —0.9801 —1343 —1652 —992 —-923 —8.72
0.926 —1.540 -9.14

0.950  —0.7687 —1.135 —1439 —920 —891 —843
0.975 —8.49

1.000  —0.7200 —1.060 - 1.350 —17.89
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FIG. 7. Contrast factors (0n/0T),, - versus the mass fraction of water at dif-
ferent mean temperatures.

C. Soret, diffusion, and thermodiffusion coefficients

1. Thermogravitational column and sliding
symmetric tubes

The thermodiffusion coefficients Dy were measured in
a thermogravitational column and the mass diffusion coeffi-
cient D in the separate SST instrument at UM. The Soret co-
efficients St have been calculated as Sy = Dy/D. All results
are summarized in Table III. Data on thermodiffusion coeffi-
cients are missing for ¢ > 0.75, as in this region the thermod-
iffusion coefficient changes sign and instabilities developing
in the column prohibit correct measurements. Consequently,
also the Soret coefficient cannot be determined in this concen-
tration range.

2. Optical beam deflection

Soret, diffusion, and thermodiffusion coefficients were
measured directly in the OBD experiments at UB. The mea-
surements were performed at three different temperatures of
288, 298, and 308 K, and the data evaluation yields all three
coefficients D, D7, and Sr. The results are summarized in
Table IV.

[ . --e- T=288K
‘\‘:\_] —a— T=298K
2 . - T=308K
o TN
S Fagy
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§ - KN
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» ‘\:TA{A
10 el
12
0.0 02 04 06 08 1.0
¢ (water)

FIG. 8. Contrast factors (dn/dc),, T versus the mass fraction of water at dif-
ferent temperatures.
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TABLE III. Diffusion, thermodiffusion, and Soret coefficients measured by
TGC and SST at T = 298 K.

¢, D101 Dr/1071 Sr/1073
water m?s~! m?s~IK™! K~!
0.100 6.13 472 0.77
0.200 3.50 8.44 241
0.300 245 10.10 4.13
0.400 1.80 1045 5.80
0.500 1.68 9.88 5.89
0.600 1.89 8.83 4.67
0.650 2.08 7.54 3.62
0.700 247 5.27 2.13
0.750 3.62 4.01 111
0.800 5.03

0.850 551

0.900 7.29

0.950 8.77

0.990 9.66

3. Optical digital interferometry

Similar to OBD, all three coefficients Sy, D, and Dy are
directly obtained from the experiment by performing the data
evaluation based on the two independent coefficients S7 and
D and calculating Dy = D S7. The results for the three coeffi-
cients obtained at ULB are summarized in Table V. Near the
sign change region the measurements of Sy were performed
while increasing the concentration by small steps. The first
point at which weak instability was observed in the cell (i.e.,
negative Soret) corresponds to ¢ = 0.75. The extrapolation
of the curve S7(c) to the region of negative Soret coefficient
within a small range of ¢ allowed us to determine the concen-
tration when Sy = 0 and estimate a negative value of Sy for
c=0.75.

4. Results from microgravity experiment

D, Dz, and St have been determined in the IVIDIL mi-
crogravity experiment in analogy to the ground based ODI ex-
periment. The results are summarized in Table VI. Note that
in previous publications®-3® the Soret coefficient from the
IVIDIL experiment was given 5% lower for ¢ = (0.9, based on
contrast factors taken from the literature. The new value has
been calculated with the improved contrast factors (dn/dc),, r
from Table II.

IV. DISCUSSION

The results for D, Sy, and Dy from Tables III-VI are
plotted in Figs. 9-11. Also shown in gray are some less
reliable values at low water concentrations that are not listed
in the tables and that have been excluded from the data
evaluation. These problematic data will be discussed in more
detail below.

In addition to the here measured and tabulated data,
Fig. 9 contains also literature data for the diffusion coefficient
as measured by the Taylor dispersion technique.?’” Figure 10
shows supplemental literature results for the Soret coefficient
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TABLE IV. Diffusion, thermodiffusion, and Soret coefficients measured by OBD.

¢, water D/107 10 m?s~! D7/107 B3 m?s~1K~! Sr/1073K~!

T= 288K 208K 308K 288K 298K 308K 288K 298K 308K
0.200 3.71 13.2 3.55

0.250 1.23 3.05 4.82 12.7 3.92 4.16

0.300 2.60 11.7 451 3.74
0.351 0.87 2.08 5.04 11.2 19.3 5.80 5.37 3.98
0.409 1.06 1.89 2.88 7.19 10.6 12.4 6.81 5.62 430
0.451 1.79 10.6 591

0.500 1.04 1.64 2.35 8.19 9.57 9.53 7.87 5.83 4.05
0.547 1.58 9.04 5.72

0.600 1.15 1.67 1.95 8.83 8.84 8.60 7.69 5.30 441
0.650 1.96 8.29 4.24

0.700 1.73 2.43 3.16 6.31 5.97 3.67 3.65 2.46 1.16
0.747 3.25 —0.61 —0.19

0.800 3.62 4.98 551 — 144 —183 —18.0 —3.97 —3.67 —3.27
0.854 473 6.42 7.86 —36.9 —439 —46.6 —7.80 —6.83 —593
0.900 7.49 —66.4 —9.83 —8.87

0.950 6.51 8.95 11.9 —72.0 —90.7 —109.9 —11.05 —10.14 —9.28

measured about 35 years ago by a flow cell technique®® us-
ing a very thin fluid layer with d ~ 0.2 mm. Both these D
and Sy literature data show a reasonable to good agreement
with our results. In particular at intermediate and high water
concentrations the agreement is convincing.

From a first inspection it is immediately evident that the
overall concentration range can be divided into three regimes:
The region with negative thermal diffusion and Soret coeffi-
cients at high water content (¢ > 0.75) is fully characterized
only by the OBD technique. For the broad range of interme-
diate concentrations (0.20 < ¢ < 0.75) with positive Soret
coefficients there are ample and consistent data. Finally, there
is the region of low water content (¢ < 0.2), where the op-
tical techniques become less reliable, whereas the TGC/SST
data still show a smooth behaviour. In the following we will
discuss these three regimes in more detail.

A. Region with negative Soret effect; water rich
mixture, ¢ > 0.75

Measuring negative Soret coefficients in the gravity field
may lead to different types of instabilities, depending on the
experimental technique. Theoretical studies’**! show that

TABLE V. Soret, thermodiffusion, and diffusion coefficients measured by
ODIat T =298K.

c, D/10710 Dy/10713 5711073
water m?s~! m?s~!1K! K™!

0.200 3.15 10.7 3.39
0.300 2.48 10.8 437
0.401 1.81 102 5.64
0.500 1.72 10.1 5.89
0.600 1.76 9.39 532
0.700 235 5.52 235
0.720 2.94 3.97 135
0.750 -0.26

mixtures with a positive Soret effect can become convectively
unstable in TGC when the temperature difference between its
lateral walls exceeds some critical value. At the onset of in-
stability a long stationary vortex is broken into a series of
smaller ones. In mixtures with negative Soret effect there is
a convective instability for any finite temperature difference
due to accumulation of the heavier components at the top of
the column. It occurs in form of a transversal wave propagat-
ing perpendicular to the vertical axis of the column and the
applied temperature gradient. Convective instabilities in TGC
necessarily lead to incorrect measurements.

In the ODI instrument the separation starts to develop
with a negative Soret effect until a sufficient amount of a
denser component is accumulated at the top of the cell.” The
density stratification becomes unstable and at some moment
the flow is initiated in form of large plumes, which con-
vectively transport the heavier liquid downward. Due to the
large differences among the viscous, thermal, and diffusion
time scales, the system has a tendency towards these finger-
ing buoyant instabilities. The advantage of the ODI technique
is that it traces the transient path of the system in the entire
two-dimensional cross section of a cell. Thus, it allows for
studying both diffusive transport mechanisms and convection.
Figure 12 shows a typical example for the development of
convection in the water-IPA mixture containing 80% of water.

Approaching the point of sign change, St — 0, the mea-
surements by the ODI technique have been conducted with
small increments in the mass fraction. Since the ODI tech-
nique allows for a reliable detection of the instability, the

TABLE VI. Diffusion, thermodiffusion, and Soret coefficients measured in
IVIDIL experiment in microgravity, T = 298 K.

c, D/10710 Dy/10~13 S7/1073
water m2s~! m2s~ 1K1 K-!

0.900 6.55 —459 —17.01
0.500 1.62 9.51 5.87
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FIG. 9. Diffusion coefficients D for water/IPA. Own measurements and lit-
erature data from Ref. 37 measured by Taylor dispersion.

concentration at which S changes sign has been established
rather precisely, St = 0 at ¢ = 0.745. This value is in good
agreement with the one determined by the OBD technique.
Because of the small size of the cell in the OBD tech-
nique and the resulting small Rayleigh numbers, also systems
with negative Soret coefficients can be investigated.*? In the
case of unstable density stratification special changes are in-
troduced in the experimental protocol. In particular, an in-
verse temperature gradient (heating from below) is applied to
the OBD cell. The temperature difference is chosen in such a
way that the Rayleigh number does not exceed the instability
threshold. So, the essential advantage of OBD is its capabil-
ity to measure the Soret effect independently of its sign. In
the limit ¢ — 1 the OBD data for S7(c) show a decreasing
slope, which resembles the behaviour of the Soret coefficient
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FIG. 10. Soret coefficients S for water/IPA. Own measurements and litera-
ture data from Ref. 38 measured by flow cell technique at 7= 297 K.
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Both Soret and diffusion coefficients measured in mi-
crogravity (IVIDIL) at ¢g = 0.9 are in satisfactory agree-
ment with the ones measured by OBD and the Sy value co-
incides with that measured about 35 years ago by a flow cell
technique.®®

B. Intermediate concentration regime, 0.2 < ¢ < 0.75

This is the region where all techniques provide reliable
and consistent data for all the quantities Sy, D, and Dy. The
Soret coefficients display a parabolic concentration depen-
dence with a maximum at ¢ & 0.5. The thermodiffusion co-
efficient Dy in this region depends only weakly on concen-
tration, varying from 0.8 x 107! to 1.1 x 10~ m?/s~ 'K~
It is worth noting that, despite of the good agreement among
the three main techniques TGC/SST, ODB, and ODI, there
are slightly different trends towards low water concentrations.
According to OBD there is a very slight increase of Dy with
decreasing ¢, whereas the TGC data show a slight decrease.
The ODI results are in between and approximately constant.
The microgravity data at c = 0.5 are in an excellent agreement
with all three ground based measurements. Also most litera-
ture data for D, measured by Taylor dispersion,37 and for S,
measured by a flow cell technique,®® are in perfect agreement
with our results. There is one pronounced exception: the Soret
coefficient reported by Poty et al.*® for ¢ = 0.7 deviates sig-
nificantly from all other data and seems to be too high.

C. Region with low water content, ¢ < 0.2

This region is difficult to explore by optical means. The
concentration contrast factor (dn/dc) vanishes at approxi-
mately ¢ = 0.07 (see Table II), which means that concentra-
tion variations become invisible for optical techniques. The
common opinion based on experience is that optical measure-
ments become very noisy and inaccurate in this region.
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The results of measurements in the region ¢ < 0.2 by
OBD and ODI are not given in Tables IV and V as they are
considered non-reliable. TGC is not affected in the same way
as the optical techniques from a vanishing refractive index
contrast factor at low water concentration. The relevant con-
trast factor for the composition analysis, 8, = RG] plac),, r
(Table I), remains finite over the entire composition range.
Thus, we expect the coefficients measured for ¢ = 0.1 by
the combination of TGC and SST as still being reliable.
Unfortunately, also the Taylor dispersion literature values
for D scatter significantly in the limit of low water content.
The previous measurements by Poty et al.’® give a hint to a
possible sign change of Sy at ¢ = 0.1, but this trend is not
confirmed by the new results. Our measurements using three
different techniques provide positive Soret coefficients at
¢ = 0.1, although the results are scattered (0.77
x 103K < 87 <1.96 x 103K™!). In particular the
positive Dr(c = 0.1) as measured by TGC should be suffi-
ciently reliable to exclude a sign change of Dy and Sy for
water concentrations down to a few percent. A unique ex-
trapolation to zero water concentration based on all available
data still appears not feasible.

D. Benchmark values

In summary, there are good and sufficient data for the
intermediate concentration range and for high water content.
For low water concentrations the situation is less clear and not
satisfactory. Thus, we have extracted suggested benchmark

values only for water concentrations ¢ > 0.2. These bench-
mark values have been obtained from fits of approximating
spline functions to all available data (Figs. 9-11).

The fit functions have been constructed such that two in-
dependent spline approximations sp and ss, have been for-
mulated for D and Sr as independent coefficients. The fit
function sp, for the dependent coefficient Dr has been de-
fined as sp, = spss,. Both sp and sg, are implemented as
cubic splines with nodes at ¢ = 0.2, 0.4, 0.65, and 1.0. The fit
procedure simultaneously minimizes the sum of the squared
residues for all three coefficients in Figs. 9-11 and deter-
mines the ordinates of the nodes and the derivatives at the
two boundaries ¢ = 0.2 and ¢ = 1.0 as fit parameters.

Where appropriate, we have not only incorporated our
own data, but also the available literature values. Since the
accuracies of the different experimental techniques are com-
parable and since a precise determination of the error bars of
the individual measurements is rather difficult and unclear, or
not available, we have not introduced individual weight fac-
tors. The thus determined final benchmark values for all co-
efficients D, D7, and Sy are tabulated in Table VII. The error
bars have been estimated from the scattering of the residues in
the vicinity of the respective concentrations. A more detailed
discussion of experimental errors will be given in Sec. IV E.

E. Error estimation

The estimation of the errors of the transport coefficients
is a delicate task. The statistical errors can be obtained in
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TABLE VII. Benchmark values for diffusion, thermal diffusion, and Soret
coefficients at 7 = 298 K as calculated from the spline approximations in
Figs. 9-11.

c, D/10710 Dr/10713 S7/1073
water m2s~! m2s~1K~! K-!

0.20 3454+0.2 10.66 + 2 3.09 £ 0.5
0.25 2.87 £0.2 1138+ 1 396 +0.4
0.30 246 +0.1 11.30 £ 0.5 4.60 + 04
0.35 2.16 £ 0.1 10.96 £+ 0.5 5.08 +0.2
0.40 1.93 + 0.1 10.53 £ 0.5 547+0.2
0.45 1.73 £ 0.1 10.04 £ 0.5 5.81+0.2
0.50 1.60 + 0.1 9.57+0.5 599 +0.3
0.55 1.59 £ 0.2 9.31+0.5 5.85+0.3
0.60 1.75+0.2 9.21 £0.5 525403
0.65 2.14+0.3 8.63 +£0.5 4.02+02
0.70 2.79+0.3 5.85+0.5 2.10+£0.2
0.75 3.67+0.3 —133+3 —0.36 £0.2
0.80 471+£03 —14.62+5 —3.10£0.5
0.85 5.87+04 —3458+6 —-589+£09
0.90 71104 —60.16 = 10 —847+£1.5
0.95 835+04 —88.53+8 —10.60 + 2.0

a straightforward manner from the uncertainties of the mea-
sured quantities and material parameters that enter the work-
ing equations. Examples of such parameters are the slit width
and the dynamic viscosity in TGC, the cell height and the
optical path length in OBD and ODI, and the derivatives of
the density and the refractive index with respect to concentra-
tion and temperature. Typically, these quantities are known to
within 0.1% to 1%. The accumulated error is obtained either
analytically according to standard error propagation or, since
the partial derivatives are sometimes not easily manageable,
from a Monte Carlo analysis. It is obvious that parameters
that enter the working equations with a high power, like the
fourth power of the gap width L, in TGC (Eq. (4)), play a
crucial role and need to be known as accurate as possible.

Depending on the technique and the respective transport
coefficient, such a procedure results in relative statistical er-
rors ranging from less than one up to a few percent under
otherwise optimum conditions with sufficiently large contrast
factors and Soret coefficients as observed around ¢ = 0.5. In
case of vanishing S7, around ¢ = 0.75, the absolute error of
the Soret coefficient stays approximately constant but its rela-
tive error naturally diverges for S7 = 0. Since a non-vanishing
concentration signal is required for the measurement of the
diffusion coefficient by optical means, also the error of D as
measured by OBD and ODI increases in this concentration
region.

Even more critical than the location of the sign change
of St is the isopropanol-rich region around a water mass frac-
tion of ¢ = 0.07. Here, the contrast factor (dn/dc),, r vanishes
and, consequently, not only the relative but also the absolute
errors of the transport coefficients obtained from the optical
techniques diverges.

Experience tells that there are often additional unknown
sources of error beyond the statistical and known systematic
errors discussed above. These errors are very difficult to
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quantify and may stem from unaccounted-for minor ex-
perimental details like non-uniform boundary conditions,
small temperature inhomogeneities, or stability problems.
Naturally, these unknown conditions are not included in the
mathematical model of the experiment used for data evalua-
tion. Such unknown systematic errors can only be estimated
from repeated measurements on the same or similar samples,
from systematic variations of experimental parameters like
the employed temperature difference, and from long term
practical experience with the respective experimental setups.
Additional complications arise from correlations between
errors of the different coefficients. For this reason, the error
of, e.g., St = D7/D cannot easily be obtained from the
individual errors of D and Dy. As an example, the errors of
D and Dr may be significant, but, nevertheless, the Soret
coefficient can be determined with a high accuracy, since it
is entirely encoded in the stationary amplitude of the OBD
signal. A rough estimation of the errors can also be obtained,
without complicated assumptions, from the fluctuations of
the data points for different concentrations around a smooth
interpolating curve. The errors given for the benchmark
values have been estimated to the best of our knowledge and
also contain, besides the easily quantifiable errors, realistic
estimates of these additional error sources, where possible.

V. CONCLUSIONS

Soret (S7), thermodiffusion (Dr), and diffusion (D) coef-
ficients of water-isopropanol mixtures have been measured by
three different techniques over the full concentration range.
Additionally, the coefficients for two compositions, one with
positive and the other with negative Soret effect, have been
measured in microgravity in the IVIDIL experiment on the
ISS. The thermodiffusion coefficients D7 have directly been
measured in TGC and combined with diffusion coefficient
measurements by SST in order to obtain S7. From the optical
methods OBD and ODI all three coefficients Sz, Dy, and D
could be obtained simultaneously. Although the benchmark
quantities were measured at Tp = 298K, the OBD data
are also provided for two additional mean temperatures:
Tp = 288 K and 308 K.

An excellent agreement between all the results is
observed over a broad range of water concentrations, 0.2
< ¢ < 0.70, proving that all the techniques are capable to
provide reliable and consistent data. The benchmark values
have been elaborated for this concentration region along
with an estimation of the errors. Because of the sign change
of Sy at ¢ = 0.745 from positive to negative, the system
becomes gravitationally unstable. Thus, the measurements in
water rich area (¢ > 0.70) were conducted only by the OBD
technique and in microgravity. In the region with low water
content (¢ < 0.2) the optical measurements are difficult due
to the small absolute value of the contrast factor (dn/dc),, 7. It
leads to the scattering of the results in this region. Within the
accuracy of our experiments we did not observe a tendency
for a second sign change of the Soret coefficient. Except for
certain concentrations, the available literature data are in a
satisfactory agreement with our benchmark values.
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Measurement of thermodiffusion coefficient of hydrocarbon binary
mixtures under pressure with the thermogravitational technique

P. Urteaga,” M. M. Bou-Ali,""® D. Alonso de Mezquia," J. Santamaria,' C. Santamaria,?
J. A. Madariaga,® and H. Bataller®
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3Laboratoire des Fluides Complexes — UMR 5150, Université de Pau et des Pays de I’Adour, BP 1155,

64013 Pau, France

(Received 9 May 2012; accepted 2 July 2012; published online 19 July 2012)

It was designed and constructed a new thermogravitational column able to operate at high pressures
(up to 50 MPa). This new thermogravitational column is of the cylindrical type with closed
ends. It is made of stainless steel. The length of the column is 0.5 m and the gap between
its two walls is variable. First, the column was validated at atmospheric pressure by means
of measurements of the thermodiffusion coefficient of well-known binary mixtures. Then, this
new thermogravitational column was used to measure the thermodiffusion coefficient of the
binary mixtures 1,2,3,4-tetrahydronaphtalene/isobutylbenzene, 1,2,3,4-tetrahydronaphtalene/n-
dodecane, and isobutylbenzene/n-dodecane at high pressures and within the pressure range
between 0.1 and 20 MPa at a mean temperature of 25°C. We have found a linear dependence
between the thermodiffusion coefficient and the pressure. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4737628]

I. INTRODUCTION

The processes of transport of matter in liquids due to ther-
modiffusion have acquired a considerable interest in very dif-
ferent problems like: hydrodynamics instability analysis,' the
transport of matter in living creatures,> or in some practi-
cal problems, like polymer division*> and modeling oil fields
for optimal exploitation.® Nowadays, the use of thermal diffu-
sion also is of great interest in environmental problems, like
aerosol deposition or thermophoresis.”-® From the industrial
point of view, the importance of thermodiffusion in oil field
exploitation lies in the knowledge of composition variations
of fluids that imbue the reservoir.” It is important to analyze
the influence of the pressure on the transport properties of
dense mixtures. This is done in order to improve the descrip-
tion of the initial state of a reservoir, i.e., the initial distri-
bution of the components within a reservoir.'®!! At depths
near 4000 m, the fluids are often close to critic conditions, and
consequently they are very sensitive to applied forces such as
gravity, temperature, and pressure gradients.'>'3 The exper-
imental data of transport properties like thermodiffusion co-
efficient, ordinary diffusion coefficient, and Soret coefficient
of fluid mixtures (liquid and liquefied) under pressure would
help when numerical models are applied in order to predict
and optimize the exploitation of oil fields.'* !> Some exper-
imental work has been done for fluids in the critical region,
which shows a considerable dependence between thermal dif-
fusion factor and pressure.'®!” Additionally, results for the
thermodiffusion coefficient at high pressures measured in mi-
crogravity conditions have been recently published.'> '8 How-
ever, the lack of experimental data for these coefficients un-

®Electronic mail: mbouali @mondragon.edu.
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der the conditions at which the fluids are found in the oil fields
still represents an additional difficulty for further development
in the industrial sector from the theoretical, numerical, and
experimental point of view.'”

In a recently carried out benchmark® for values of
thermodiffusion, molecular diffusion, and Soret coefficients
of binary mixtures, the efficiency of the thermogravitational
technique and the corresponding experimental method for
determining the transport properties of liquid mixtures have
been demonstrated. The thermogravitational effect is the re-
sult of a thermodiffusion (due to a thermal gradient) and con-
vection effect in the gravitational field. Up to now, the ther-
mogravitational technique has been used only at atmospheric
pressure. Nevertheless, the conditions in which the hydrocar-
bons are found in oilfields, depending on the systems, imply
high pressure. All this has encouraged us to get involved in a
project to design and build a new thermogravitational column
that allows us to experimentally determine the thermodiffu-
sion coefficient at several pressures, up to 50 MPa, for both
liquid and liquefied mixtures (Patent No. ES 2 330 905 B1).

Il. THE NEW EXPERIMENTAL DEVICE

The built setup has a new structure and methodology,
which makes possible to carry out experimental measure-
ments of stationary separation of the components in fluid mix-
tures under high pressures.

The described installation, which is able of working with
pressures within the range of 0.1-50 MPa, allows using all
type of fluids—liquid phase and liquefied gases. Moreover, the
installation allows an easy assembling and disassembling of
its components. Also, it is possible to vary the width of the
gap where the liquid mixture is located by changing the inner

© 2012 American Institute of Physics
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FIG. 1. High-pressure thermogravitational column setup.

cylinder of the column. Another advantage of this device is
that sampling method allows extraction of the samples at the
same pressure as they are inside the gap (isobar extraction).

The new high-pressure thermogravitational setup (TGC-
HP) is constituted of 4 different modules as can be seen in
Figure 1: thermogravitational column, fluid loading system,
high-pressure generation system, and the sample extraction
system. The different modules that make up the installation
are described in the following paragraphs.

The thermogravitational column is composed by two
coaxial cylinders. The distance between the inner and the
outer cylinder is the gap. Each cylinder is thermo-regulated
by a water thermostatic bath (Lauda T-1200) in order to
produce the necessary temperature gradient between the
walls of the gap. The main factors to consider when design-
ing and manufacturing a thermogravitational column are:
the dimensional, geometric and surface finish tolerances,
compatibility of materials, sealing for the entire range of
pressures up to 50 MPa and to be detachable and easy to
handle throughout the whole experimental process. Extensive
structural calculations of the column under pressure have
been done. The column is constructed in stainless steel
and the height is 500 mm, having five equidistant sample
extraction taps along it. The gap width for this study is 1.000
4 0.005 mm (we have used only one inner cylinder). When
designing a thermogravitational column, it is important to
considerer the validity limits of the Furry, Jones and Onsager
(FJO) theory.?"»?? In order to do this, we have to know the
real temperature gradient between the two walls of the gap.
To collect reliable information about the gap’s outer and inner
walls temperatures, the previously described installation has
four “J” type thermocouples, of 1 mm diameter. Two of them
are in the top and the other two in the bottom of the column.
These thermocouples allow measuring the horizontal temper-

ature gradient with an accuracy of 0.01 °C. In addition, the
device has a pressure transducer in the top part of the column
in order to know the pressure of the fluid inside the gap. To
guarantee a totally hermetic closing of the gap, single acting,
spring-energized, PTFE seals are used. The spring supplies
the load required for sealing at low pressure while when
pressure increases the “U” shaped jacket allows fluid pressure
to energize the sealing lips, so total sealing pressure rises.
Once the steady state is reached the extraction of the samples
for being analyzed can be done across the valves, which are
integrated in the outer tube of the column. Thanks to the
valves design the extraction can be done, both, at atmospheric
pressure and at high pressure. The valves ensure hermetic
closing while they eliminate all the possible dead volumes.

The loading module allows the introduction of the fluid
mixtures inside the thermogravitational column from the bot-
tom of the column at controlled speed. The fluid is forced
inside the column by means of compressed air’s pressure.
Filling the column from the bottom reduces the possibility of
death volumes inside the gap.

The operation pressure is achieved by means of the pres-
sure generation system, see Figure 1. This system is able to
generate pressures up to 50 MPa in the fluid inside the col-
umn. This module is composed of a pressure intensifier which
has a pressure relation of 1-5 and a fluid storage capacity of
120 cm®. The intensifier is driven by a hydraulic system with
proportional valves that make it possible to control the pres-
sure in the gap, as well as the sample extraction speed and
volume.

In the sample extraction system, the extracted volume of
liquid is controlled by means of cylinder displacement. In or-
der to do this, the hydraulic cylinder has a displacement trans-
ducer which provides continuous information about the cylin-
der’s position. The sample extraction and analysis have to be
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made without any change on pressure throughout the whole
process. This is possible thanks to the fact that the whole sys-
tem is preloaded up to the process pressure, and afterwards
all the installation is maintained at constant process tempera-
ture gradient and pressure. The sample extraction system al-
lows two different options for the analysis of the samples.
One possibility is to analyze the sample without any pressure
loss, connecting the thermogravitational column directly to
the analysis system (see Figure 1). Another possibility, which
can only be used when working with liquids, is to decrease the
pressure of the fluid down to atmospheric pressure and carry
out the analysis of the samples at this pressure. This proce-
dure has minor influence in the obtained results as pressure
decrease is not done until the separation process is completed.
On the other hand, this second option has the advantage of be-
ing less time consuming. In this study, the last option has been
used in the measurements.

lll. WORKING EQUATIONS

The theory of the thermogravitational column, which was
proposed by FJO,?* establishes a relation between the steady
separation of the components and the thermodiffusion coeffi-
cient Dy as follows:*

504 L, v
Ac = ——4€i(1 —Ci)—DT, (1)

g L: o
where Ac is the mass fraction difference between the top and
the bottom of the column, L, is the annular gap dimension,
L, is the total length of the column, g is the gravity acceler-
ation, ¢; is the mass fraction of the reference component in
the initial homogeneous mixture, « is the thermal expansion
coefficient, and v is the kinematic viscosity (v = u/p), being

u the dynamic viscosity and p the density of mixture.

In thermogravitational column, we measure the variation
of the density along the column’s height d o/0z. The mass sep-
aration at the steady state Ac is determined by means of the
following equation:?>-2°

L, dp

Ac = —,
B-poz

@)

where B and p are, respectively, the mass expansion coeffi-
cient and the density of the studied mixture.

The time necessary to reach the stationary state in a ther-
mogravitational column is typically five times the relaxation
time (¢,), given by the following expression:>*

9(L,v)’D

= ——""75, 3)
(grrotATLfc)2

where D is the molecular diffusion coefficient and AT is the
applied temperature gradient. The effect of pressure in the
value of ¢, is mainly represented through the viscosity, as it
is this property the one which is more influenced by the pres-
sure.

As the molecular diffusion coefficient D of studied mix-
tures at high pressures in this article is unknown, an upper
bound value (10~° m?/s) is taken to estimate the order of mag-
nitude of the relaxation time corresponding to each mixture.

Rev. Sci. Instrum. 83, 074903 (2012)

Nevertheless, by using the Leffler-Cullinan relation®’ it is pos-
sible to make an evaluation of the molecular diffusion coeffi-
cient D as a function of the pressure

D x u ~ constant, (@)

where p is the dynamic viscosity of the fluid. Generally, the
viscosity increases with the pressure, so a decrease in the
value of the molecular diffusion coefficient D is expected.

Each experimental test was repeated three times for
each mixture, and at least in one of them the time of the
experiment was 15 times the relaxation time. This assures
that the stationary state has been reached. The reproducibility
in the obtained values of the separation of the components in
all the tests was lower than 5%.

IV. EXPERIMENTAL RESULTS
A. Setup validation

The validation of the new column was performed at
atmospheric pressure by means of test with liquid bi-
nary mixtures which transport properties are sufficiently
verified in the bibliography. The binary mixtures selected
were: toluene/n-hexane, water/ethanol, and the three binary
mixtures composed of pairwise combinations of 1,2,3,4-
tetrahydronaphtalene, isobutylbenzene, and n-dodecane. The
toluene/n-hexane and water/ethanol mixtures have been
widely studied?!-2#2328-33.35 at temperatures close to 25°C
and the three last binary mixtures have been used in the bench-
mark test of Fontainebleau? to compare various experimental
techniques. From here on, 1,2,3,4-tetrahydronaphtalene will
be referred to as THN, isobutylbenzene as IBB, n-dodecane
as nCy,, water as H,O, ethanol as ETH, toluene as TOL, and
n-hexane as nCg. Measurements were performed at 25 °C and
0.1 MPa. The composition of mixtures was 50 wt. % except
for the mixtures HyO-ETH (cy = 60.88 wt. % water) and
TOL-nCg (co = 51.67 wt. % toluene).

All the components used in this study were purchased
from Merck and Aldrich with purity higher than 99%; and
were used without further purification. The mixtures have
been prepared by weight by introducing the less volatile com-
ponent first, and then adding the corresponding amount of
second component. Finally, the mixtures were shacked to en-
sure a homogeneous mixture. Approximately 300 cm?® were
used in this study to make each experimental test in the TGC-
HP setup. After the preparation, the density of the mixture
was measured to confirm that the composition deduced from
a previously done calibration curve agrees with the prepared
one. This was always the case.

A vibrating-quartz U-tube densimeter manufactured by
Anton Paar (DMA 5000) with an estimated temperature fluc-
tuation of 0.005 °C and accuracy of 5 x 107° g/cm® was
used to measure the density p of the samples at atmospheric
pressures. By repeating the density measurements at different
temperatures (24, 24.5, 25, 25.5, and 26 °C), the thermal ex-
pansion coefficient « = —(1/p)(dp/dT) was determined. Sim-
ilarly, the mass expansion coefficient can be calculated from
a calibration. The calibration is made measuring the density
of several mixtures of known composition. The mass fraction
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TABLE I. Thermophysical properties (p, density; 8, mass expansion coef-
ficient; «, thermal expansion coefficient; , dynamic viscosity) at 25 °C and
0.1 MPa for the mixtures used for validation of experimental setup and pro-
cedure in this work.

Mass fraction of P o "

System cj-c; component i (C;) (kg/m3) B (103K~ (1073 Pas)

THN-IBB 50 wt. % 904.5 0.128 0.8876 1.374
IBB-nC, 50 wt. % 7923 0.130  0.9612 1.133
THN-nC, 50 wt. % 8412 0.257 0.8950 1.523
H,O-ETH  60.88 wt. % H,O  935.8 0.220  0.7892 2.380
TOL-HEX  51.67 wt. % TOL 7484 0.275 1.2280 0.386

of these mixtures is always close to the mass fraction of the
studied one (cy = 0.02). In all the cases, a linear relationship
between the density and the mass fraction is observed. From
the obtained calibration line, we determine the mass expan-
sion coefficient 8 = (1/p)(3p/3c).?

Dynamic viscosity of the mixtures at 0.1 MPa has been
determined by a Haake falling-ball viscometer with an accu-
racy of £1%. The value for the viscosity p of the mixtures
used in the study corresponds to the mean value of three inde-
pendent measurements.

Table I shows the density, mass expansion coefficient,
thermal expansion coefficient, and dynamic viscosity at
0.1 MPa of the binary mixtures used in the validation process.

Generally, a good agreement exists between our data and
the data set reported in literature for these mixtures.3%33
Especially, the data measured by Leahy-Dios and A.
Firoozabadi,?® which has also been measured using the ther-
mogravitational technique but in its plane configuration, are
in excellent agreement with the data obtained by us.

The vertical density gradient d,0/9z along the column is
determined by measuring the density of the samples taken
at stationary state, from five sampling outlets uniformly dis-

Rev. Sci. Instrum. 83, 074903 (2012)

tributed throughout the column height. The average tempera-
ture of the fluids in the measurements was of 25 °C and the
difference of temperatures between the walls of the gap was
AT = 6°C. Table II shows the results obtained for the density
gradient for the mixtures analyzed in the validation process.

With the values of thermophysical properties shown
in Table I and the data obtained for the density gradient,
we can determine the thermal diffusion coefficient using
Egs. (1)and (2). Table II shows our results for the thermal
diffusion coefficient Dy along with the values taken from
the literature®®2!24:25.28-33.35 of the mixtures used in the
validation process. The agreement between our results and
those in the literature can be considered excellent if we
consider the experimental error.

On the other hand, Eq. (1) predicts that Dy does not
depend on the temperature gradient established between the
walls of the column. Experimental measurements of separa-
tion of the components of the mixtures in the TGC-HP at dif-
ferent temperature gradients between cold and hot walls have
been made for the mixtures, toluene-n hexane (cy = 51.67
wt. % toluene) and water-ethanol (cy = 60.88 wt. % water)
at 25°C. As can be seen in Figure 2, the values found for the
stationary separation were identical, within the experimental
error, in all the cases. This result is another factor that let us to
figure out that the construction of the new column is adequate.

With the validation results shown here, we are confident
that the new TGC-HP can be used to measure Dy with relia-
bility and accuracy.

B. Dependence of thermodiffusion coefficient
with pressure

With purpose to determine the thermodiffusion coeffi-
cient, it is required to previously know the values of p, «,
and p to the pressure at which the measurements have been

TABLE II. Thermodiffusion coefficient Dy for binary mixtures TOL-nCg (51.67 wt. % toluene), HyO-ETH (60.88 wt. % H,0O), THN-IBB (50 wt. %), THN-
nCpa (50 wt. %), and IBB-nC, (50 wt. %) at 25°C, 0,1 MPa and AT = 6°C. dp/dz is the vertical density gradient along the thermogravitational column.

~ D7 x 1072 (m? s~ K1) 10712 (m?/s K)
(this work)

System (kg/ m)

Dy x 10712 m? s~ K1) 10712 (m?/s K)
(literature)

TOL-nCg 15.1 13.6

H,O0-ETH 11.0 1.35

THN-IBB 7.40 2.8

THN-nC, 33.93 6.0

IBB-nC» 7.58 3.8

13.6 (Ref. 29)
13.2 (Ref. 24)
13.6 (Ref. 31)
13.5 (Ref. 33)
13.3 (Ref. 21 and 35)

1.37 £ 0.01 (Ref. 25)
1.34 £ 0.01 (Ref. 28)
1.32 (Ref. 30)
1.36 (Ref. 31)
1.35 (Ref. 32)
1.46 (Ref. 29)

2.8 £ 0.1 (Ref. 20)
2.81 £ 0.13 (Ref. 28)

5.9 4 0.3 (Ref. 20)
5.88 £ 0.2 (Ref. 28)

3.7 + 0.2 (Ref. 20)
3.85 & 0.15 (Ref. 28)
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FIG. 2. Dependence of the vertical gradient of concentration with the differ-
ence of temperatures between the walls of the column AT. l: H,0-ETH; l:
TOL-nCs.

performed. The density and dynamic viscosity of the mixtures
at high pressures were determined in the Laboratoire des
Fluides Complexes of the University of Pau by means of a
DMA HPM Anton Paar densimeter equipped with a mPDS-
200V3 unit and a falling body viscometer (semi-automatic
Stony Brook Scientific HPHT V-viscosimeter). The complete
experimental assembly has been described in detail in
Ref. 36. The mixtures analyzed were the corresponding to the
benchmark of Fontenaibleau,? THN-IBB, THN-nC,,, and
IBB-nC;;, at ¢y = 50 wt. % and 25 °C. Table III shows the
measured values of density, thermal expansion coefficient,
and dynamic viscosity variation for different pressures (up to
20 MPa). It can be observed that thermal expansion coefficient
goes down slightly as the working pressure rises. On the con-
trary, the dynamic viscosity rises when working pressure in-
creases. An analysis of these data shows how the dependence
of the dynamic viscosity with the pressure is lineal (Figure 3).

The stationary separation of the components in function
of working pressure has been measured in the TGP-HP at an

Rev. Sci. Instrum. 83, 074903 (2012)
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FIG. 3. Dynamic viscosity of the mixture versus pressure at 25 °C. Experi-
mental results: @: THN-IBB; A: THN-nC;,; l: IBB-nCy,.

average temperature of 25°C and a temperature difference
between cold and hot walls of AT = 6°C. As example,
Figure 4 shows the variation of density of the mixture among
the height of the TGC-HP for THN-nC, mixture at 10 MPa.
The variation of the density with the height of the column is
linear as it should be from Furry-Jones-Onsager theory for a
small separation between the top and the bottom of the col-
umn when the spacing between the two walls is larger than,
say 1 mm.?” The value of its slope allows us to know the value
of the gradient d p/dz. The density decreases with elevation as
it should because Dy > 0, and therefore, the lighter compo-
nent migrates to the hot wall and concentrates in the top of the
column. The relative pressure range at which the tests have
been carried out is between 2 and 20 MPa. In addition to the
well-known obtained value at atmospheric pressure, 10 more
tests have been made at the following pressures 2, 4, 6, 8, 10,
12, 14, 16, 18, 20 MPa. Now, from the density gradient 9 p/dz,
we calculate the difference between the mass fraction at the
top and the bottom part of the column from Eq. (2). Each

TABLE III. Thermophysical properties (o, thermal expansion coefficient; 8, mass expansion coefficient, and p, dynamic viscosity) for THN-IBB, THN-nC;5,
and IBB-nCj; at ¢p = 0.5 (mass fraction), 25 °C (average temperature), and pressures up to 20 MPa.

Pressure (MPa)

Thermophysical properties 2 4 6 8 10 12 14 16 18 20
THN-IBB

p (kg/m?) 904.8 906.1 907.5 908.6 910.1 911.3 912.5 913.9 914.9 916.1

a x 1073 (K71 0.86 0.85 0.84 0.85 0.85 0.84 0.84 0.82 0.81 0.81
 (mPas) 1.35 1.37 1.39 1.42 1.43 1.46 1.48 1.50% 1.52¢ 1.54%
THN—nClz

o (kg/m?) 842.7 843.4 845.0 846.5 847.1 848.8 850.0 851.1 852.3 853.0
a x 1073 (K1) 0.85 0.83 0.82 0.84 0.84 0.82 0.81 0.79 0.79 0.80
1 (mPas) 1.50 1.53 1.57 1.60 1.64 1.66 1.71 1.74% 1.77° 1.81%
IBB-nCj»

o (kg/m?) 792.9 794.5 795.7 796.9 798.6 799.6 800.7 801.9 803.4 805.1

a x 1073 (K1 0.90 0.89 0.88 0.90 0.90 0.89 0.88 0.87 0.85 0.86
© (mPa s) 1.11 1.14 1.16 1.19 1.22 1.24 1.26 1.28% 1.312 1.33%

“Extrapolated values.
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TABLE IV. Stationary separation (Ac) and thermal diffusion coefficient (D7) for THN-IBB (50 wt. %), THN-nCj; (50 wt. %), and IBB-nCj2 (50 wt. %) at

25 °C and pressures up to 20 MPa.

THN-IBB

THN-nCj> IBB-nCj>

Pressure (MPa) dp/dz (kg/m*)  Ac Dy (10712 m?/sK)

dpldz (kg/m*)

Ac  Dr(1072m%sK) dp/dz (kg/m*)  Ac Dy (10712 m?/sK)

2 6.87 0.0295 2.65 33.76
4 7.09 0.0305 2.67 33.00
6 7.05 0.0304 2.59 32.70
8 7.06 0.0304 2.57 32.38
10 6.86 0.0295 2.48 31.85
12 6.94 0.0299 2.44 31.54
14 6.94 0.0298 2.40 31.11
18 6.74 0.0289 2.19 30.65
20 6.64 0.0285 2.13 30.73

0.0781 5.80 7.76
0.0764 5.43 7.77
0.0757 5.19 7.70
0.0749 5.18 7.54
0.0737 4.97 7.62
0.0730 4.76 7.51
0.0720 4.51 7.46
0.0709 4.19 7.40
0.0711 4.17 7.35

0.0375 3.77
0.0376 3.64
0.0372 3.51
0.0365 3.43
0.0370 3.39
0.0364 3.25
0.0361 3.15
0.0360 291
0.0359 2.89
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FIG. 4. Density variation through the height of column for THN-nC, with
co = 0.5 at mean temperature of 25 °C and pressure of 10 MPa.

0 . | . 1 . 1 . I .
0 5 10 15 20 25

Thermodiffusion Coefficient x 10" (m’s'K™)

Pressure (MPa)

FIG. 5. Thermal diffusion coefficient versus pressure at 25 °C. Experimental
results: A: THN-nCj»; B: IBB-nC}»; @: IBB-THN. Data of benchmark:2’
A: THN-nCy,; O0: IBB-nCj;; o: IBB-THN.

experimental test is repeated 3 times for each mixture and in
the entire test we ensure that the separation has reached the
stationary state. In Table IV, the mean values of the vertical
density gradient d0/9z and the separation Ac for the different
pressures are shown. It can be observed that the obtained gra-
dient, i.e., the separation, decreases slightly when the working
pressure rises. In the systems THN-IBB and IBB-nCj,, the
influence of the pressure on the stationary separation is light
and practically we can consider, within the experimental error,
that its value does not depend on the pressure (at least until 20
MPa). Nevertheless, for the mixture THN-nC,, the pressure
in the column sensibly affects the stationary separation.

Thermodiffusion coefficient D7 has been determined for
the binary liquid mixtures THN-IBB, THN-nC),, IBB-nCy,
at mass fraction of 50%, mean temperature of 25°C and
working relative pressures up to 20 Mpa. The obtained
values for D7 are shown in Table IV. From Table IV, it
can be stated that for all the mixtures studied the variation
of Dy with working pressure fits rather well to a linear
variation and it decreases as working pressure rises. This
linear dependence is fundamentally due to the dependence of
viscosity with pressure, which is also lineal (Figure 4). The
values of Dy generated by these straight lines for 0.1 MPa
agree excellently with the proposed ones in the benchmark
of Fontainebleau (see Fig. 5). This agreement indicates the
consistency of our values for the thermal diffusion coefficient
to pressures superior to the atmospheric one.

A diminution in the value of the thermodiffusion coeffi-
cient when increasing the pressure also was found by Ruther-
ford et al.'® in the system methane-n butane between 9.65 and
20.69 MPa.

V. CONCLUSIONS

In this work, we have designed and constructed a new
thermogravitational column for the determination of ther-
modiffusion coefficient under high pressures. The new ther-
mogravitational column constructed is a conventional stain-
less steel concentric tube column, closed at both ends. The
working pressure is generated by a pressure intensifier and
is driven by a hydraulic system with proportional valves that
makes possible to control pressure in the gap, as well as the
sample extraction speed. Measurements of thermodiffusion
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coefficient in fluids at pressures up to 50 MPa can be per-
formed with this new thermogravitational column (Patent No.
ES 2330905 B1).

This thermogravitational column was validated by sev-
eral experimental test realized at atmospheric pressure for bi-
nary mixtures whose transport properties are sufficiently ver-
ified in the bibliography and widely used in the literature.

Additionally, we have measured the thermodiffusion co-
efficient under different pressures (up to 20 MPa) of the bi-
nary mixtures THN-IBB, THN-nC;,, and IBB-nC;,. We have
found a linear dependence between the thermodiffusion coef-
ficient and the working pressure.
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In this work, the results obtained for the Soredfficient inn-alkane equimolar binary mixtures are
presented. The Soret coefficient has been detednipan indirect method by means of the experintenta
results obtained for the thermodiffusion coeffi¢iby the thermogravitational technique, and for the
molecular diffusion coefficient by the sliding syratric tubes technique (SST). Additionally, a new

10 correlation for the determination of the Soret &ioefnt in normal alkane binary mixtures is preseht
This correlation is able of determining the valdi¢his coefficient for any concentration of the
components, using the data of the thermal expartsiefficient and the dynamic viscosity of the pure

substances in the mixture and the density of thénsmjar mixture.

A Introduction

15 When a thermal gradient is applied to a binaryitiguixture, a
separation process of the components in the miituneduced,
which causes a diffusion process due to the coratéon
gradient generated within the mixture. This phenoone which

When the mixture is composed by gases, the thediffakion
factor () is more commonly used to describe this phenomenon
This factor is defined as:

T
Co(1—co) VT

ar=Sr-T=

4)

4s At low pressures, the thermal diffusion factor gdiseous

is known as Soret efféct, generates a flux of matter that can be mixtures is almost independent with compositione Kinematic

20 quantified by the following expression:

Ji = =pD 55— pDrey(1 — ) 5 &)
The first term on the right side of this equatiepresents the
Fick's law of diffusion, beingc the mass fraction of the
reference componentandD the molecular diffusion coefficient.
25 The second term of this equation describes theribdiffusive
effect, which is proportional to the temperaturadjent, beind+
the thermodiffusion coefficient. This second term em. (1)
describes the mass separation due to the thereudilegt, and the
first summation term refers to the homogenizatibthe mixture
30 by the molecular diffusion. Both terms are of opp®sign, and
when they become equal, a stationary state, inhwie flux Q)
neglects, is reached. In this situation the folloyvean be written:

¢ _ _Dr e
ax D CO(l CO)ax

&)

The efficiency of the separation in the stationatgte can be
35 judged by the ratio,

®)

which is known as the Soret coefficient.
This coefficient can be positive or negative defieg on the
sign of Dy, i.e., the direction of the migration of the refece
40 component to the cold wall or to the warm wall.

theory of gases predicts thaf can be almost determined by the
molecular weights or the size relation of the specof the
mixture®™”.

The absolute value of this coefficient for orgamaxtures is
small, in the order o8; =10%-10% K*. Nevertheless, the Soret
effect has huge influence in several phenomenadaft been
demonstrated how the Soret effect has many infleencthe
initial distribution of the components in oil regeirs®*° as well
ssas in their exploitatiol. It has also been checked how this

phenomenon can be used in separation processemlofjib

mixtures?, and it has been considered too as an important
mechanism in the origin of lif&

Even nowadays, the experimental results of theffimient for
s0 @ Mixture obtained using different experimentahteques, are
scatterelf. Apart from this, the few existing microscopic thies
are not completely in agreement with the experialedata®.
This is why the experimental determination of theres
coefficient has gained renewed interest.

For these reasons, in this study the Soret casficof 23
different equimolar mixtures of-alkanes at 25°C has been
determined. These mixtures correspond to the fatigwthree
series: NCg-nC;, nCy¢nC;, and nC,,-nC,. To determine the
thermodiffusion coefficient the thermogravitationethnique has
7o been used while the determination of the molecdiéfusion

coefficient has been done by the sliding symmadtrizes (SST)

technique.
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The obtained results make the study of the infteeim the  Table | Values of the density], thermal expansion coefficient){

Soret coefficient of the molecular weight and thensity of n- dynamic viscosity ) and relative masg) for the equimolar binary
alkanes possible mixtures §=0.5) used in this work at 298 K.

The Soret coefficient of 20 mixtures of the systen@,-nCs, p a 107 u 1073 psM
Mixture )

nClz-n(?S, an'd nC,>-nCg in different compositions has also been (glen?) (K Pa3 (q'/cm?)
determined in order to conduct a study on the degpece ofS;
with the molar fraction of the mixtures. nCy-nCs  0.698508  1.159 0538  0.24556  0.058457
nCy;-nCs  0.706712 1.124 0.623 0.28918 0.072133
. nCy;-nCs  0.713792 1.095 0.730 0.32808 0.085167
B Equipment and procedure nC;=nCs 0.720307  1.068 0.831  0.36290 0.097693
B.1 died mi nCi+nCs 0.726124 1.047 0.945 0.39431 0.109630
-1 Studied mixtures NnCinCs 0.731762  1.025 1108 0.42277 0.121220
: . . . 0 . nC;enCs  0.736556 1.009 1.260 0.44868 0.132010
In this work, 23n-alkane binary mixtures at SQA).molar fraction nCynC. 0.741007  0.991 1432 047200 0142310
have been prepared, corresponding to the series: NCie-nC; 0.745086  0.976 1.715  0.49407  0.152270
nCy-nCs  0.689961 1.203 0.486 0.32705 0.074117
nCe-nC; with i=10, 11, 12, 13, 14, 15, 16, 17, 18; nC,-nC;  0.706677 1.122 0.608 0.17354  0.043280
- with = . nCy-nCyc  0.745410 0.976 1.410 0.16470 0.050850
nCyrnG with i=5, 6, 7, 14, 15, 16; nCi-nCyc 0749433 0960 1582 019774 0.062379
nCy-nC; with i=5, 6, 7, 8, 9, 16, 17, 18. NCinCyc 0.752850  0.952 1.762  0.22827 0.073330
nCy;-nCs  0.706503 1.126 0.671 0.40492 0.100890
In addition, this work has been completed studyihe ”glz'ng 8-;32:2333 i-ggg 8-28; 8-%3?53 8-822583(6)‘11
: P : T : _ NnCy2-NCsg . . . . .
influence of composition in Soret coeﬁ|C|er)t |retbystem$lclg nCunCs 0.731708  1.021 0992 014096 0040407
nCG, nClz-nC7, nClz-nCS andnClo-ncs. For this end the foIIowmg nCie-nCy;  0.759300 0.930 2.113 0.14141 0.047004
mixtures have been prepared: nCy-nCy; 0.759557  0.922 2.389 0.17029  0.056679
nCie-nCy;  0.761665 0.909 2.665 0.19810 0.067814
NnCy,.nCs (%=0.10, 0.30, 0.34, 0.50, 0.70, 0.90); 2 Footnote text.
NnC1,.nC; (%,=0.10, 0.30, 0.37, 0.50, 0.70, 0.90); . —
NC1-NCs (%,=0.07, 0.31, 0.40, 0.50, 0.73); ss B.2 Determination of Soret coefficient
NnCy-nCs (%=0.10, 0.20, 0.34, 0.50, 0.64, 0.80). For the determination of the Soret coefficient asddefined by
eg. (3), it is necessary to know the value of tierrhodiffusion
wherex; is the molar fraction of the first component. coefficient and the molecular diffusion coefficienin the

All the products used in this study were purchdseeh Merck  following, the process followed to determine thesefficients
with purity better than 99%. The mixtures have bpmpared by ¢, will be described.

weight using a Gram VXI-310 digital scale with segision of
0.001g, introducing first the less volatile compenand then
adding the corresponding amount of the second coergo The molecular diffusion coefficient was determirmdthe sliding
An Anton Paar DMA 5000 vibrating quartz U-tube diemeter, symmetric tubes (SST) technique.
having an accuracy of 5 - 1@/cn?, has been used to determine  The SST technique consists of several sets of iteatical
the density of the mixtures. Since we are workinghvemall s vertical tubes. Each set has two positions: "fackes” in which
mass fraction differences, it can be supposedgkat;, wherep the mass transfer between both tubes is permétsdi;'separated
is the density of the mixture, is the mass fraction of component tubes". In this position, the content of the tulseisolated. At the
i in the binary mixture, andx is a constant parameter. To beginning of an experiment, the studied mixturethva slight
determine the constant parametay,five mixtures of known difference of mass fraction of its components (c}3%e
concentration are prepared by weighting and thes density of + introduced in each of the tubes. The mixture withigher mass
each mixture is measured. Thus, we determine ttes finaction  fraction of the denser component is introducedhia bottom
with a deviation around £0.01 wt %. tube, and the upper tube is filled with the mixtweéh less
The dynamic viscosity) of the studied mixtures has been concentration of the denser component so that tmvective
measured with an Anton Paar AMVn falling ball instability is avoided. The two tubes with whichchaset of the
microviscometer, with reproducibility better thari@. 75 device is provided have the same dimensions (leofy60+0.01
The thermophysical properties, densig), (thermal expansion mm and diameter of 9+0.01 mm).
coefficient (@ and dynamic viscosity f were measured in this The tubes in their "separated tubes" positiorfiieel with the
work and also taken from ref. 16, 17 and ref. I8esk values are  mixtures, next introducing the sets in a water baghthat the
detailed in Table | and Table II. All the measureisevere done  mixture obtains the working temperature (T=298 Rhce the
at 298 K. so mixture has reached the working temperature, alls#ts in the
bath are changed to their "faced tubes" configomatstarting in
this manner the diffusion process.

B.3 Determination of molecular diffusion coefficien.

2 | Journal Name, [year], [vol], 00-00 This journal is © The Royal Society of Chemistry [year]



Journal Nam

Cite this: DOI: 10.1039/c0xx00000x

WWW.rSC.0

FQ/XXXXXX

Dynamic Article Links »

ARTICLE TYPE

Table 1l Values of the density), thermal expansion coefficient),
dynamic viscosity 4) and relative masg) at 298 K for nC,2-nCs,

nCy-NC7, NC12-NCs andnC,¢-nCs systems, at different molar fractions of

the first component.

X p a 1073 u 107
(g/cn?) (K™ (Pa3
Set 1:nC1,-nCs
0.10 0.671330 1.240 0.360
0.30 0.696530 1.560 0.523
0.34 0.700130 1.159 0.558
0.50 0.713792 1.098 0.730
0.70 0.728940 1.030 0.963
0.90 0.740650 0.990 1.255
Set 2:nC,-nC;
0.10 0.689767 1.202 0.475
0.30 0.706600 1.124 0.611
0.37 0.711000 1.102 0.682
0.50 0.720338 1.066 0.807
0.70 0.731471 1.023 1.004
0.90 0.740949 0.990 1.234
Set 3:nC1,-nCq
0.07 0.703400 1.146 0.555
0.31 0.717320 1.101 0.734
0.40 0.721960 1.060 0.807
0.50 0.726279 1.043 0.892
0.73 0.735870 1.022 1.105
Set 3:nCyc-nCs
0.10 0.637718 1.495 0.277
0.20 0.652835 1.399 0.333
0.34 0.670325 1.297 0.403
0.50 0.689961 1.203 0.486
0.64 0.700261 1.150 0.586
0.80 0.711864 1.098 0.690

5 2 Footnote text.

In determined time intervals, the position of ets is changed
one by one back to the "separated tubes" positifiar stopping
the mass transfer process between the tubes thertoation in
each of them is analyzed. This allows obtainingdbecentration

10 change in the tubes in function of time and coneatjy the
molecular diffusion coefficient can be obtainednfregs. (5) and

(6).

ctoP(t) =
) =

15 where,

upper and bottom tube, respectivdlyis the tube length antdis

the test time

20 The solution of the inverse problem posed by ég)sand (6)
to obtain the molecular diffusion coefficient ishssl by the

Ctop_'_cbot 4(Ctop_cbot)

oo

e®

2 2

ctop+cbot 4(ct0p_c

n=0 (3n41)2

e?

2 n?

bot) Zw
n=0 2

o=-((5) () )

and c?P(t) and cP°t(t) are the mean mass fractions in thes C.1 Experimental results for equimolar mixtures.

least-squares method usikigtlab software.

n+1)2

®)

(6)

@)

The procedure has been described in detail in atiee
publicatiort®.

25 B.4 Thermodiffusion coefficient determination.

The thermodiffusion coefficients for equimolan-alkanes
mixtures were previously determined experimentadly our
group® by the thermogravitational technique. The
thermogravitational column used was a stainless stencentric
30 tube column, closed at both ends. The geometraameters of
the column were the heighj= 0.5+0.001 m and a gdg= 1x10
®+5x10° m. The temperature difference across the colunsii@a
K with an average temperature of 298 K.
The determination of the thermodiffusion coeffitieby this
ss technique is done by the analysis of the separatibrthe
components in the stationary sfdte The value of the
thermodiffusion coefficient is obtained using thelldwing
expression:

gal: ap

Dr = 504-ﬁ-u-co-(1—c0)£

C)

40 whereg is the acceleration of gravitl, is the distance between
the warm and cold walls of the thermogravitatiooalumn, . is
the dynamic viscosity of the mixture andh is the mass
concentration of the reference component.

The terma = —1/p, (dp/dT), corresponds to the thermal

s expansion coefficient, while8 = 1/p, (dp/dc) is the mass
expansion coefficient. The former of these coeffits is
obtained by analyzing the density of the mixturdéostudied in
function of temperature, while the latter is deteved by the
analysis of the density of 5 mixtures of known camication

s0 close to the reference one.

The density variation of the components along the
thermogravitational column(dp/dz) is determined by the
analysis of the density of samples extracted fromspsituated at
different heights of the columns. More details dfist

s5s experimental procedure can be seen in ref. 18.

The thermodiffusion coefficient§), for these mixtures aifi-
alkanes can also be calculated from the correlatioiained in
ref. 16 and 17. This correlation shows that themtoeliffusion
coefficient is proportional to the mass differeroetween the

s0 components and to the ratio of the thermal expansaefficient
and viscosity of the mixture. In all cases theat#hce between
the experimental data and the one calculated frasncorrelation
is less than 4%.

C Results and discussion

In Table Il are summarized the values of the diiffun
coefficients measured in this work for the equimataixtures
(x=0.5) of the systems described above. The reprbiliticiof the
experimental results fob coefficient in the SST technique is
70 within 3% of deviation. Each experimental test wegeated, at
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least, 2 times for each mixture.

Table 1ll Comparison of experimental data of the Soret aoefft, S e T T T T T
(exp) with results derived from Eq (3%, (cc) for each seriasCi-nC;
with molar fraction x=0.5 at 298 KO stands for the thermodiffusion 5 b 1
s coefficient andD for the molecular diffusion coefficient;is de relative
difference. ~4r 1
<
Mixture Dr D Sr(exp)  Sr(cc) 3 (%) o sl J
102 m¥sK 10°m#s  10°K*  10%°K* g ,
Set 1:nCi-nCs o
NCic-nCe 6.08 2.53 2.40 2.47 -2.5 1F 4
NnCiy1-nCe 6.40 2.14 2.99 2.97 0.7
nC,2-nCe 6.45 1.93 3.34 3.43 -2.5 o T S S S
nClg-nCe 6.61 1.67 3.96 3.84 3.0 0.00 0.02 0.04 0.08 0.08 0.10 0.12 014 0.16
NnCy4-nCe 6.68 1.54 4.34 421 29 P sM
NCi5-nCe 6.47 1.48 4.37 4.56 -4.1
NCie-nCs 6.38 1.26 5.06 4.86 4.2 Fig. 1 Soret coefficient in function of thLé(SM factor, for the binary
nC,,-nCe 6.10 1.24 4.92 5.13 -4.1 equimolar mixtures
NCie-nCe 5.90 1.12 5.27 5.38 -2.0
Set 2:nCi-nCyc Eq. (7) describes qualitatively, and in some cases
zg“:zg 2'(7)2 g'gg 3'% 2'2‘71 gg 35 quantitatively, the dependence @f on oM for all values ofdM.
nciz-ncj 3.90 207 188 187 0.6 Moreover, new expressions for the Soret coefficiemte been
NCyu-nCy  1.84 0.88 2.09 2.17 3.7 developed in several wofk&* These expressions are based on
nCis=nCyc  2.15 0.78 2.76 2.61 55 the concept that this coefficient can be expresbgdthe
NCi-nCrc  2.23 %;Zs-nc . C3-10 3.01 2.8 contribution done by several factors, such us théeoular mass
NCy-nCs 8.81 220 - 41_‘00 3.94 16 40 of the components, their inertia and the interagtidetween
NnCyz-nCe 6.45 1.93 3.34 3.43 2.5 molecules.
NnCi-nC, 4.74 1.70 2.79 2.89 -3.4 In other work&*, the Soret coefficient has been expressed
nC1NCe 3.23 145 2.23 2.33 4.3 taking into account the dispersion forces, andrifieence of the
NnCy-nCe 2.15 1.26 1.71 1.76 -2.9 .. . . L
NC1eNCos 1.16 0.58 2.00 2.02 01 composition of the mixtures in the Soret coeffitidras been
nCinCy;  1.29 0.54 2.39 2.40 0.4 s analyzed.
nCwe-nCp;  1.33 0.48 2.77 2.81 -1.4 In equimolar mixtures, Eq. (7) reduces to:
a
Footnote text. ar = ay6M (12)

Table Il also shows the values of the thermalfudibn
coefficient previously obtained by our grdfiand determined in  that for a fixed temperature can be written as:
10 this Work for the equimolan-alkane binary mixture;. Sy = aybM (13)
With these values dbd; andD the Soret coefficients for these
mixtures can be directly calculated. These valuesshown in s  Gallieroet al.?® analyzed the validity of such relation for dense
Table Il1. systemsfrom molecular dynamics simulations and found tat

C.2 Dependence of the Soret coefficient with dengitfor has a strong dependence on density but a weak ane o

15 equimolar mixtures. temperature.
o ) ] ) In view of these results, in Fig. 1 the Soret Goiit values
The kmet'? theory prowdgs expressions that admlwdescrlpe ss obtained in this work for equimolar mixtures vershe group,
the behavior of thermal diffusion factor in the €as low density %M are plotted. Herep representshe density of mixture. The
systems. Thus, it is found that in isotopic mixturef hard-  yajyes used for the density of the equimolar magare shown

spheresar exhibits a relative simple dependence xanand i Taple I. As can be seen, the data fit to a atizicurve given
20 My/M,, whereM; and M, are the masses of the components of by:

mixture. Chapmah showed that in the Boltzman limit it is
possible to expands in powers ofdM=(My-M,)/(M;+My). 60 Sr = 46.44(p*SM)[1 — 1.57(p*5M)] (14)

ar = agdM+... (20) In Table Il the Soret coefficients calculated rfrothis
o 2 ) ) expression together with the experimental valuesshown. The
On the other hand, Kincaidt al.™ found using numerical  agreement between the two sets is excellent. Ttectaumn of
25 calculation that the thermal diffusion factor obtispic mixtures  Taple | shows the relative differences betweentite sets of
of hard-spheres can be accurately represented, ss values. These differences are lower than the exesital error.
ap = agSM(1 — y(x; — x,)6M+...) (11) Eq. . (20) aIIows. a quantitative prgdlctlo.n of ther8&
coefficient of an equimolar two-alkane mixture if the molecular
where ayand y are independent of the composition but increaseweights and the density are known.
and decrease with increasing density, respectively
30

C.1 Experimental results for binary mixtures of n-alkanes.

70
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Table IV Comparison of experimental data of the Soret coefft, Sy c=xMi/(ciM1+c,M,), and consequently eq. (15) takes the form:

(exp) with results derived from Eq (3@; (cc) for several series in the

whole molar fraction concentration at 2980x. stands for the

thermodiffusion coefficient anD for the molecular diffusion coefficient;
5 d is the relative difference.

_ DPyMoxp+DP,Myxy
Mix,+Mjyx,

30 Dr = Dr(xq) (16)

On the other hand, in ref. 19 it was concludedt ttne

Mixture Dr D S(exp) Sr(cc) 5(%) diffusion coefficient shows also a linear dependenith mass
102 mAsK 10°m?s 10°K* 10°K* concentration, i.e..
nCy-nCs 0.10 9.14 2.48 3.69 3.70 -0.4 DOM,x>+DOM,x
0.30 7.62 224 340 356 45 D = Dic, + Dje; = =JEAPA= = D (%) an
0.34 7.45 213 3.50 354 1.1
0.50 6.45 1.93 3.34 343 -2.5 i where,D andD? are the limiting diffusion coefficients, defined
0.70 5.37 1.72 3.12 321 51y
0.90 450 151 2.98 315 53
nC,;nC; 0.10 6.34 2.09 3.03 322 58 DY = lim, _oD (18)
0.30 5.30 1.84 2.88 305 56 1
0.37 5.08 1.70 2.99 2.99 0.0 0 _ Ji
0.50 474 170 279 289 -34 Dz = lime,oD (19)
0.70 3.86 1.48 2.61 272 41 . . .
0.90 335 1.37 2.45 255 .43 Accordingly, the Soret coefficient can be writts
nC;;nCs 0.07 434 1.70 255 267 44 . .
031 3.62 156 232 248 6.4 4 Sr(xy) = 2 = PralleXetDro s (20)
0.40 3.39 1.49 2.28 241 55 b DiMyxz+DyMixy
g:?g 32431 igg gﬁ gig fs It is also knowl’ that the mass ratidyl;/M,, corresponds
nCi-nCs _ 0.10 11.90 3.75 317 314 10 approximately to the ratio between the limiting faion
0.20 10.36 3.36 3.08 3.12 -1.1  coefficients,
0.34 9.37 3.03 3.09 3.08 0.4
0.50 8.76 2.96 2.96 3.04 27 DY _ My 1)
0.64 7.56 2.48 3.05 301 14 D¢ M,
0.80 6.92 2.20 3.15 297 6.0

a 45 together with:
Footnote text.

In Table IV the diffusion coefficient values obtadhin this work X tx=1 (22)
for different concentrations of theC,;-nCs system are shown.
The diffusion coefficient values for the rest ofxtnires shown in
10 this table were taken from ref. 19.
On the other hand, the thermodiffusion coefficgefdr the

and if we have define§?, ands?, as:

59, =28 and 59, = 22 (23)
T1 — DO T2 — DO
1 2
nCy1nCqs andnCy,-nCy systems at different concentrations were Table V Values of the thermal expansion coefficiest &énd dynamic
determined in this workDy coefficient values fom-decanat- < viscosity () for the pure components €1-NCs, NC12-NCs, NC12-NC7
pentane system were taken from ref. 20 andnfdodecanert- andnC,-nCq mixtures.D%; andD’ are the limiting values dr for
15 heptane system from ref. 17. The values correspgnidiD for c=0.
concentrations ok=0.5 andc=0.5 were previously measured by mixture @,10° 14,10° @,10° 14,10° D% 10 D%, 10% )
our 6 26-27 1 H1 2 Hz L
group?® %27
With these values fdD; andD, the Soret coefficients of these
mixtures can be calculated. These values are listédble V.

K1 Pas K* Pas m%sK
m?/sK

o ) N nC,-nCs 1.040 0838 1.61 0224 1365 6.37 0.041

20 C.3 Dependence of the Soret coefficient with compten. nCy;-nCs 0.971 1.383 1.38 0.300 10.46 4.34 0.100
. B . nC;;-nC; 0.971 1.383 1.24 0.387 7.06 3.11 0.144

In ref. 17 it was concluded that the thermal ditfusfactor is a nciz—ncz 0971 1383 116 0508 459 218 0171

lineal function withmass concentration, so accordingly we can
 Footnote text.

write D, as:
It is easy to obtain that:
Dy = Dy¢3 + DPycy (15)
55 Sr(xy) = S% %, + S%,x (24)
s where D2, y D2, are the limiting values oDy for ¢; - 0 and r re e
¢, - 0, respectively. What means that the Soret coefficient is a lifigattion of the

. . . . molar fraction.
This equation can be expressed in terms of thamiaiction.

For doing so, one must remember that the massidnads
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DY, = Dy(x; - 0) = 5.34- 10~ (%) M, (1 —%) (35)
6 T T 2 1
1 ] DY, = Dp(x, — 0) = 3.71-10~11 (E) M, (x—:— ) (38)
ol J so Where o; andy; are the thermal expansion coefficient and the

dynamic viscosity of the pure components. In Tablealues of
a and p for the pure components corresponding to binary
mixtures of Table IV are displayed. In this Tablethé values
obtained forA and the limiting values dD; calculated from eq.
35 (34), (35) and (36) respectively are also shown.
Table IV shows the results obtained from eq. (88the Soret
0 . . w w coefficients for different concentrations of thextares. These
results agree reasonably well with those determined
experimentally and the relative difference (lasiuom in Table
Fig. 2 Soret coefficient in function of the molecular centration for the < [V) in all cases is less than estimated experimentar.
mixtures ©” NCy-nCs, “@” NC1-NC7 and A" NC1-nCs at 298 K This equation (33) also reproduces, within experital error,

In Fia. 2 the S fici btained in thisrk for th the Soret coefficients calculated from experimentahsurements
n Fig. 2, the Soret coefficient,obtained In twerk for the o« 2 p previously obtained®!®2527for mixtures of n-

5 NC1-NCg, NC1-NC; and nC;,-nCg systems as a function of the alkanes at 50 Wt%.
molar fraction of the mixture are represented. As oan see, the "
Soret coefficient fits well to a straight line incrdance with eq. coefficient with composition is governed by thetéacl. Large
(17). . . values of4 mean a strong dependenceSpfvith x. For example,

In equimolar mixtures=0.5), the A value fornC,o-nCs system isl =0.040 indicating tha$; is
practically independent of the composition, howdeenC,,-nCg

so sSystem, takes the valué = 0.171, pointing out a significant
dependence with the molar fraction. These resulte a
corroborated by our experimental results (see Thlaled Fig. 2).

So, fornC,-nCs system the Soret coefficient measured in this

Furthermore, eq. (33) shows that the dependenc&ooét

0 ,c0
St1+Sr,

B o5 (25)

10 ST(X = 05) =

The linearity ofS; with molar fraction allows obtaining the
limit values ofS; for x=0 andx=1:

S%, =57 + ASy (26) work are, within the experimental error, indeperidef the
. ss composition of the mixture.
Stz =Sy — ASy (27) Finally, considering that the Soret coefficien§;)( for
S9,-s8, equimolar mixtures is given by eq. (14), the exgpias of Sy can
5 ASy = I (28) be written as:
Therefore, Sr = 46.44p*SM[1 — 1.57p*M][1 — A(x; — x3)] (37)

Sp(x1) = Sp 4 ASp(x, — x1) = 5[1 —Asvﬁ(ﬁﬁ — xz)] (29) e In conclusion, the Soret poeﬁicient of binary topes ofn-

T alkanes may be calculated if the dynamic viscosftg, thermal

expansion coefficient of the pure component anddibesity of
the equimolar mixture are known.

On the other hand, the equation for the Soretficteit, eq.

0 0
ST1=5T2
0 0
ST1+572

Sr() =57 [1 - E22 (o — x2) (30)

SO
Sp(x) =55 |1 - ﬁ‘l s — 1) @1 © (37), can be written as:
G Sy = ASM + BSM? (38)
20 Bearing in mind that where A and B coefficients are function of the density and the
9. DODY,  MyDE, molar fraction of the mi>'(ture. This expression agravith the
5%, = 09D, ~ MDY, (32) first terms of the expansion @k in powers ofoM proposed by

o _ 70 Chapman for isotopic mixtures of hard-spheres.
The Soret coefficient can be written as: Moreover, eq (33) derived in this work f& in n-alkanes
binary mixtures is similar to that proposed by Kiitbet al.2° for

Sr0a) = Srll = A0 —x2)] (33) the thermal diffusion factor in isotopic mixtures.
where A is: @y = agdM(1 — y(x; — x2)M + ) (39)
D, M,—D9,M . . . .
2 = m (34) s Namely, the experimental results obtained in sk for the

Soret coefficient suggests that the microscopicabielur of the
DP, and DY, values can be calculated from expressionsn-alkane binary mixtures (quasi-ideal systems) isilar to the
obtained in ref. (17) and given by: theoretically deduced one for isotopic mixturehafd-spheres.

6 | Journal Name, [year], [vol], 00-00 This journal is © The Royal Society of Chemistry [year]



=
o

Journal Nam

Cite this: DOI: 10.1039/c0xx00000x

WWW. I’SC.OI’g/XXXXXX

Dynamic Article Links »

ARTICLE TYPE

Conclusions

In this work values of the Soret coefficient of 28§uimolarn-
alkane binary mixtures have been presented. Thitsesbtained
for the Soret coefficient have been determined Ihe t
measurement of thermodiffusion and molecular diffas
coefficients of these binary mixtures. The therrffadion
coefficients were measured by the thermogravitati®echnique
and the molecular diffusion coefficients by thelsig symmetric
tubes technique.

Additionally, the Soret coefficients of four bilyamixtures in
the whole range of concentration have been detedniThe
experimental results obtained have been used telafgwa new
correlation for the determination of the Soret Gomt in
normal alkane binary mixtures at any concentratiosing the
data of the viscosity and thermal expansion caefiicof the pure
components of the mixture, and the density of thaimolar
mixture. The good agreement between the experiindata and
the one obtained with this correlation has beewladn
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ABSTRACT

In this work, the thermodiffusion coefficient of vé ternary mixtures composed by
tetrahydronaphthalene, isobutylbenzene mudécane and their corresponding binary mixtures at
a mean temperature of 25 °C have been determiredeXperimental measurements have been
carried out by the thermogravitational techniqusngigwo parallelepiped thermogravitational
columns and another one with a cylindrical confegian. The influence of concentration of the
components of the mixtures in the thermodiffusioefticient has been analyzed both for the
binary and ternary mixtures. The obtained resutstlie ternary mixtures have been compared
with the ones determined by means of two corrafagtithat are able of predicting the
thermodiffusion coefficient of a component of angely mixture from the combination of the
thermodiffusion coefficient of the correspondingdmy mixtures. A good agreement between the

experimental data and the one calculated with theelations has been found.

KEYWORDS

Thermodiffusion Coefficient, Alkane Mixtures, TergaMixtures, DCMIX.



[. INTRODUCTION

When applying a temperature gradient within a ligoiixture, this undergoes a separation of
its components due to Soret efféct? This effect causes a flu¥)(of the components in the

mixture that can be quantified as:

Ji = =p(ZR=1 D Ve + DIVT) i = 1.2,..(n — 1) @)

Wherep is the density of the mixture,stands for the mass concentration of the compenént
is the temperature an® and D; refer to the molecular diffusion coefficient anbet
thermodiffusion coefficient respectively.

In oil reservoirs exploitatiotf and recoveryis where these fluxes became very important. The
models developed for the recovery of the fieldsknior scales of decades, and in most of the
cases, the operational scenario is predicted u@ngfew data. A similar situation can be found
when predicting the initial state of the oil ressrg®. This initial state prediction is important
when estimating the economic return to be obtaifiech the oil field, and for sizing the
installations needed for its exploitation. The @iént models developed for doing this have
proved that the Soret effect is an important fatiall these processes.

The existing data for the thermodiffusion coeffitieon hydrocarbon mixtures that can be
found in the literature are scarce. It is in binamyxtures where one can find the most number of
studies in this fieltf*1%*31%|n these mixtures, studies like the Benchmarkaitainebleat?
have been conducted, in which different experimdetzhniques were used in order to establish

some reference values for the transport propemtieseveral binary mixtures. In the case of



ternary mixtures, there exist very few experimentdta for the thermodiffusion
coefficient®1"1819.20.21n6¢ heing completely in agreement with each other

Due to the importance that the Soret effect had tlaa few data available, DCMIX project has
been recently created for the study of the trarisparperties in ternary mixtures. One of the
objectives of this project is to study several &ynmixtures in a terrestrial environment using
different techniques, as well as in a micrograwtyironment in experiments onboard the
International Space Station (ISS).

One of the mixtures to be studied in the framewadrthis project is the ternary mixture of the
compounds tetrahydronaphthalene (THN), isobutylbraz(IBB) andn-dodecane nC;,) at
different concentrations. These compounds have bleesen because they can be used to model
the elements that can be found in an oil field,ithgvwo rings, one ring and a linear chain
respectively.

In this work, the results obtained in the measuremnoé the thermodiffusion coefficient at 25
°C on five ternary mixtures of these compounds ey thermogravitational technique are
presented. To complete the study, the thermoddfusioefficient of the corresponding binary
mixtures has also been measured. Additionallyettgerimental results of the thermodiffusion
coefficient obtained for the ternary mixtures haeen compared with the ones determined using
the correlations developed in ref. 17 and ref. 22.

The document is organized as follows: in sectiainél different devices used are presented, as
well as the correlation used for the determinatbnhe thermodiffusion coefficient in ternary
mixtures. In section Ill, the obtained results, thdor the binary and ternary mixtures, are

presented and discussed, to finish with the corartgsof this work in section V.



Il. EXPERIMENTAL SECTION
A. Equipment and Materials

The materials used in this work have been purch&teed Merck, with purity better than 99%.
The mixtures have been prepared by weight usingridn&metric deposition method by two high
precision digital scales. Two Gram digital scaléga precision of 1x16 g and 1x18@ g have
been used, using one or the other depending onuaetity of mixture to be prepared. When
small volumes are required, the first scale is ushile when the volume needed is greater, the
second scale is used. The volume to be prepareshdspn the experimental procedure to be
carried out. In the case of the cylindrical thermangfational column, around 230 cc. are needed,
whereas in the case of the plane columns only 3%amt 65 cc are required. For the
determination of the thermophysical properties haf mixture such as the thermal expansion
coefficient, the mass expansion coefficient, thecesity or the calibration process, the quantity
of fluid required is below 10 cc.

The density of the mixtures has been measures Bynton Paar DMA 5000 densimeter. This
apparatus has a precision of 1X1@lcn? in the determination of the density, having a isiea
in the temperature in which the measurement iniezhrout of 1x1G K thanks to the Peltier
elements incorporated to the device.

In the case of ternary mixtures, it is necessaryngasure also the refractive index of the
mixtures. For doing this, an Anton Paar RXA 15&aefometer, having a precision of 2510
nD, is used. These two devices can be connectethtador the density and the refractive index

of a mixture can be measured at the same time.



The viscosity of the mixtures has been measuredguan Anton Paar falling ball micro-
viscometer. This apparatus has a repeatability 8986 and a temperature control during the

measurement of 1xT0K.

B. Thermogravitational Technique

The determination of the thermodiffusion coefficiemas been done by means of the
thermogravitational techniqtfe'”. In his technique, the mixture to be analyzednisoduced
within two vertical walls at different temperaturd$e horizontal temperature gradient applied
to the mixture causes a horizontal separation efdbmponents, creating at the same time a
diffusive flux in the opposite direction due to thmolecular diffusion. The horizontal
differentiation of the components is amplified betm the extremes of the column by the effect
of convection, generating, in the case of posifbeget effect, an enrichment of the less dense
component in the top of the column and of the decsmponent in the bottom of it.

According to the theory developed by Furry, Jones ®nsagér, and extended for liquid
mixtures by Majumdaf, the thermodiffusion coefficient can be determinédm the

measurements at stationary states by the folloetation:
ac; 504 Dhv .
i:—g—@% i=12..(n—1) (2)
Where Lk is the gap distance between the warm and the wallls, g is the gravity
accelerationag = —(1/p)(dp/0T) is the thermal expansion coefficient of the migtandv

stands for the kinematic viscosity. Thi{/dz) factor refers to the concentration variationhad t



reference component along the column, whil¥. refers to the phenomenological
thermodiffusion coefficient of componeinin multicomponent mixtures.

In binary mixtures, the concentration of the congras in the mixture can be related with the
density by using the mass expansion coefficignt (1/p)(dp/dc). Additionally, in binary
mixtures the thermodiffusion coefficient must bdimed asDL = ciché, S0 combining this

with expression (2), the following can be written:

i Ly a 0
Dj = —ga—0F (3)
504 c;c;pn 0x

wheren is the dynamic viscosity of the mixture.

In the case of ternary mixtures, for the determamedf the concentration of the components of
a mixture, an analysis method which uses the dateealensity and the refractive index is used.
For each of the ternary mixtures studied in theniogravitational column, it is necessary to
analyze and determine the density and the refmagtidex of at least 25 ternary mixtures of
concentration close to the one to be anlyzethis process allows determining the calibration

and adjusting equations 4 and 5.

p= ko + k1CL' + szj (4)

n = ko +kic; + k¢ (5)

Table 1 shows the values for the constants of wlee dalibration planes of the five ternary
mixtures analyzed in this study. In addition, ing.Fil and Fig. 2 the calibration planes

constructed for the density and the refractive xnide one of the mixtures studied can be seen.
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FIG. 1. Calibration plane of density for the mix@uFHN-IBB-hC,, at mass concentration of

0.10-0.10-0.80 measured at 25 °C.
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FIG. 2. Calibration plane of refractive index fohet mixture THN-IBBAC,;, at mass

concentration of 0.10-0.10-0.80 measured at 25 °C.

In this study three different thermogravitationaluumns have been used, being two of them of
plane geometry and the other one of cylindricalfigomation. In all these columns, tlgap
distance is oL,= 1x10°® m. The cylindrical column and one of the planerri@gravitational
columns have a height &f= 0.50 m, while this distance for the last plan&uom is of L=
0.98x10° m. The width of the gap for both plane thermogstional columns is of,= 5x10°

m.



C. Empirical Correlation

The experimental results obtained for the thernfosiibn coefficient in ternary mixtures have
been compared with the ones deduced with two diftecorrelations. One of these correlations
is the one developed in Ref. 17. This correlatiameg the chance of calculating the
thermodiffusion coefficient of the components ofdigcarbon ternary mixtures at any
concentration using the data of the kinematic \d#gp thermal expansion coefficient and
concentration of the components of the ternary mnétas well as the kinematic viscosity,
thermal expansion coefficient and thermodiffusiomeflicient of the corresponding binary

mixtures. This correlation is written as:

i Vi i Yij ik Vik
Di— = Dy cic;—=+ Dicicp — 6
Tai Tl]“ij T lk“ik ()

Additionally, and with the aim of verifying the pieus expression, the thermodiffusion
coefficients of the analyzed mixtures have alsonbesiculated using equation 7, which was
developed by Larreet el?’. Note that this correlation was used as a starioipt for the

development of equation 6.
DL = D;jcicj + D¥ccp (7)

[ll. RESULTS AND DISCUSSION

A. Studied Mixtures



Five ternary mixtures at different mass concerdrsti of the components
tetrahydronaphthalene (THN), isobutylbenzene (IBB)-dodecanen(C;,) have been studied.
Additionally, the properties of the correspondirigany mixtures have been also analyzed. In

Table 2 the 20 binary and ternary mixtures analyaatitheir concentrations are listed.

B. Binary Mixtures

Table 3 shows both the results obtained for thernmtbphysical properties and the
thermodiffusion coefficient at a temperature of @5 for the binary mixtures analyzed. The
results presented for the thermodiffusion coeffitieorrespond to the mean values of the results
obtained with both thermogravitational columns.

For the three mixtures analyzed, THN-IBB, THiE:, and IBBnCj,, the thermodiffusion
coefficient at 13 concentrations and at T=25 °C hasen determined. In Fig. 3 it can be
appreciated a linear behavior of the thermodiffnstoefficient in function of the concentration
of the denser component. It must be noticed thathbrmodiffusion coefficient for the mixture
THN-nC,; is almost constant in the whole range of concéntrawhile in the case of IBBEC;,
mixture, this coefficient increases in function thie concentration of the denser component
(IBB). In the case of THN-IBB mixture, the thermfidsion coefficient decreases in function of

the concentration of the denser component (THN).

1C
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FIG. 3. Thermodiffusion coefficient values far)(IBB-nC;,, (*) THN-nC;, and (x) THN-IBB

binary mixture at 25 °C in the whole range of cortiion.

C. Ternary Mixtures

The results obtained for the density, the thermadaasion coefficient and the dynamic
viscosity in the ternary mixtures are shown in €adl This table also shows the results for the
thermodiffusion coefficient for these mixtures. Rbe determination of the thermodiffusion
coefficients in ternary mixtures two plane thermagpational columns have been used. During
the analysis of the extracted samples in the exgaris using the shorter column, it has been
checked that the separation of the componentsdrhiel column for some concentrations in the
ternary mixtures is smaller, what makes the analgsbcess in these mixtures very sensitive
compared to the case of binary mixtures.

Additionally, it has been seen how, for these kimdsmixtures, the calibration process
becomes very important. Up to some point, a lirfedravior of the density and the refractive
index in function of the concentration has beeneoled. The higher this linear behavior, the

more difficult becomes the process to determine dwecentration of the components in the

11



ternary mixtures by the data of the calibratioruatjA similar behavior had already been seen
in ref. 25, where it was seen that some certaic@otnations of the components were better than
others for the measurement of separation of thepomemts by optical techniques.

For this reason and with the aim of improving thasbility in the lecture of the concentration
in the stationary state from the data of the dgresid the refractive index of the mixtures, a new
longer plane thermogravitational column has bearsitacted. The fact of being longer makes
the separation of the components inside the coltmnincrease (it is almost twice: 1.96),
increasing at the same time the sensibility of mreasurement process. This new column has
been validated by binary mixtures of the BenchmafriEontainebleali. For all the mixtures
analyzed the error found has been below 5%, sowhisone can say that this new column is
validated.

Once this column has been validated, the measutsmenthe ternary mixtures analyzed in
this study were repeated. This new measurements gkat the quality of the results obtained
with this new column improves, but the differeneagth the shorter column are not significant.
Taking into account these results and considehiegrifluence of the calibration process on the
measurements, it can be concluded that for thigumgg, and with the actual experimental
procedures, an experimental error better than 18ftat be obtained. In Table 4, the mean
value of the thermodiffusion coefficients of eadmponent measured with both columns are
presented.

The obtained results show how, for the analyzeds;ahe denser component (THN), migrates
to the cold wall, while the lighter componen€{,) goes towards the warm wall. With the aim of
analyzing the influence of the concentration of tbemponents of the mixture in the

thermodiffusion coefficient, figure 4 and figuresBow the results obtained for this coefficient

12



for THN and nC12 components in function of concatidn. This figures show how the
thermodiffusion coefficient has a maximum valuesewhthe concentration of the three

components of the mixture is similar.

13 211
D, /107 (m?s k)

FIG. 2. Thermodiffusion coefficient of component (THN) in function of the mass
concentration of components 1 (THN) anch@;) for the ternary mixture THN-IBBIC;» in the

whole range of concentration at 25 °C. “¢” Datanfrthis work; ‘b"Data from Ref. [17].

13 2 11
D, /107 (m?s 'K Y)

FIG. 3. Thermodiffusion coefficient of component (FJHN) in function of the mass
concentration of components 1 (THN) anch@() for the ternary mixture THN-IBBIC;, in the

whole range of concentration at 25 °C. “¢” Datanfrthis work; ‘b”"Data from Ref. [17].
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The obtained experimental data for the thermodiffusoefficient can be compared with the
ones calculated with the correlations developedRef. 17 and Ref. 22. Table 5 shows a
comparison between the obtained experimental dath tae one calculated using these
correlations. It can be observed that the agreerhetween the experimental data and the
calculated ones is good, with differences aroun@l®evertheless, a slight improvement in the
data obtained with the correlation in ref. 17 is@tved, while the expression developed in ref.
22, on the other side, is simpler, as does not rleeddata of the viscosity and the thermal

expansion coefficient of the analyzed mixtures.

[V. CONCLUSIONS

In this work the thermodiffusion coefficient andeththermophysical properties (density,
viscosity, thermal expansion coefficient and masgsaasion coefficient) of 20 mixtures, both
binary and ternary mixtures, of the tetrahydronbaleine, isobutylbenzene amddodecane
compounds at different concentrations and a maapdeature of 25 °C have been determined.

In the measurements carried out in the binary mesuit has been checked how the
thermodiffusion coefficient is influenced by thencentration of the components in the mixture.

In the case of ternary mixtures, the thermodiffustmefficient of the components of these
mixtures has been determined, and it has beenwadusénat the thermodiffusion coefficient in
ternary mixtures has its maximum value in the regichere the concentrations of the three
components of the mixture are similar.

To finish with, the good agreement between the flmtahe thermodiffusion coefficient of

each component at different concentrations obtagxgerimentally and the ones obtained using

14



the correlations developed in Ref. 17 and Ref.v##ich used the data of the binary mixtures,

has been checked. It has been observed that tamettdifferences are around 10 %.
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Table 1. Coefficients of the calibration planes of the #ddernary mixtures.

Mixture C1 Cs (kglqug) (kéjﬁng) (kg{j?n?’) k, k, k,
THN-IBB-nC;, 0.1000 0.8000 0.849052 0.105245-0.122807 1.483803 0.0488420.077341
0.1000 0.1000 0.838380 0.089227-0.094189 1.476349 0.0404060.056139
0.4000 0.4000 0.848077 0.102365-0.116189 1.482923 0.0472690.071804
0.4500 0.4500 0.847995 0.101875-0.115505 1.483093 0.0467190.071311
0.8000 0.1000 0.848940 0.105608-0.121782 1.483748 0.0499590.076553
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Table 2. Mass concentration of each component in the tgrmaixtures studied and their

corresponding binary mixtures.

Mass Concentration

Mixture
THN IBB nCi,

I 0.1000 0.1000 0.8000
1.1 0.5000 0.5000 0
1.2 0.1111 0 0.8888
1.3 0 0.1111 0.8888
Il 0.1000 0.8000 0.1000

1.1 0.1111 0.8888 0
:2 0.5000 0 0.5000
1.3 0 0.8888 0.1111
1 0.8000 0.1000 0.1000
1.1 0.8888 0.1111 0
1.2 0.8888 0 0.11111
1.3 0 0.5000 0.5000
v 0.4500 0.1000 0.4500
V.1 0.8181 0.1818 0
V.2 0.5000 0 0.5000
V.3 0 0.1818 0.8181
vV 0.4000 0.2000 0.4000
V.1 0.6666 0.3333 0
V.2 0.5000 0 0.5000
V.3 0 0.3333 0.6666
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Table 3. Results on the thermophysical properties and tbdiffasion coefficient at 25 °C for

the binary mixtures studied.

Mass

Mixture Concentration p @ /10° H Dr /10
c (kg/m?) K mPa-s m%siK?
THN-IBB 0.1111 861.007 9.433 0.129 1.054 3.66
0.5000 904.514 8.876 0.128 1.363 2.84
0.6666 924.032 8.630 0.129 1.500 2.77
0.8181 942.275 8.442 0.131 1.729 2.43
0.8889 951.097 8.347 0.130 1.813 2.50
THN-nC,, 0.1111 764.580 9.561 0.236 1.380 5.97
0.5000 842.241 8.950 0.257 1.502 6.21
0.8889 934.359 8.368 0.287 1.815 6.18
IBB-nC,, 0.1111 754.940 9.694 0.119 1.288 3.20
0.1818 761.368 9.678 0.121 1.223 3.28
0.3333 775.664 9.641 0.125 1.165 3.58
0.5000 792.355 9.612 0.130 1.108 3.93
0.8889 835.454 9.590 0.144 1.008 5.28
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Table 4. Results on the thermophysical properties and tbdiffasion coefficient at 25 °C for

the ternary mixtures studied.

P 0 /10° U D+ /10% D7 /10"
Mixture Ci C3
(kg/m3) K' mPas m%’k? m%ik?
THN-IBB-nC;, 0.1000 0.8000 771.944 9.542 1.314 5.01 -7.75
0.1000 0.1000 847.553 9.470 1.053 3.31 -4.84
0.4000 0.4000 842.524 9.054 1.266 13.84 -14.70
0.4500 0.4500 841.822 9.004 1.440 14.03 -14.76
0.8000 0.1000 924.348 8.483 1.719 7.72 -5.39
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Table 5. Comparison between the experimental data andribeletermined using equations 6 and 7.

Drt /10" D:° /10"
Mixture 1 Cs skt m?s*K !
Exp. Eq.6 8(%) Eq.7 &(%) Exp. Eq.6 &%) EqQ.7 8(%)
TH::IC-IEB- 0.1000 0.8000 5.01 5.32 5.74 5.06 091 -7.75 -7.65 -1.337.41- -4.60
0.1000 0.1000 3.31 3.84 13.65 3.55 6.55 -4.84 -5.00 3.19%4.85 -0.19
0.4000 0.4000 13.84 14.46 4.26 12.16 -13.844.70 -14.63 -0.51 -12.80 -14.86
0.4500 0.4500 14.03 14.47 3.03 13.67 -2.60 -14.74450 -1.77 -14.05 -5.04
0.8000 0.1000 7.72 7.17 -7.67 6.88 -12.095.39 -5.50 2.09 -5.34 -0.94
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C.J Determinacion del Coeficiente de Termodifusion en la mezcla ternaria
THN-IBB-nC'5 Mediante la Columna Termogravitacional: Contribucion a los
242 Experimentos Terrestres del DCMIX (En preparacién)




Apéndice K

Resultados en los ensayos
mediante las Columnas

Termogravitacionales para la
Mezcla Ternaria THN-IBB-nC

243



THN-IBB-C12 ¢c=10-10-80

Mezcla C. masica. | C. molar T2 media DT (°C) Tiempo T. Relajacion (s.): 29218
THN-IBB-C,,» 0,1000 25° 5,7 25h T. Equilibrio (min): 2434,8
T. Equilibrio (h): 40,6
T2 bainu hotza 21,7 Medidas Columna D 1,00E-09
T@bainu beroa 28,7 Longitud (cm) 98
T2 arriba hotza 22,4 Ancho (cm) 5 Viscosidad cin. 1,70E-03
T2 abajo hotza 22 gap (cm.) 0,10 gap 1,0E-03
T2 arriba beroa 27,7 Gravedad 9,81
T2 abajo beroa 28,1 Calibracién Co 0,1000
T2GAPhotza 22,2 a 0,838380235 Densidad Inicial 0,771989
T2GAPberoa 27,9 b 0,089226696 nD Inicial 1,434378
AT? 5,70 c -0,094188936 Alfa 9,54E-04
T2media 25,05 a' 1,47634910 Viscosidad Din. 1,314E-03
AT2 vertical hotz 0,4 b' 0,040405754 Pendiente c/z -0,0419911 | 0,0612661 -0,019275
AT vertical berq  -0,4 c' -5,76E-02 Delta c -0,041151278 | 0,060040778 | -0,0188895
D; 5,259E-13 -7,673E-13 2,414E-13
Tomas Altura toma| Cantidad Altura real (m) Densid;';\d D THN Cip IBB
(cm) (c.c) (g/cm®) c c c
12 75,4 4 0,7926 0,76899 1,432711 0,084185194 | 0,816463214 | 0,099351593
22 57,8 4,1 0,6176 0,770574 1,433583 0,091022822 | 0,806123347 | 0,102853831
32 40,2 4,2 0,4426 0,772249 1,434500 0,098612826 | 0,795530075 0,1058571
42 22,6 4 0,2646 0,773932 1,435418 0,106477543 | 0,785112108 | 0,108410349
52 5 4,2 0,0906 0,775672 1,436385 0,113345005 | 0,773144258 | 0,113510737
P =a+cTHN xb+cC, , xc
NOTAS:

n=a+cTHN xb'+cC,, xC




THN-IBB-C12 c=10-10-80

Densidad-Altura nD-Altura
0,77700 1,43700
1,43650
077600 14 y = -0,00952x + 0,77649 Lase00 | S\ y = -0,00523x + 1,43683
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THN-IBB-C12 ¢c=10-10-80

Mezcla C. masica. | C. molar T2 media DT (°C) Tiempo T. Relajacion (s.): 29225
THN-IBB-C,, 0,1000 25° 5,7 45h 15" |T. Equilibrio (min): 2435
T. Equilibrio (h): 40,6
T2 bainu hotza 21,7 Medidas Columna D 1,00E-09
T2bainu beroa 28,7 Longitud (cm) 98
T2 arriba hotza 22,4 Ancho (cm) 5 Viscosidad cin. 1,70E-03
T2 abajo hotza 22 gap (cm.) 0,10 gap 1,0E-03
T2 arriba beroa 27,7 Gravedad 9,81
T2 abajo beroa 28,1 Calibracién Co 0,1000
T2GAPhotza 22,2 a 0,838380235 Densidad Inicial 0,771897
T2GAPberoa 27,9 b 0,089226696 nD Inicial 1,434324
AT? 5,70 c -0,094188936 Alfa 9,54E-04
T2media 25,05 a' 1,47634910 Viscosidad Din. 1,314E-03
AT? vertical hot3 0,4 b' 0,040405754 Pendiente c/z -0,0443455 0,064034 -0,0196885
AT? vertical berd  -0.4 c' -5,76E-02 Delta ¢ -0,04345859 | 0,06275332 | -0,01929473
D+ 5,554E-13 -8,019E-13 2,466E-13
Tomas Altura toma | Cantidad Altura real (m) Densid;;\d D THN Cip IBB
(cm) (c.c.) (g/cm®) C c ¢
12 75,4 4,1 0,7936 0,768768 1,432600 0,082435792 | 0,817162942 | 0,100401266
22 57,8 67,98377718 | 73,30317438 | -140,2869516
32 40,2 4,1 0,4416 0,772223 1,434494 0,097914039 | 0,795144144 | 0,106941817
42 22,6 3,9 0,2637 0,774006 1,435474 0,105720087 | 0,783608902 | 0,110671011
52 5 4,1 0,0896 0,775815 1,436467 0,11373102 0,77199171 0,11427727
p=a+cTHN xb+cC,, xcC
NOTAS:

n=a+cTHN xb+cC,, xC




THN-IBB-C12 c=10-10-80

Densidad-Altura nD-Altura
0,77700 1,43700
0,77600 1,43650 «
N y = -0,00999x + 0,77667 1 43600 N y = -0,00548x + 1,43694
0,77500 N R2=10,99984 a : N R?=10,99983
5 0,77400 D 1,43550 NG
3 TN S 143500
3, 0,77300 S N
3 0,77200 N g a0 NG
& N S 143400
< 0,77100 @ 143350 N
7 \ a4 ’
§ 0,77000 N g 143300 \\
0,76900 N T 143250
0,76800 , ‘ , \ = 1,43200 . : . :
0,0 0,2 0,4 0,6 0,8 1,0 0,0 0,2 0,4 0,6 0,8 1,0
Altura (m) Altura (m)
Concentracion vs. Altura
1
0,9
] —
R e — -—
0,7 1-y=0,0640362X ¥ U, 7665462
S o6 R2 = 09997663
g 05
*g 0,4
© o3 y =-0,0196892x + 0,1158920 y =-0,0443470x +0,1175618
S ' R2=0,9989887 R2 = 0,9999041
O 02
01 &= eam—— e SN
0 . : : :
0,0 0.2 0,4 0,6 0,8 1,0
oTHN =C12 aIBB | Altura (m)




THN-IBB-C12 ¢c=10-10-80

Mezcla C. masica. | C. molar T2 media DT (°C) Tiempo T. Relajacion (s.): 12400
THN-IBB-C,, 0,1000 25° 5,0 5h T. Equilibrio (min): 1033
T. Equilibrio (h): 17,2
T2 bainu hotza 22 Medidas Columna D 1,00E-09
Tabainu beroa 28 Longitud (cm) 50
T2 arriba hotza 22,6 Ancho (cm) 5 Viscosidad cin. 1,70E-03
T2 abajo hotza 22,4 gap (cm.) 0,100 gap 1,00E-03
T2 arriba beroa 27,4 Gravedad 9,81
T2 abajo beroa 27,5 Calibracion Co 0,1000
T2GAPhotza 22,5 a 0,838380235 Densidad Inicial 0,771886
T2GAPberoa 27,5 b 0,089226696 nD Inicial 1,434254
AT? 4,95 c -0,094188936 Alfa 9,54E-04
T2media 24,98 a' 1,47634910 Viscosidad Din. 1,314E-03
AT? vertical hotz 0,2 b 0,040405754 Pendiente c/z -0,0440387 0,0728411 -0,0288024
AT2 vertical berq  -0,1 c' -5,76E-02 Delta ¢ -0,02201935 | 0,03642055 | -0,0144012
D+ 4,806E-13 -7,949E-13 3,143E-13
Tomas Altura toma| Cantidad Altura real (m) Densidgd D THN Cip IBB
(cm) (c.c.) (g/cm®) c c ¢
1a
22 35 3,8 0,3880 0,772454 1,434683 0,094548395 | 0,789503298 | 0,115948307
32 25 3,8 0,2880 0,77354 1,435289 0,098661165 | 0,781869374 | 0,119469461
42 15 3,7 0,1870 0,774581 1,435852 0,103865752 | 0,77574751 | 0,120386738
NOTAS: p=a+cTHN xb+cC,, xc

n=a+cTHN xb+cC,, xC




THN-IBB-C12 c=10-10-80

0,5

Densidad-Altura nD-Altura
0,77500 1,43600
y = -0,01058x + 0,77657
0.77450 A R2 = 0,99977 1,43580 A y=-0,00582x+1,43695
: R2 = 0,99942
)
5 0,77400 = 143560 \
3 S 143540
2 0,77350 S \
3 § 143520
T 0,77300 @ \
Q ¢  1,43500
8 0,77250 3 \
oo, ¥ Q 1,43480
E hN
0,77200 . ‘ ‘ ; = 1,43460 ; : . ‘
0,0 0,1 0,2 0,3 0,4 0,5 0,0 0,1 0,2 0,3 0,4
Altura (m) Altura (m)
Concentracion vs. Altura
0,9
0,8 — —— 0
0,7
06 y =0,0684237x + 0,7626902
g ! R2=0,9956173
‘S 0,5
©
5 04
[
§ 0,3
9 oo y =-0,0463636x + 0,1123624 y =-0,0220601x + 0,1249475
o = R? = 0,9958224 R2 =0,8953295
0,1
0 - - - .
0,0 0,1 0,2 0,3 0,4 0,5
oTHN ®Cl2 4IBB | Altura (m)




THN-IBB-C12 ¢c=10-10-80

Mezcla C. masica. | C. molar T2 media DT (°C) Tiempo T. Relajacion (s.): 12400
THN-IBB-C,, 0,1000 25° 5,0 16h T. Equilibrio (min): 1033
T. Equilibrio (h): 17,2
T2 bainu hotza 22 Medidas Columna D 1,00E-09
T@bainu beroa 28 Longitud (cm) 50
T2 arriba hotza 22,6 Ancho (cm) 5 Viscosidad cin. 1,70E-03
T2 abajo hotza 22,4 gap (cm.) 0,100 gap 1,00E-03
T2 arriba beroa 27,4 Gravedad 9,81
T2 abajo beroa 27,5 Calibracién Co 0,1000
T2GAPhotza 22,5 a 0,838380235 Densidad Inicial 0,771886
T2GAPberoa 27,5 b 0,089226696 nD Inicial 1,434254
AT? 4,95 c -0,094188936 Alfa 9,54E-04
T2media 24,98 a' 1,47634910 Viscosidad Din. 1,314E-03
AT?2 vertical hotZ 0,2 b' 0,040405754 Pendiente c/z -0,0435332 0,067335 -0,0238018
AT?2 vertical berd -0,1 c' -5,76E-02 Delta c -0,0217666 0,0336675 -0,0119009
D 4,751E-13 -7,348E-13 2,598E-13
Tomas Altura toma| Cantidad Altura real (m) Densidfd D THN Cip IBB
(cm) (c.c) (g/cm?) c ¢ ¢
la
22 35 3,7 0,3870 0,7711 1,433890 0,092063276 | 0,801524466 | 0,106412258
32 25 3,8 0,2880 0,772088 1,434434 0,096321033 | 0,795068353 | 0,108610614
42 15 3,8 0,1880 0,773135 1,435012 0,100726213 | 0,788125496 | 0,111148291
NOTAS: P =a+cTHN xb+cC, , xc

n=a+cTHN xb+cC, , xc




THN-IBB-C12 c=10-10-80

Densidad-Altura nD-Altura
0,77350 y = -0,01023x + 0,77505 1,43520 00056+ 143607
R2 = 0,99981 y=- X+ L,
0,77300 \\ 1,43500 ‘\ R?=10,99979
a)
< 0,77250 2 1,43480 \
< \ S 1,43460
2 0,77200 5
5 \ § 143440
S 0,77150 ©
o \ @ 143420
o @ \
A& 0,77100 ©  1,43400
g N
0,77050 ; , , . = 1,43380 ‘ . ‘ ‘
0,0 0,1 0,2 0,3 0,4 0,5 0,0 0,1 0,2 0,3 0,4 0,5
Altura (m) Altura (m)
Concentracion vs. Altura
0,9
0,8 — —
0,7
06 y = 0,0673350x + 0,7755361
c ! R2=0,9996735
g o5
®©
5 04
@
g 03 y = -0,0435332x + 0,1088932 Y = -0,0238018X + 0,1155707
o 0.2 R2 =(0.9999521 R2 =0,9985231
O 3
0,1 2 e
0 . ‘ ‘ :
0,0 0,1 0,2 0,3 0,4 0,5
oTHN ®Cl2 4IBB | Altura (m)




THN-IBB-C12 ¢c=10-10-80

Mezcla C. masica. | C. molar T2 media DT (°C) Tiempo T. Relajacion (s.): 6476
THN-IBB-C,, 0,1000 25° 6,9 16h T. Equilibrio (min): 540
T. Equilibrio (h): 9,0
T2 bainu hotza 21 Medidas Columna D 1,00E-09
T@bainu beroa 29,3 Longitud (cm) 50
T2 arriba hotza 21,4 Ancho (cm) 5 Viscosidad cin. 1,70E-03
T2 abajo hotza 21,7 gap (cm.) 0,10 gap 1,0E-03
T2 arriba beroa 28,3 Gravedad 9,81
T2 abajo beroa 28,5 Calibracion Co 0,1000
T2GAPhotza 21,6 a 0,838380235 Densidad Inicial 0,771861
T2GAPberoa 28,4 b 0,089226696 nD Inicial 1,434251
AT? 6,85 c -0,09418894 Alfa 9,54E-04
T2media 24,98 a' 1,47634910 Viscosidad Din. 1,314E-03
AT? vertical hoty  -0,3 b' 0,040405754 Pendiente c/z -0,0394112 0,0702224 -0,0308112
A T2 vertical berq  -0,2 c -5,76E-02 Delta ¢ -0,0197056 0,0351112 -0,0154056
Dt 4,301E-13 -7,663E-13 3,362E-13
Tomas Altura toma| Cantidad Altura real (m) Densidjld D THN Cip IBB
(cm) (c.c.) (g/cm®) c c Y
1a
22 35 3,7 0,3870 0,771625 1,434216 0,091719981 | 0,795625354 | 0,112654665
32 25 3,7 0,2870 0,772641 1,434782 0,095633925 | 0,788546266 | 0,115819809
42 15 3,8 0,1880 0,773641 1,435338 0,0995629 | 0,781651289 | 0,118785811
p=a+cTHN xb+cC,, xcC
NOTAS:

n=a+cTHN xb+cC, , xC




THN-IBB-C12 c=10-10-80

0,5

Densidad-Altura nD-Altura
0,77400 1,43540
\ y = -0,00564x + 1,43640
y= -0,01013x + 0,77555 1.43520 R2 =0.99999
0,77350 A\ R2 = 1,00000 ’ \ ’
\ Q 143500
)
g 0.77300 \ & 143480
g 8
B 0,77250 g 1a0 N\
o 7}
2 \ $ 143440 \
(]
2 0.77200 \ S 143420
2
0,77150 \ , : : = 1,43400 ‘ : : :
0,0 0,1 0,2 0,3 0,4 0,5 0.0 01 0.2 03 0.4
Altura (m) Altura (m)
Concentracion vs. Altura
0,9
0,8 —La— 1
0,7
y =0,0702224x + 0,7684304
= 06 RZ=0,9999779
g o5
©
5 04
o
e 03 y =-0,0394112x + 0,1069631 y = -0,0308112x + 0,1246065
Q o2 R2 = (,9999839 R2 =(.90997488
U i
0,1 —_—
0 ‘ , : ‘
0,0 0,1 0,2 0,3 0,4 0,5
oTHN ®C12 4IBB | Altura (m)




THN-IBB-C12 ¢c=10-80-10

Mezcla C. masica. | C. molar T2 media DT (°C) Tiempo T. Relajacion (s.): 15834
THN-IBB-C,, 0,1000 25° 5,7 69h 45" |T. Equilibrio (min): 1319
T. Equilibrio (h): 22,0
T2 bainu hotza 21,7 Medidas Columna D 1,00E-09
Tabainu beroa 28,7 Longitud (cm) 98
T2 arriba hotza 22,4 Ancho (cm) 5 Viscosidad cin. 1,24E-03
T2 abajo hotza 22 |__gap (cm.) 0,10 gap 1,0E-03
T2 arriba beroa 27,7 Gravedad 9,81
T2 abajo beroa 28,1 Calibracion Co 0,1000
T2GAPhotza 22,2 a 0,849052122 Densidad Inicial 0,847223
T2GAPberoa 27,9 b 0,105244882 nD Inicial 1,480983
AT? 5,70 c -0,122806935 Alfa 9,47E-04
T2media 25,05 a' 1,48380286 Viscosidad Din. 1,053E-03
AT?2 vertical hotz 0,4 b' 0,048841964 Pendiente c/z -0,0204043 0,0299735 -0,0095692
AT2 vertical berq  -0,4 c' -7,73E-02 Delta c -0,019996214 | 0,02937403 | -0,009377816
D 3,472E-13 -5,100E-13 1,628E-13
Tomas Altura toma| Cantidad Altura real (m) Densidgd D THN Cip IBB
(cm) (c.c.) (g/cm®) c c ¢
12 75,4 4,2 0,7946 0,845258 1,479866 0,088733071 | 0,106938778 | 0,804328151
22 57,8 4,2 0,6186 0,846346 1,480492 0,092127672 | 0,100988499 | 0,806883829
32 40,2 4,2 0,4426 0,847414 1,481093 0,096233582 | 0,095810664 | 0,807955754
42 22,6 4,2 0,2666 0,848414 1,481658 0,099948132 | 0,090851151 | 0,809200718
52 5 4,2 0,0906 0,849353 1,482200 0,102778657 | 0,085630747 | 0,811590596
_ P =a+cTHN xb+cC, , xcC
NOTAS:

n=a+cTHN xb+cC, , xC



THN-IBB-C12 ¢=10-80-10

Densidad-Altura nD-Altura
0,85000 1,48250
=-0,00331x + 1,48253
0,84950 y =-0,00583x + 0,84994 148200 1 N\ Y 509910
0,84900 R2=0,99907 ’ \ D
a)
. 0,84850 S 1,48150
8 0,84800 s \
S el
=2 0,84750 o 1,48100
o \ 3
& 0,84700 S
ke N T 148050
& 0,84650 ¥ \
c \ )
& 0,84600 N\ S 1,48000 N
0,84550 N i
0,84500 \ . : , = 1,47950 : : : .
0,0 0,2 0,4 0,6 0,8 1,0 0,0 0,2 0,4 0,6 0,8 1,0
Altura (m) Altura (m)
Concentracion vs. Altura
0,9
0,8 | M= — e N ——
0,7
0,6 y= -0,0095692x + 0,8122269
5 R2 = 0,9759329
‘s 05
©
5 04
8 03 v =0 (0200735% + 0 0827783 y= -0,0204043X + 0,1049948
€ T |7 TRz 09988945 R2=0,9967173
8 o2 ’
O 3
0,1 g = e
0 ‘ . , :
0,0 0,2 0,4 0,6 0,8 1,0
e THN ‘ Altura (m)




THN-IBB-C12 ¢c=10-80-10

Mezcla C. masica. | C. molar T2 media DT (°C) Tiempo T. Relajacion (s.): 12173
THN-IBB-C,, 0,1000 25° 6,5 5h T. Equilibrio (min): 1014
T. Equilibrio (h): 16,9
T2 bainu hotza 21 Medidas Columna D 1,00E-09
Tabainu beroa 29,3 Longitud (cm) 98
T2 arriba hotza 21,8 Ancho (cm) 5 Viscosidad cin. 1,24E-03
T2 abajo hotza 21,4 | _gap(cm.) 0,10 gap 1,0E-03
T2 arriba beroa 28 Gravedad 9,81
T2 abajo beroa 28,2 Calibracion Co 0,1000
T2GAPhotza 21,6 a 0,849052122 Densidad Inicial 0,847333
T2GAPberoa 28,1 b 0,105244882 nD Inicial 1,480985
AT? 6,50 C -0,122806935 Alfa 9,47E-04
T2media 24,85 a' 1,48380286 Viscosidad Din. 1,053E-03
AT? vertical hotZ 0,4 b' 0,048841964 Pendiente c/z -0,0193012 0,030759 -0,0114578
AT? vertical berd  -0,2 c' -7,73E-02 Delta c -0,018915176 | 0,03014382 | -0,011228644
D; 3,284E-13 -5,234E-13 1,950E-13
Tomas Altura Cantidad 1 114 real (m) Densidg d nD THN Cz IBB
toma (cm) (c.c.) (g/em®) c c c
12 75,4 4,1 0,7936 0,845374 1,479931 0,089194924 | 0,106390012 | 0,804415064
22 57,8 4 0,6166 0,846442 1,480551 0,092211317 | 0,100278467 | 0,807510217
32 40,2 4 0,4406 0,847537 1,481169 0,096317455 | 0,094880971| 0,808801574
42 22,6 4 0,2646 0,848507 1,481720 0,099751407 | 0,089925272| 0,810323321
52 5 4,2 0,0906 0,849447 1,482266 0,102388673 | 0,084531104 | 0,813080223
_ P =a+clTHN xb+cC, , xc
NOTAS:

n=a+cTHN xb'+cC,, xCc



THN-IBB-C12 ¢=10-80-10

Densidad-Altura nD-Altura
0,85000 1,48250
y = -0,00332x + 1,48259
0,84950 N y = -0,00581x + 0,85002 1.48200 N R2=0,99912
0,84900 N R?'=0,99905 ' \
o 284850 2 148150
Q \ ’
8 0,84800 N = \
2 0,84750 G g 1,48100
g 0,84700 ®
g S 1,48050
G 084650 \\ K
& 0,84600 8 148000
0,84550 2
0,84500 , \ , : = 1,47950 ; : : .
0,0 0,2 04 0,6 0,8 1,0 0,0 0,2 0.4 0,6 08 1,0
Altura (m) Altura (m)
Concentracion vs. Altura
0,9
0,8 — M= e r 3 e A
0,7
06 y =-0,0114574x + 0,8138814
c ! R2=0,9770101
g o5
©
5 04
C
S o3
5 y =-0,0193004x + 0,1044886 y = 0,0307577x + 0,0816300
O 0,2 RZ=10,9955554 RZ=10,9987/952
0,1 — f————e—— = el
0 - - T .
0,0 0,2 0,4 0,6 0,8 1,0
oTHN ®Cl2 4IBB | Altura (m)




THN-IBB-C12 ¢c=10-80-10

Mezcla C. masica. | C. molar T2 media DT (°C) Tiempo T. Relajacion (s.): 3895
THN-IBB-C,, 0,1000 25° 6,5 5h T. Equilibrio (min): 325
T. Equilibrio (h): 5,4
T2 bainu hotza 21 Medidas Columna D 1,00E-09
T2bainu beroa 29,3 Longitud (cm) 50
T2 arriba hotza 21,8 Ancho (cm) 5 Viscosidad cin. 1,24E-03
T2 abajo hotza 21,4 gap (cm.) 0,10 gap 1,0E-03
T2 arriba beroa 28 Gravedad 9,81
T2 abajo beroa 28,2 Calibracion Co 0,1000
T2GAPhotza 21,6 a 0,849052122 Densidad Inicial 0,847333
T2GAPberoa 28,1 b 0,105244882 nD Inicial 1,480985
AT? 6,50 c -0,122806935 Alfa 9,47E-04
T2media 24,85 a' 1,48380286 Viscosidad Din. 1,053E-03
AT?2 vertical hot3 0,4 b' 0,048841964 Pendiente c/z -0,0213037 0,0300066 -0,008703
A T2 vertical berq  -0,2 c -7,73E-02 Delta c -0,01065185 | 0,0150033 -0,0043515
D; 3,159E-13 -4,450E-13 1,291E-13
Tomas Altura toma| Cantidad Altura real (m) Densid;';\d D THN Cip IBB
(cm) (c.c.) (g/lcm®) c c ¢
1a
22 35 3,6 0,3860 0,846289 1,480452 0,092362932 | 0,101654258 | 0,80598281
32 25 4 0,2900 0,846879 1,480789 0,094345214 | 0,098548775 | 0,807106011
42 15 4 0,1900 0,847451 1,481111 0,096537602 | 0,095769921 | 0,807692477
NOTAS: p=a+cTHN xb+cC,, xc

n=a+cTHN xb'+cC,, xC




THN-IBB-C12 ¢=10-80-10

0,5

Densidad-Altura nD-Altura
0,84760 1,48120
«® N-NOO2RACY- AQ1T7E
0,84740 V= -0,00593 + 084858 1,48110 y=-0,00336x + 1,48175
R2 = 0,99957 1,48100 R?=0,99938
0,84720 =0 o b \
S \ c  1,48090
< 0.84700 0 \
2 \ S 148080
T 0,84680 @ \
3 \ £ 148070
'S 0,84660 @ \
2 \ T 1,48060 \
Q 0,84640 S 148050
hN 5 = AN
0,84620 : : : : = 1,48040 : : :
0,0 0,1 0,2 0,3 0,4 0,5 0,0 0,1 0,2 0,3 0,4
Altura (m) Altura (m)
Concentracion vs. Altura
0,9
0,8 e v "
0,7 -
y = -0,0087030x + 0,8094394
0,6 R2 — ﬂ'QRQQ771
S
‘S 0,5
©
= 04
)
c 03 y = -0,0213037x + 0,1005649 Y = U,U300066X + U,0899957
8 0,2 R2 =0,9997019 R2=0,9980811
0,1 = — —a
0 : : : :
0,0 0,1 0,2 0,3 0,4 0,5
eTHN ®C12 4lBB Altura (m)




THN-IBB-C12 ¢c=10-80-10

Mezcla C. masica. | C. molar T2 media DT (°C) Tiempo T. Relajacion (s.): 3175
THN-IBB-C,, 0,1000 25° 7,2 4h20” T. Equilibrio (min): 265
T. Equilibrio (h): 4.4
T2 bainu hotza 21 Medidas Columna D 1,00E-09
T@bainu beroa 29,3 Longitud (cm) 50
T2 arriba hotza 214 Ancho (cm) 5 Viscosidad cin. 1,24E-03
T2 abajo hotza 21,3 gap (cm.) 0,10 gap 1,0E-03
T2 arriba beroa 28,5 Gravedad 9,81
T2 abajo beroa 28,6 Calibracion Co 0,1000
T2GAPhotza 21,4 a 0,849052122 Densidad Inicial 0,847238
T2GAPberoa 28,6 b 0,105244882 nD Inicial 1,481001
AT? 7,20 C -0,122806935 Alfa 9,47E-04
T2media 24,95 a' 1,48380286 Viscosidad Din. 1,053E-03
AT? vertical hot3 0,1 b' 0,048841964 Pendiente c/z -0,021364 0,0321853 -0,0108213
A T2 vertical berd  -0,1 c -7,73E-02 Delta ¢ -0,010682 0,01609265 | -0,00541065
D 3,168E-13 -4,772E-13 1,604E-13
Tomas Altura toma| Cantidad Altura real (m) Densidfd D THN Cip IBB
(cm) (c.c.) (g/cm®) c c c
12 45
28 35 4,2 0,3920 0,846555 1,480655 0,090328453 | 0,097744719 | 0,811926829
32 25 4,2 0,2920 0,847177 1,481011 0,092376845 | 0,09443532 | 0,813187835
42 15 4,3 0,1930 0,847789 1,481358 0,094580191 | 0,091340143 | 0,814079665
NOTAS: P =a+cTHN xb+cC,, xc

n=a+cTHN xb+cC_, xC



THN-IBB-C12 ¢=10-80-10

Densidad-Altura

nD-Altura

0,84800 1,48140 N
. y=-0,00620x + 0,84899 y = -0,00353x + 1,48204
0,84780 R? = 1,00000 148130 R? = 0,99998
0,84760 A 148120
—_ \ < \
3 0,84740 c 148110
~ Ne)
2 0,84720 \ 'S 1,48100 \
o] ©
(U S
g 0,84700 \ & 148090 \
£ 0,84680 % 1,48080 \
O 0,84660 \ £ 148070 \
=
0,84640 . , , , = 1,48060 : , . ,
0,0 0,1 0,2 0,3 0,4 0,5 0,0 0,1 0,2 03 0,4 05
Altura (m) Altura (m)
Concentracion vs. Altura
0,9
0,8 Mr—— -’
0,7 y =-0,0108213x + 0,8162282
0.6 R2 = 0,9908536
S
S 0,5
©
s 04
o
8 03 y = 0,0321853x + 0,0850979 y =-0,0213640x + 0,0986739
8 0,2 R2 = 0.0997308 R2=0,9994270
0,1 = = =
0 : , . ,
0,0 01 0.2 03 0,4 0,5
eTHN ®Cl2 aIBB Altura (m)




THN-IBB-C12 ¢c=10-80-10

Mezcla C. masica. | C. molar T2 media DT (°C) Tiempo T. Relajacion (s.): 3175
THN-IBB-C,, 0,1000 25° 7,2 16h 45" | T. Equilibrio (min): 265
T. Equilibrio (h): 4.4
T2 bainu hotza 21 Medidas Columna D 1,00E-09
Tabainu beroa 29,3 Longitud (cm) 50
T2 arriba hotza 21,4 Ancho (cm) 5 Viscosidad cin. 1,24E-03
T2 abajo hotza 21,3 gap (cm.) 0,10 gap 1,0E-03
T2 arriba beroa 28,5 Gravedad 9,81
T2 abajo beroa 28,6 Calibracion Co 0,1000
T2GAPhotza 21,4 a 0,849052122 Densidad Inicial 0,847227
T2GAPberoa 28,6 b 0,105244882 nD Inicial 1,480992
AT? 7,20 c -0,122806935 Alfa 9,47E-04
T2media 24,95 a' 1,48380286 Viscosidad Din. 1,053E-03
AT?2 vertical hotz 0,1 b' 0,048841964 Pendiente c/z -0,0231126 0,0290909 -0,0059783
AT2 vertical berq  -0,1 c' -7,73E-02 Delta ¢ -0,0115563 | 0,01454545 | -0,00298915
D 3,427E-13 -4,313E-13 8,864E-14
Tomas Altura toma| Cantidad Altura real (m) Densid?d 0D THN Cip IBB
(cm) (c.c.) (g/cm) C c ¢
12 45
22 35 4 0,3900 0,846671 1,480757 0,088668615 | 0,095377674| 0,815953711
32 25 4,1 0,2910 0,847261 1,481091 0,090822926 | 0,092419619( 0,816757455
42 15 4,2 0,1920 0,84786 1,481426 0,093244915 | 0,089617675| 0,81713741
NOTAS: p=a+cTHN xb+cC, ,xc

n=a+cTHN xb'+cC,, xC




THN-IBB-C12 ¢=10-80-10

Densidad-Altura nD-Altura
0,84800 1,48150
«
0,84780 0‘\ y=-0:00601x+0;84901 1,48140 \ y =-0,00338x + 1,48207
R2 = 0,99998 R2 = 1,00000
0,84760 ' a 1,48130 \
3 \ c 148120
L 0,84740 N) \
) \ S 148110
T 0,84720 @ \
X \ £ 148100 \
‘@ 0,84700 X 1,48090
@ \ 3 , \
O 0,84680 N S 148080 N
c
0,84660 ‘ ‘ , ‘ = 1,48070 ; ‘ ‘ .
0,0 0,1 0,2 0,3 0,4 0,5 0,0 0,1 0,2 0,3 0,4 0,5
Altura (m) Altura (m)
Concentracion vs. Altura
0,9
0,8 i =z =\
0,7
- 0,6 y—=-=0,0059783x+0,8183559
he) R2=0,9590244
S 0,5
®©
5 04
[
8 o3
2 v y =0,0290909x + 0,0840062 y = -0,0231126x + 0,0976379
] 02 R2 = 0,9997552 R2 = 0,9988609
O 5
0,1 = = =
0 T - - -
0,0 0,1 0,2 0,3 0,4 0,5
eTHN ®C12 4AIBB Altura (m)




THN-IBB-C12 ¢c=40-20-40

Mezcla C. masica. | C. molar T2 media DT (°C) Tiempo T. Relajacion (s.): 18060
THN-IBB-C,, 0,4000 25° 6,8 23h30° | T. Equilibrio (min): 1505
T. Equilibrio (h): 25,1
T2 bainu hotza 21 Medidas Columna D 1,00E-09
Tabainu beroa 29,3 Longitud (cm) 98
T2 arriba hotza 21,4 Ancho (cm) 5 Viscosidad cin. 1,50E-03
T2 abajo hotza 21 | _gap (cm.) 0,10 gap 1,0E-03
T2 arriba beroa 27,7 Gravedad 9,81
T2 abajo beroa 28,2 Calibracién Co 0,4000
T2GAPhotza 21,2 a 0,848077002 Densidad Inicial 0,84247
T2GAPberoa 28,0 b 0,102365167 nD Inicial 1,473198
AT? 6,75 c -0,116188581 Alfa 9,05E-04
T2media 24,58 a' 1,48292342 Viscosidad Din. 1,266E-03
AT? vertical hotz 0,4 b' 0,047269347 Pendiente c/z -0,1097102 0,1124814 -0,0027712
AT2 vertical berq  -0,5 c' -7,18E-02 Delta ¢ -0,107515996 | 0,110231772 | -0,002715776
D 1,476E-12 -1,5613E-12 3,728E-14
Tomas Altura toma| Cantidad Altura real (m) Densidfd D THN Cip IBB
(cm) (c.c.) (g/cm®) C c ¢
12 75,4 4 0,7926 0,834681 1,468940 0,356720176 | 0,429575111 | 0,213704713
22 57,8
32 40,2 4 0,4406 0,843464 1,473726 0,396857269 | 0,389344309 | 0,213798422
42 22,6 4 0,2646 0,847608 1,475982 0,415928166 | 0,37048011 | 0,213591724
52 5 4,2 0,0906 0,85173 1,478250 0,433398529 | 0,350395147 | 0,216206323
NOTAS: p=a+cTHN xb+cC,, xcC

n=a+cTHN xb+cC,, xC




THN-IBB-C12 c=40-20-40

Densidad-Altura nD-Altura
0,85400 1,48000
0,85200 =:0:0243 85402 _
’ y U,02450X+0,65402 « y =-0,01326x + 1,47949
0,85000 R2=0,99977 1,47800 \ R2 = 0,99980
. 0,84800 \\ S 1,47600
3 0,84600 N c \
3 0,84400 N B 1.47400
< 0,84200 N g \
8 0,84000 N T 147200
@ 0,83800 N i \
8 0,83600 N 8 147000
0,83400 S \
0,83200 i : : : = 1,46800 . . . .
0,0 0,2 0,4 0,6 0,8 1,0 0,0 0,2 0,4 0,6 0,8 1,0
Altura (m) Altura (m)
Concentracion vs. Altura
0,5
0.45 y =-0,1097015x + 0,4442918
0’4 %
0,35
;S 0,3 y=0,1124727x+0,3402823
8 o025 R? = 09998649
2 o2 A x = A
2 0,15
(@] —
y =-0,0027712x + 0,2154258
© o1 R2=0,4372951
0,05
0 : : ‘ :
0,0 0,2 0,4 0,6 0,8 1,0
eTHN ®mC12 4IBB Altura (m)




THN-IBB-C12 ¢c=40-20-40

Mezcla C. masica. | C. molar T2 media DT (°C) Tiempo T. Relajacion (s.): 18057
THN-IBB-C,, 0,4000 250 6,8 20h30° T. Equilibrio (min): 1505
T. Equilibrio (h): 25,1
T2 bainu hotza 21 Medidas Columna D 1,00E-09
Tabainu beroa 29,3 Longitud (cm) 98
T2 arriba hotza 21,4 Ancho (cm) 5 Viscosidad cin. 1,50E-03
T2 abajo hotza 21 gap (cm.) 0,10 gap 1,0E-03
T2 arriba beroa 27,7 Gravedad 9,81
T2 abajo beroa 28,2 Calibracion Co 0,4000
T2GAPhotza 21,2 a 0,848077002 Densidad Inicial 0,842531
T2GAPberoa 28,0 b 0,102365167 nD Inicial 1,473214
AT? 6,75 c -0,11618858 Alfa 9,05E-04
T2media 24,58 a' 1,48292342 Viscosidad Din. 1,266E-03
AT? vertical hot2 0,4 b' 0,047269347 Pendiente c/z -0,106299 0,1130535 -0,0067545
AT2 vertical berq  -0,5 c' -7,18E-02 Delta c -0,10417302 | 0,11079243 | -0,00661941
Dt 1,430E-12 -1,621E-12 9,087E-14
Tomas Altura toma| Cantidad Altura real (m) Densidfld D THN Cip IBB
(cm) (c.c.) (g/cm”) C c ¢
12 75,4 42 0,7946 0,834806 1,468990 0,358424124 | 0,430000496 | 0,21157538
22 57,8 4,1 0,6176 0,839132 1,471337 0,37883791 | 0,410752999 | 0,210409091
32 40,2 4 0,4406 0,843494 1,473732 0,397641401 | 0,389776949 | 0,212581651
42 22,6 4 0,2646 0,847617 1,475999 0,415212939 | 0,369772516 | 0,215014545
52 5 4 0,0886 0,851758 1,478257 0,434042843 | 0,350721817 | 0,215235341
NOTAS: p=a+cTHN xb+cC, , xcC

n=a+cTHN xb+cC,, xC



THN-IBB-C12 c=40-20-40

Densidad-Altura nD-Altura
0,85400 1,48000
0,85200
: = -0,01314x + 1,47946
0,85000 1,47800 ~ / R? = 0,99988
0,84800 o) \
3 0,84600 S 1,47600
S 0.84400 S \
o) Y, R
2 S 1,47400 ,
5 0,84200 @ \
< 0,84000 % 1,47200
@ 0,83800 @ \
3 0,83600 8 147000
0,83400 = N
0,83200 : : : , = 1,46800 . , , :
0,0 0,2 0,4 0,6 0,8 1,0 0,0 0,2 0,4 0,6 0,8 1,0
Altura (m) Altura (m)
Concentracion vs. Altura
0,5
0.45 y =-0,1063091x + 0,4437383
' RZ = 0,00941
04
0,35
S 03 y-=0.1130643% +0.3403179
g 025 R2=0,9997776
2 oo — h— — — A
(&)
1
5 015 y = -0,0067553x + 0,2159438
O 01 R2=0,;7911262
0,05
0 : ‘ ‘ :
0,0 0,2 0,4 06 0,8 1,0
oTHN ®C12 4lBB Altura (m)




THN-IBB-C12 ¢c=40-20-40

Mezcla C. masica. | C. molar T2 media DT (°C) Tiempo T. Relajacion (s.): 5778
THN-IBB-C,, 0,4000 25° 6,8 5h T. Equilibrio (min): 482
T. Equilibrio (h): 8,0
T2 bainu hotza 21 Medidas Columna D 1,00E-09
Tabainu beroa 29,3 Longitud (cm) 50
T2 arriba hotza 21,4 Ancho (cm) 5 Viscosidad cin. 1,50E-03
T2 abajo hotza 21 |__gap (cm.) 0,10 gap 1,0E-03
T2 arriba beroa 27,7 Gravedad 9,81
T2 abajo beroa 28,2 Calibracion Co 0,4000
T2GAPhotza 21,2 a 0,848077002 Densidad Inicial 0,842518
T2GAPberoa 28,0 b 0,102365167 nD Inicial 1,473142
AT? 6,75 c -0,116188581 Alfa 9,05E-04
T2media 24,58 a' 1,48292342 Viscosidad Din. 1,266E-03
AT2 vertical hotz 0,4 b 0,047269347 Pendiente c/z -0,1094674 0,1215586 -0,0120912
AT? vertical ber -0,5 c' -7,18E-02 Delta ¢ -0,0547337 0,0607793 -0,0060456
Dt 1,283E-12 -1,425E-12 1,418E-13
Tomas Altura toma| Cantidad Altura real (m) DenSidfld D THN Cis IBB
(cm) (c.c) (g/cm?) C ¢ ¢
1a
22 35 3,8 0,3880 0,838912 1,471310 0,372024587 | 0,406643758 | 0,221331655
32 25 3,6 0,2860 0,841587 1,472768 0,384227153 | 0,394371619 | 0,221401228
42 15 3,9 0,1890 0,843951 1,474076 0,393791082 | 0,382451456 | 0,223757462
NOTAS p=a+cTHN xb+cC, , xc

n=a+cTHN xb+cC, , xC




THN-IBB-C12 c=40-20-40

0,84500
0,84400
0,84300
0,84200
0,84100
0,84000

Densidad (g/cc)

0,83900
0,83800

0,5

Densidad-Altura nD-Altura
1,47450
y = -0,02533x + 0,84877 _ Ox+ 147670 |
\Rz =0,99955 1,47400 \nglf%();g'*g]?.gWG?Z
\ Q  1,47350 \
S 1,47300
AN 3 AN
\ 8 147250 \
&  1,47200
\ 3 \
> g 1,47150 N\
: . ‘ : = 1,47100 : . : :
0,0 0,1 0,2 0,3 0,4 0,5 0,0 0,1 0,2 0,3 0,4
Altura (m) Altura (m)
Concentracién vs. Altura
y = -0,1094674x + 0,4148377
0,45 R?2=10,9969373
0.4 P——ﬁl—:i
0,35
0,3
5 y = 0,1215586x + 0,3595206
‘5 0,25 R2=0,9999627
@ & - —
5 02
c
3 o015
e y = -0,0120912x + 0,2256417
8 0,1 R2 =(,7591990
0,05
0 : : : .
0,0 0,1 0,2 0,3 0,4 0,5
eTHN ®C12 4IBB Altura (m)




THN-IBB-C12 ¢c=40-20-40

Mezcla C. masica. | C. molar T2 media DT (°C) Tiempo T. Relajacion (s.): 5079
THN-IBB-C,, 0,4000 25° 7,2 5h T. Equilibrio (min): 423
T. Equilibrio (h): 7,1
T2 bainu hotza 21 Medidas Columna D 1,00E-09
Tabainu beroa 29,3 Longitud (cm) 50
T2 arriba hotza 21,7 Ancho (cm) 5 Viscosidad cin. 1,50E-03
T2 abajo hotza 21,2 gap (cm.) 0,10 gap 1,0E-03
T2 arriba beroa 28,5 Gravedad 9,81
T2 abajo beroa 28,8 Calibracion Co 0,4000
T2GAPhotza 21,5 a 0,848077002 Densidad Inicial 0,842491
T2GAPberoa 28,7 b 0,102365167 nD Inicial 1,473132
AT? 7,20 c -0,116188581 Alfa 9,05E-04
T2media 25,05 a' 1,48292342 Viscosidad Din. 1,266E-03
AT? vertical hot2 0,5 b' 0,047269347 Pendiente c/z -0,1127455 0,120971 -0,0082255
AT2 vertical berg -0,3 c' -7,18E-02 Delta ¢ -0,05637275 | 0,0604855 | -0,00411275
Dt 1,322E-12 -1,418E-12 9,643E-14
Tomas Altura toma| Cantidad Altura real (m) Densid;';\d D THN Cip IBB
(cm) (c.c) (g/lcm®) C c c
1a
22 35 3,8 0,3880 0,83892 1,471306 0,372583861 | 0,407067639 0,2203485
32 25 3,8 0,2880 0,8415 1,472722 0,383741549 | 0,394692572 | 0,221565879
42 15 4 0,1900 0,843988 1,474081 0,394908251 | 0,383117264 | 0,221974485
NOTAS: p=a+clTHN xb+cC, , xc

n=a+cTHN xb+cC, , xC



THN-IBB-C12 c=40-20-40

0,5

Densidad-Altura nD-Altura
0,84500 1,47450
y =-0,02560x + 0,84886 1.47400 --0,01402x +.1,47675 ]
noatm0 N 7000098 ' \Rz = 0,09996
0,84300 @ 1,47350
£ 0,84200 S 1,47300
E AN g AN
= 0,84100 g 147250
‘@ 0,84000 @ 147200
3] \ g \
0O 0,83900 N 2 147150 N
c
0,83800 . ‘ . ‘ = 1,47100 ; . ‘ ‘
0,0 0,1 0,2 0,3 0,4 0,5 0,0 01 0,2 0,3 0,4
Altura (m) Altura (m)
Concentracion vs. Altura
y = -0,1127455x + 0,4162904
0,45 R<=0,99990652
04 —_— .,
0,35
0,3
S y = 0,1209710x + 0,3600389
‘5 0.25 R2=0,999819
@ 2 A
5 02
C
8 015
e y = -0,0082255x + 0,2236707
= 0,1 R2 =(,9268780
O )
0,05
0 . , ‘ ‘
0,0 0,1 0,2 0,3 0,4 05
eTHN ®C12 alIBB Altura (m)




THN-IBB-C12 ¢c=40-20-40

Mezcla C. masica. | C. molar T2 media DT (°C) Tiempo T. Relajacion (s.): 5451
THN-IBB-C,, 0,4000 25° 7,0 22h 15" |T. Equilibrio (min): 454
T. Equilibrio (h): 7,6
T2 bainu hotza 21 Medidas Columna D 1,00E-09
T2bainu beroa 29,3 Longitud (cm) 50
T2 arriba hotza 21,7 Ancho (cm) 5 Viscosidad cin. 1,50E-03
T2 abajo hotza 21,3 gap (cm.) 0,10 gap 1,0E-03
T2 arriba beroa 28,3 Gravedad 9,81
T2 abajo beroa 28,6 Calibracion Co 0,4000
T2GAPhotza 21,5 a 0,848077002 Densidad Inicial 0,842494
T2GAPberoa 28,5 b 0,102365167 nD Inicial 1,473132
AT? 6,95 c -0,116188581 Alfa 9,05E-04
T2media 24,98 a' 1,48292342 Viscosidad Din. 1,266E-03
AT? vertical hot3 0,4 b' 0,047269347 Pendiente c/z -0,1144575 0,1217458 -0,0072883
A T2 vertical berd  -0,3 c -7,18E-02 Delta ¢ -0,05722875 | 0,0608729 | -0,00364415
Dt 1,342E-12 -1,427E-12 8,544E-14
Tomas Altura toma| Cantidad Altura real (m) DenSidfld D THN Cip IBB
(cm) (c.c) (g/cm?) c c ¢
1a
22 35 3,7 0,3870 0,838922 1,471299 0,373098864 | 0,407504157 | 0,219396979
32 25 3,6 0,2860 0,841586 1,472757 0,384876347 | 0,394952183 | 0,220171471
42 15 3,8 0,1880 0,844068 1,474115 0,395873717 | 0,383279328 | 0,220846955
NOTAS: P =a+cTHN xb+cC,, xc

n=a+cTHN xb+cC, , xc




THN-IBB-C12 c=40-20-40

Densidad-Altura nD-Altura
0,84500 1,47450
=-0,02586x + 0,84895
0,84400 L 1,47400 AG -0,01415x +1,47679 |
‘\ , R2 = 0,99986
0,84300 Q 147350
o AN = N\
< 0,84200 \ & 1,47300
2 3 \
T 0,84100 8 1,47250
S \ 5 \
@ 0,84000 \ @ 147200 \
(] (O]
0O 0,83900 > O 1,47150
S RS
0,83800 w w w T = 1,47100 - ‘ : :
0,0 0,1 0,2 0,3 0,4 0,5 0,0 0,1 0,2 0,3 04
Altura (m) Altura (m)
Concentracion vs. Altura
y = -0,1144575x + 0,4174656
0'45 R =0,8996//75
04 ls—<7
0,35
0,3
S y = 0,1217458x + 0,3603042
S 0,25 RZ=0,9998501 n N
S5 02
@
o 015 y =-0,0072883x + 0,2222302
S o1 R? = 0,9990579
0,05
0 ‘ ‘ ‘ :
0,0 0,1 0,2 0,3 0,4 0,5
eTHN ®C12 4IBB Altura (m)

0,5




THN-IBB-C12 c=45-10-45

Mezcla C. masica. | C. molar T2 media DT (°C) Tiempo T. Relajacion (s.): 21659
THN-IBB-C,, 0,4500 25° 7,1 23h15" | T. Equilibrio (min): 1805
T. Equilibrio (h): 30,1
T2 bainu hotza 21 Medidas Columna D 1,00E-09
T@bainu beroa 29,3 Longitud (cm) 98
T2 arriba hotza 21,6 Ancho (cm) 5 Viscosidad cin. 1,71E-03
T2 abajo hotza 21,1 | _gap (cm) 0,10 gap 1,0E-03
T2 arriba beroa 28,4 Gravedad 9,81
T2 abajo beroa 28,4 Calibracién Co 0,4500
T2GAPhotza 21,4 a 0,847995152 Densidad Inicial 0,841817
T2GAPberoa 28,4 b 0,101874647 nD Inicial 1,471966
AT? 7,05 c -0,115504805 Alfa 9,00E-04
T2media 24,88 a' 1,48309252 Viscosidad Din. 1,439E-03
AT2 vertical hotz 0,5 b' 0,046719248 Pendiente c/z -0,1253952 0,1282158 -0,0028206
AT? vertical ber 0 c' -7,13E-02 Delta ¢ -0,122887296 | 0,125651484 | -0,002764188
Dt 1,475E-12 -1,508E-12 3,317E-14
Tomas Altura toma | Cantidad Altura real (m) Densid;';\d D THN Cip IBB
(cm) (c.c) (g/cm”) C ¢ ¢
12 75,4 4,2 0,7946 0,832961 1,467154 0,411501266 | 0,493102413 | 0,095396321
22 57,8 42 0,6186 0,837862 1,469792 0,435474242 | 0,47181532 | 0,092710438
32 40,2 4.4 0,4445 0,842838 1,472508 0,457487828 | 0,448150731 | 0,094361441
42 22,6 4.2 0,2666 0,847587 1,475092 0,478997831 | 0,426007272 | 0,094994897
52 5 4 0,0886 0,852429 1,477736 0,500348143 | 0,402917804 | 0,096734053
NOTAS p=a+CcTHN xb+cC, , xc

n=a+cTHN xb+cC,, xC




THN-IBB-C12 c=45-10-45

Densidad-Altura

nD-Altura

y =-0,1254053x + 0,5122637

0,4

c

Ne]

S g3 |_y=01282058¢ + 03916486

g R2 = 0,0997668

c

8 o2

5 y = -0,0028205x + 0,0960877

O R = 0,2849822
01 - - - i -

0 : : : :
0,0 0.2 0.4 0.6 08
eTHN ®C12 4IBB Altura (m)

1,0

0,85500 1,48000
\ y =-0,02759x + 0,85494 1,47800 y.=-0,01500x +.1,47910
0,85000 R2.=.0,99986 \ R2 =0,99988
\\ Q  1,47600
3 0,84500 \ S 1,47400 \
2 S \
(8]
'© 0,84000 8 147200
© ()
@ \\ ¢ 147000
@ 0,83500 @
! (&]
a) N - 1,46800 N
0,83000 ‘ , ‘ ‘ = 1,46600 . . , ,
0,0 0,2 0,4 0,6 0,8 1,0 0,0 0,2 0,4 0,6 0,8 1,0
Altura (m) Altura (m)
Concentracion vs. Altura
0,6




THN-IBB-C12 c=45-10-45

Mezcla C. masica. | C. molar T2 media DT (°C) Tiempo T. Relajacion (s.): 6931
THN-IBB-C,, 0,4500 250 7,1 5h T. Equilibrio (min): 578
T. Equilibrio (h): 9,6
T2 bainu hotza 21 Medidas Columna D 1,00E-09
Tabainu beroa 29,3 Longitud (cm) 50
T2 arriba hotza 21,6 Ancho (cm) 5 Viscosidad cin. 1,71E-03
T2 abajo hotza 21,1 |__gap (cm.) 0,10 gap 1,0E-03
T2 arriba beroa 28,4 Gravedad 9,81
T2 abajo beroa 28,4 Calibracién Co 0,4500
T2GAPhotza 21,4 a 0,847995152 Densidad Inicial 0,841817
T2GAPberoa 28,4 b 0,101874647 nD Inicial 1,471912
AT? 7,05 c -0,115504805 Alfa 9,00E-04
T2media 24,88 a' 1,48309252 Viscosidad Din. 1,439E-03
AT? vertical hot2 0,5 b' 0,046719248 Pendiente c/z -0,1310147 0,1426011 | -0,0115864
AT2 vertical berg 0 c' -7,13E-02 Delta ¢ -0,06550735 | 0,07130055 | -0,0057932
D; 1,343E-12 -1,462E-12 1,188E-13
Tomas Altura toma| Cantidad Altura real (m) DenSidfld D THN Cip IBB
(cm) (c.c) (g/cm?) c ¢ ¢
1a
22 35 3,4 0,3840 0,83749 1,469648 0,430178495 | 0,470365143 | 0,099456362
32 25 3,5 0,2850 0,840496 1,471294 0,443151407 | 0,455782294 | 0,101066299
42 15 3,7 0,1870 0,843364 1,472857 0,45598838 | 0,442274303 | 0,101737317
NOTAS: p=a+cTHN xb+cC,, xc

n=a+cTHN xb+cC, , xc




THN-IBB-C12 c=45-10-45

Densidad-Altura nD-Altura
0,84400 1,47350
& y=-0,02982x + 0,84896 1,47300 y =-0,01629x + 1,47591
0,84300 & R?=0,99986
R2 = 0,99989 1.47250 !
0,84200 o AN
. \ S 147200
< 0,84100 \ S 1,47150 AN
~ o
T 0,84000 g 147100 \\
8 \ =
B 0,83900 g 147050 AN
S \ o 147000 N\
O 0,83800 \ 2 146950
[
0,83700 : : . : = 1,46900 : : : :
0,0 0,1 0,2 0,3 0,4 0,5 0,0 0,1 0,2 0,3 0,4 0,5
Altura (m) Altura (m)
Concentracion vs. Altura
0,5
0,45 P—<
0,4
0.35 y =0,1426011x + 0,4154517 y =-0,1310147x + 0,4804890
’ R2=0,9996330 R2 =1,0000000
c
o 03
g 025
% 0,2 y=-0,0115864x + 0,1040593
2 015 R? = 0,9478495
(@)
O o1 e i A
0,05
0 - - - -
0,0 01 02 03 04 05
oTHN ®C12 4IBB Altura (m)




THN-IBB-C12 c=45-10-45

Mezcla C. masica. | C. molar T2 media DT (°C) Tiempo T. Relajacion (s.): 6931
THN-IBB-C,, 0,4500 25° 7,1 71h 15 |T. Equilibrio (min): 578
T. Equilibrio (h): 9,6
T2 bainu hotza 21 Medidas Columna D 1,00E-09
T@bainu beroa 29,3 Longitud (cm) 50
T2 arriba hotza 21,6 Ancho (cm) 5 Viscosidad cin. 1,71E-03
T2 abajo hotza 21,1 gap (cm.) 0,10 gap 1,0E-03
T2 arriba beroa 28,4 Gravedad 9,81
T2 abajo beroa 28,4 Calibracién Co 0,4500
T2GAPhotza 21,4 a 0,847995152 Densidad Inicial 0,841798
T2GAPberoa 28,4 b 0,101874647 nD Inicial 1,471912
AT? 7,05 c -0,115504805 Alfa 9,00E-04
T2media 24,88 a' 1,48309252 Viscosidad Din. 1,439E-03
AT2 vertical hotz 0,5 b' 0,046719248 Pendiente c/z -0,1294041 0,1405734 -0,0111693
AT? vertical ber 0 c' -7,13E-02 Delta ¢ -0,06470205 | 0,0702867 | -0,00558465
Dt 1,326E-12 -1,441E-12 1,145E-13
Tomas Altura toma| Cantidad Altura real (m) Densidgd D THN Cip IBB
(cm) (c.c) (g/cm) c c ¢
1a
22 35 3,7 0,3870 0,837632 1,469751 0,429230738 | 0,468299841 | 0,102469421
32 25 3,4 0,2840 0,840728 1,471446 0,442609458 | 0,453295724 | 0,104094818
42 15 3,8 0,1880 0,843485 1,472948 0,454980964 | 0,440338192 | 0,104680843

p=a+cTHN xb+cC,, xcC
n=a+cTHN xb+cC,, xC

NOTAS:



THN-IBB-C12 c=45-10-45

Densidad-Altura nD-Altura
0,84400 1,47350
0.84300 \ y =-0,02942x + 0,84904 1,47300 =~ 0;01607X+ 147598
' R2 = 0,99983 147950 R2 = 0,99979
0,84200 a = \
= \ c  1,47200
£ 0,84100 N
= \ g 147150
©
g 0,84000 \ % 1.47100
G 0,83900 2 \
@ \ T 147050 \
(]
0O 0,83800 £ 147000
N E N
0,83700 , , , , = 1,46950 , : : :
0,0 0.1 0,2 0,3 0,4 0,5 0,0 01 0,2 0,3 0.4 05
Altura (m) Altura (m)
Concentracion vs. Altura
0,5
0,45 —
0,4
0.35 y = 0,1405734x + 0,4137271 y = -0,1294041x + 0,4793264
' R2 = 0,9995193 R2 = 0,9999948
c
o 03
& 025
g 02 y =-0,0111693x + 0,1069465
g 0,15 R2 = 0,9413223
@]
O o1 f— A= A
0,05
0 ‘ , . ,
0,0 0,1 0,2 0,3 0,4 05
oTHN ®=Cl12 4IBB Altura (m)




THN-IBB-C12 c=45-10-45

Mezcla C. masica. | C. molar T2 media DT (°C) Tiempo T. Relajacion (s.): 6931
THN-IBB-C,, 0,4500 25° 7,1 23h 30" |T. Equilibrio (min): 578
T. Equilibrio (h): 9,6
T2 bainu hotza 21 Medidas Columna D 1,00E-09
Tabainu beroa 29,3 Longitud (cm) 50
T2 arriba hotza 21,7 Ancho (cm) 5 Viscosidad cin. 1,71E-03
T2 abajo hotza 21,3 gap (cm.) 0,10 gap 1,0E-03
T2 arriba beroa 28,4 Gravedad 9,81
T2 abajo beroa 28,7 Calibracion Co 0,4500
T2GAPhotza 21,5 a 0,847995152 Densidad Inicial 0,841819
T2GAPberoa 28,6 b 0,101874647 nD Inicial 1,471916
AT? 7,05 c -0,115504805 Alfa 9,00E-04
T2media 25,03 a' 1,48309252 Viscosidad Din. 1,439E-03
AT? vertical hotZ 0,4 b' 0,046719248 Pendiente c/z -0,1290864 0,1393058 -0,0102193
AT? vertical berd -0,3 c' -7,13E-02 Delta ¢ -0,0645432 0,0696529 | -0,00510965
Dt 1,323E-12 -1,428E-12 1,047E-13
Tomas Altura toma| Cantidad Altura real (m) Densidfd D THN Cip IBB
(cm) (c.c) (g/cm) c c ¢
1a
22 35 4 0,3900 0,837622 1,469743 0,429343627 | 0,468485985 | 0,102170388
32 25 4 0,2900 0,840541 1,471340 0,442025227 | 0,454399415 | 0,103575358
42 15 4,1 0,1910 0,843441 1,472920 0,455032588 | 0,440764661 | 0,104202751
NOTAS: p=a+cTHN xb+cC,, xc

n=a+cTHN xb'+cC,, xC




THN-IBB-C12 c=45-10-45

Densidad-Altura nD-Altura
0,84400 1,47350
& y=-0,02924x + 0,84902 1,47300 y = -0,01596x + 1,47597
0,84300 R? = 1,00000 \ R2 = 1,00000
A 147250
0,84200 a \
3 \ c 147200
S 0,84100 9 \
S \ S 147150 \
T 0,84000
ks \ £ 147100
‘@ 0,83900 02 \
c \ T 147050 \
O 0,83800 \o 2 1,47000
2 N
0,83700 : : : : = 1,46950 : : : :
0,0 0,1 0,2 0,3 0,4 0,5 0,0 0,1 0,2 0,3 04 0,5
Altura (m) Altura (m)
Concentracion vs. Altura
0,5
0.45 ——
0,4
0.35 |_v=0.13930858x + 0,4141049 y = -0,1200864x + 0,4796119
c R2 = 0,9999576 R2 = 0,9998955
© 03
& 025
g 02 y'=-0,0102193X + 0,1062832
2 0,15 R2 = 0,9546909
@]
O o1 ye v A
0,05
0 : : ‘ ‘
0,0 0,1 0,2 0,3 0,4 0,5
eTHN ®C12 alBB Altura (m)




THN-IBB-C12 ¢=80-10-10

Mezcla C. masica. | C. molar T2 media DT (°C) Tiempo T. Relajacion (s.): 30049
THN-IBB-C,, 0,8000 250 6,9 23h T. Equilibrio (min): 2504
T. Equilibrio (h): 41,7
T2 bainu hotza 21 Medidas Columna D 1,00E-09
Tabainu beroa 29,3 Longitud (cm) 98
T2 arriba hotza 21,7 Ancho (cm) 5 Viscosidad cin. 1,86E-03
T2 abajo hotza 21,3 | __gap (cm) 0,10 gap 1,0E-03
T2 arriba beroa 28,3 Gravedad 9,81
T2 abajo beroa 28,5 Calibracién Co 0,8000
T2GAPhotza 21,5 a 0,848940335 Densidad Inicial 0,925505
T2GAPberoa 28,4 b 0,105608002 nD Inicial 1,517867
AT? 6,90 c -0,121781614 Alfa 8,48E-04
T2media 24,95 a' 1,48374796 Viscosidad Din. 1,719E-03
AT? vertical hotZ 0,4 b' 0,049959033 Pendiente c/z -0,0740027 | 0,0549424 0,0190602
AT? vertical berd  -0,2 c' -7,66E-02 Delta ¢ -0,072522646 | 0,053843552 | 0,018678996
D 7,550E-13 -5,606E-13 -1,945E-13
Tomas Altura | Cantidad | - g (m) Densidg d nD THN Cz BB
toma (cm) (c.c.) (g/cm®) c c c
12 75,4 57,83890988 | 57,12842695 | -113,9673368
22 57,8 4,3 0,6195 0,923401 1,516713 0,842611433 | 0,119277812 | 0,038110755
32 40,2 4,1 0,4416 0,926259 1,518274 0,856951073 | 0,10824479 | 0,034804138
42 22,6 4,2 0,2666 0,928775 1,519636 0,870317732 | 0,099176312 | 0,030505956
52 5 4,2 0,0906 0,931081 1,520900 0,881614159 | 0,090036945 | 0,028348896
NOTAS: p=a+cTHN xb+cC,, xcC

n=a+cTHN xb'+cC,, xCc




THN-IBB-C12 c=80-10-10

Densidad-Altura nD-Altura
0,93200 1,52150
0,93100 o~ y.=-0,01451x+.0,93252 1,52100 \ §'=70,00790X + 1,52168
0,93000 N\ R?=0,99789 1,52050 N\ R2 = 0,99793

—~ 0.92900 N\ 2 1,52000 N\

8 N S 151950

3, 0,92800 2 N\

2 \ o 1,51900

< 0,92700 S N

@ \ 8 151850

T 0,92600 L 1,51800 X

2 \ x ' \

g 0,92500 \ g 151750 N\
0,92400 N S 151700 N
0,92300 ; ; ; ‘= 1,51650 , , .

0,0 0,2 0,4 0,6 0.8 0,0 0,2 0,4 0,6 0,8
Altura (m) Altura (m)
Concentracion vs. Altura
1
0.9 — o .
0,8 e —
07 y = -0,0740027x + 0,8891134
c Rz = 0,9974204
o 06
g 05
g 0,4
O o3 y =0,0190602x + 0,0261841 v = 0,0549424x + 0,0847025
o ’ R2 = 0,9856055 Rz =0,9979448
O 02
0,1 - — i} ="
0 L e — —A
0,0 0,1 0,2 0,3 0,4 05 0,6 0,7
eTHN ®Cl12 aIBB Altura (m)




THN-IBB-C12 ¢=80-10-10

Mezcla C. masica. | C. molar T2 media DT (°C) Tiempo T. Relajacion (s.): 9618
THN-IBB-C,, 0,8000 25° 6,9 5h T. Equilibrio (min): 802
T. Equilibrio (h): 13,4
T2 bainu hotza 21 Medidas Columna D 1,00E-09
Tabainu beroa 29,3 Longitud (cm) 50
T2 arriba hotza 21,7 Ancho (cm) 5 Viscosidad cin. 1,86E-03
T2 abajo hotza 21,3 | _gap(cm.) 0,10 gap 1,0E-03
T2 arriba beroa 28,3 Gravedad 9,81
T2 abajo beroa 28,5 Calibracion Co 0,8000
T2GAPhotza 21,5 a 0,848940335 Densidad Inicial 0,925359
T2GAPberoa 28,4 b 0,105608002 nD Inicial 1,517667
AT? 6,90 c -0,121781614 Alfa 8,48E-04
T2media 24,95 a' 1,48374796 Viscosidad Din. 1,719E-03
AT? vertical hot2 0,4 b' 0,049959033 Pendiente c/z -0,0903241 | 0,0608457 0,0294784
AT2 vertical berq  -0,2 c' -7,66E-02 Delta ¢ -0,04516205 | 0,03042285 0,0147392
D+ 8,029E-13 -5,409E-13 -2,620E-13
Tomas Altura toma| Cantidad Altura real (m) Densidsd D THN Cip IBB
(cm) (c.c.) (g/cm) c c c
12 45 2 0,4700
22 35 3,7 0,3870 0,921662 1,515857 0,82817492 | 0,121038248 | 0,050786831
32 25 3,8 0,2880 0,923394 1,516792 0,837534306 | 0,11493245 | 0,047533245
42 15 3,8 0,1880 0,925035 1,517682 0,846150811 | 0,108929671 | 0,044919518
NOTAS: P =a+clTHN xb+cC,, xc

Nn=a+cTHN xb+cC, , xC



THN-IBB-C12 c=80-10-10

Densidad-Altura nD-Altura
Do y = -0,01695x + 0,92824 . o yTogoenixs 151942
- Y ’ R2=0,99971
0,92500 \ R?=099966 1,51750 \ ,
QO  1,51700
< 0,92400 c \
L \ &  1,51650
2 0,92300 8 \
5 \ 8  1,51600 \
-D b
D 0,92200 \ & 151550 AN
[0]) (O]
A 0,92100 \ S 151500
c
0,92000 ‘ ‘ ‘ . = 151450 ‘ s ‘ ,
0,0 01 0,2 0,3 0,4 0,5 0,0 0,1 0,2 0,3 0,4 0,5
Altura (m) Altura (m)
Concentracion vs. Altura
0,9
08 - ¢ >
07 y = -0,0903241x + 0,8632699
: Rz = 0,9992843
0,6
[
2 05
©
5 04
o
© 03 1 y=0,0294784x + 0,0392666 Yy = 0,0608457X + 0,0974635
o 02 R2 = 0,9956791 R2 = 0,9999390
U )
0,1 [ -
0 & . P—
0,0 0,1 0,2 0,3 0,4 0,5
¢THN ®mC12 4lBB Altura (m)




THN-IBB-C12 ¢=80-10-10

Mezcla C. masica. | C. molar T2 media DT (°C) Tiempo T. Relajacion (s.): 9213
THN-IBB-C,, 0,8000 25° 7,1 3h 30" |T. Equilibrio (min): 768
T. Equilibrio (h): 12,8
T2 bainu hotza 21 Medidas Columna D 1,00E-09
T2bainu beroa 29,3 Longitud (cm) 50
T2 arriba hotza 21,5 Ancho (cm) 5 Viscosidad cin. 1,86E-03
T2 abajo hotza 21,3 | _gap(cm.) 0,10 gap 1,0E-03
T2 arriba beroa 28,4 Gravedad 9,81
T2 abajo beroa 28,5 Calibracion Co 0,8000
T2GAPhotza 21,4 a 0,848940335 Densidad Inicial 0,925347
T2GAPberoa 28,5 b 0,105608002 nD Inicial 1,517729
AT? 7,05 c -0,121781614 Alfa 8,48E-04
T2media 24,93 a' 1,48374796 Viscosidad Din. 1,719E-03
AT? vertical hot3 0,2 b' 0,049959033 Pendiente c/z -0,0874942 0,0559596 0,0315346
A T2 vertical berd  -0,1 c' -7,66E-02 Delta ¢ -0,0437471 0,0279798 0,0157673
D 7,778E-13 -4,974E-13 -2,803E-13
Tomas Altura toma| Cantidad Altura real (m) Densid?d 0D THN Cip IBB
(cm) (c.c.) (g/cm) c c c
12 45 1,4 0,4640 0,921253 1,515639 0,825794683 | 0,122332597 | 0,051872719
22 35 4,1 0,3910 0,922561 1,516373 0,831164918 | 0,116249083 | 0,052585999
32 25 57,83890988 | 57,12842695 | -113,9673368
42 15 4 0,1900 0,9256887 1,518038 0,849494091 | 0,10646113 | 0,044044778
NOTAS: p=a+cTHN xb+cC,, xcC

n=a+cTHN xb'+cC,, xC




THN-IBB-C12 c=80-10-10

Densidad-Altura nD-Altura
0,92600 1,51850
0,92550 AN - .
N\ V=-001605x +0,92876 151800 o y = -0,00865x + 1,51970
0,92500 \ R2=10,99905 ! R2= 0,99815
0,92450 a 151750
8 0,92400 N S \
& 0,92350 \C 'S 1,51700
2 0,92300 g \
2 0,92250 Ne T 151650
& 0,92200 AN 8 1,51600 \
() \ © ’
0,92150 5 \
N c
0,92100 . ‘ , ‘ = 1,51550 ‘ ‘ ‘ ‘
0,0 0,1 0,2 0,3 0,4 0,5 0,0 0,1 0,2 0,3 0,4 0,5
Altura (m) Altura (m)
Concentracion vs. Altura
1 v =-00874942x + 0,8659617
R2=0,9982073
0,9
0,8 - ¢ —
0,7
S 06
g 05
S 04
€ 03 | ¥=00559506x +0,0055217 y =0,0315346x + 0,0385166
S R2 = 0,9833247 R2 = 0,8916083
O 0,2
0,1 - ]
B Y == =\
0,0 0,1 0,2 0,3 0,4 0,5
eTHN ®mC12 alBB Altura (m)




THN-IBB-C12 ¢=80-10-10

Mezcla C. masica. | C. molar T2 media DT (°C) Tiempo T. Relajacion (s.): 9213
THN-IBB-C,, 0,8000 25° 7,1 20h 45" | T. Equilibrio (min): 768
T. Equilibrio (h): 12,8
T2 bainu hotza 21 Medidas Columna D 1,00E-09
Tabainu beroa 29,3 Longitud (cm) 50
T2 arriba hotza 21,4 Ancho (cm) 5 Viscosidad cin. 1,86E-03
T2 abajo hotza 21,2 gap (cm.) 0,10 gap 1,0E-03
T2 arriba beroa 28,3 Gravedad 9,81
T2 abajo beroa 28,4 Calibracion Co 0,8000
T2GAPhotza 21,3 a 0,848940335 Densidad Inicial 0,925345
T2GAPberoa 28,4 b 0,105608002 nD Inicial 1,517828
AT? 7,05 c -0,121781614 Alfa 8,48E-04
T2media 24,83 a' 1,48374796 Viscosidad Din. 1,719E-03
AT?2 vertical hotz 0,2 b' 0,049959033 Pendiente c/z -0,0882251 0,0576382 0,0305869
AT2 vertical berq  -0,1 c' -7,66E-02 Delta ¢ -0,04411255 | 0,0288191 | 0,01529345
D 7,843E-13 -5,124E-13 -2,719E-13
Tomas Altura toma| Cantidad Altura real (m) Densidfld nD THN Ci IBB
(cm) (c.c) (g/cm?) c c ¢
12 45 2 0,4700
22 35 4 0,3900 0,922274 1,516252 0,827548263 | 0,115469427 | 0,05698231
32 25 4 0,2900 0,924002 1,517187 0,836754578 | 0,109263733 | 0,053981688
42 15 4,2 0,1920 0,925508 1,517998 0,845014247 | 0,10406005 [ 0,050925703
NOTAS: P =a+cTHN xb+cC,, xc

n=a+cTHN xb+cC,, xC




THN-IBB-C12 c=80-10-10

0,5

Densidad-Altura nD-Altura
0,92600 1,51850
- y = -0,00882x + 1,51971
P N\ V=-0,01634x + 0,92868 1,51800 - R2=0,99877
’ R? = 0,99886 \
__0,92450 \\ Q 151750
g 0,92400 A c \
S 0,92350 N S 151700
< 0,92300 3 \
& N & 151650
S 0,92250 N s \
o N § Lo AN
8o, N S 151550
0,92100 =i '
0,92050 ‘ ‘ ‘ . = 151500 ‘ ‘ ; ‘
0,0 0,1 0,2 0,3 0,4 0,5 0,0 0,1 0,2 0,3 0,4
Altura (m) Altura (m)
Concentracioén vs. Altura
0,9
0,8 M ? ¢
07 y =-0,0882251x + 0,8620831
’ R2=0,9993524
0,6
S
'S 0,5
o
= 04 V= 0,0576382x + 0,0028447 y=10,0305869x + 0,0450726
8 0,3 R2 = (09979916 R2 =0,9998766
c
8 o2
0,1 - = =
/5 — ==
0 ‘ : , ‘
0,0 0,1 0,2 0,3 0,4 0,5
oTHN ®C12 aIBB Altura (m)




C.K Resultados en los ensayos mediante las Columnas Termogravitacionales para la
290 Mezcla Ternaria THN-IBB-nC,




Apéndice L

Resultados de los Planos de
Calibracion para la Mezcla

Ternaria THN-IBB-nC19
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Calibracién Mezcla THN-IBB-nC12 (0,10-0,80-0,10)

CONCENTRACION EXPERIMENTAL
¢ THN c BB cCyp Densidad Dens ajustada Error nD nD ajustado Error
0,18064 0,75912 0,06024 0,860791 0,860666 0,000125 1,488130 1,487967 0,000163
0,15991 0,78004 0,06005 0,858607 0,858506 0,000101 1,487116 1,486968 0,000148
0,14056 0,79932 0,06012 0,856528 0,856462 0,000066 1,486107 1,486018 0,000089
0,12076 0,81753 0,06172 0,854200 0,854182 0,000018 1,484977 1,484928 0,000049
0,10176 0,83812 0,06013 0,852375 0,852377 0,000002 1,484138 1,484122 0,000016
0,15925 0,76056 0,08018 0,856019 0,855965 0,000053 1,485486 1,485380 0,000106
0,13960 0,77972 0,08069 0,853835 0,853835 0,000000 1,484443 1,484380 0,000063
0,12140 0,79897 0,07963 0,852043 0,852050 0,000007 1,483421 1,483574 0,000152
0,10009 0,81942 0,08049 0,849659 0,849702 0,000042 1,482465 1,482466 0,000001
0,08108 0,83913 0,07979 0,847747 0,847788 0,000041 1,481589 1,481592 0,000004
0,14058 0,75877 0,10066 0,851460 0,851485 0,000025 1,482595 1,482884 0,000289
0,11951 0,78083 0,09966 0,849329 0,849391 0,000062 1,481919 1,481932 0,000013
0,08344 0,83323 0,08333 0,847553 0,847599 0,000046 1,481303 1,481433 0,000130
0,08095 0,81885 0,10019 0,845236 0,845268 0,000032 1,479999 1,480008 0,000008
0,06072 0,83902 0,10026 0,843037 0,843130 0,000094 1,478938 1,479015 0,000077
0,12269 0,75715 0,12016 0,847170 0,847207 0,000037 1,480533 1,480501 0,000032
0,10133 0,77816 0,12051 0,844877 0,844917 0,000040 1,479441 1,479431 0,000009
0,08133 0,79834 0,12033 0,842797 0,842834 0,000037 1,478459 1,478469 0,000009
0,06057 0,81919 0,12024 0,840723 0,840661 0,000062 1,477513 1,477462 0,000051
0,04372 0,83673 0,11956 0,838980 0,838970 0,000010 1,476608 1,476691 0,000083
0,10044 0,75885 0,14070 0,842341 0,842344 0,000003 1,477895 1,477827 0,000068
0,08105 0,77827 0,14068 0,840324 0,840306 0,000018 1,476925 1,476881 0,000044
0,06001 0,80015 0,13984 0,838231 0,838194 0,000037 1,475955 1,475918 0,000037
0,04084 0,82021 0,13895 0,836350 0,836286 0,000064 1,475084 1,475051 0,000033
0,02246 0,83785 0,13969 0,834376 0,834261 0,000115 1,474135 1,474096 0,000039
a= 0,849052122 a = 1,483802863
= 0,105244882 b' = 0,048841964
c= -0,122806935 c'= -0,077341074

p:a+cTHN<b+cQ2xc n=a+cTHN xb+cC,, xc



Calibracién Mezcla THN-IBB-nC12 (0,10-0,10-0,80)

CONCENTRACION EXPERIMENTAL
¢ THN c BB cCyp Densidad Dens ajustada Error nD nD ajustado Error
0,17971 0,06016 0,76014 0,782874 0,782818 0,000056 1,439839 1,439816 0,000023
0,16023 0,08218 0,75759 0,781375 0,781321 0,000054 1,439206 1,439176 0,000031
0,14177 0,10022 0,75802 0,779650 0,779633 0,000017 1,438410 1,438405 0,000005
0,12025 0,12061 0,75914 0,777595 0,777607 0,000013 1,437458 1,437471 0,000013
0,10052 0,14017 0,75931 0,775808 0,775830 0,000022 1,436655 1,436664 0,000009
0,16066 0,05970 0,77964 0,779290 0,779282 0,000008 1,437916 1,437923 0,000007
0,14125 0,08016 0,77859 0,777634 0,777649 0,000015 1,437186 1,437199 0,000013
0,12114 0,09963 0,77923 0,775782 0,775795 0,000013 1,436335 1,436350 0,000014
0,10198 0,12024 0,77778 0,774200 0,774222 0,000022 1,435641 1,435659 0,000018
0,08171 0,14006 0,77823 0,772362 0,772370 0,000007 1,434812 1,434814 0,000002
0,14081 0,06005 0,79914 0,775632 0,775675 0,000042 1,435959 1,435997 0,000038
0,12108 0,08040 0,79852 0,774031 0,773972 0,000059 1,435274 1,435236 0,000038
0,10084 0,10009 0,79907 0,772070 0,772115 0,000045 1,434455 1,434386 0,000069
0,08205 0,12137 0,79657 0,770630 0,770673 0,000044 1,433740 1,433771 0,000031
0,06083 0,13949 0,79967 0,768464 0,768488 0,000024 1,432717 1,432735 0,000017
0,12020 0,05988 0,81992 0,771824 0,771877 0,000053 1,433934 1,433967 0,000033
0,09985 0,08002 0,82013 0,770110 0,770043 0,000068 1,433178 1,433133 0,000045
0,08079 0,09981 0,81940 0,768392 0,768411 0,000018 1,432390 1,432405 0,000015
0,06025 0,12059 0,81916 0,766581 0,766600 0,000019 1,431573 1,431589 0,000016
0,04024 0,13961 0,82015 0,764721 0,764722 0,000001 1,430718 1,430723 0,000006
0,10106 0,06050 0,83844 0,768387 0,768425 0,000038 1,432100 1,432126 0,000026
0,08070 0,08060 0,83871 0,766557 0,766583 0,000026 1,431277 1,431288 0,000011
0,06124 0,09976 0,83900 0,764839 0,764820 0,000020 1,430498 1,430485 0,000012
0,04148 0,11991 0,83861 0,763138 0,763093 0,000044 1,429730 1,429709 0,000021
0,02097 0,14026 0,83876 0,761328 0,761250 0,000078 1,428897 1,428872 0,000025
a= 0,838380235 a = 1,476349098
b= 0,089226696 b'= 0,040405754
c= -0,094188936 c'= -0,057613942

p=a+CcTHN xb+cC,, xc n=a+cTHN xb+cC,, xC



CONCENTRACION EXPERIMENTAL

Calibracién Mezcla THN-IBB-nC12 (0,40-0,20-0,40)

¢ THN c BB cCyp, Densidad Dens ajustada Error nD nD ajustado Error
0,47972 0,16012 0,36016 0,855447 0,855338 0,000109 1,479798 1,479739 0,000059
0,45973 0,18019 0,36007 0,853369 0,853301 0,000068 1,478844 1,478800 0,000044
0,43971 0,19998 0,36032 0,851265 0,851223 0,000042 1,477857 1,477836 0,000021
0,41986 0,22016 0,35997 0,849244 0,849232 0,000012 1,476936 1,476922 0,000014
0,39993 0,24019 0,35988 0,847187 0,847203 0,000016 1,475991 1,475987 0,000004
0,46004 0,16006 0,37990 0,851037 0,851030 0,000007 1,477390 1,477391 0,000001
0,43905 0,18032 0,38063 0,848802 0,848796 0,000006 1,476351 1,476347 0,000004
0,41971 0,20036 0,37994 0,846875 0,846896 0,000021 1,475459 1,475482 0,000023
0,39999 0,22009 0,37992 0,844843 0,844879 0,000036 1,474540 1,474551 0,000011
0,37969 0,24021 0,38009 0,842745 0,842782 0,000037 1,473557 1,473579 0,000022
0,43991 0,16008 0,40001 0,846589 0,846632 0,000043 1,474960 1,474995 0,000035
0,41968 0,18069 0,39963 0,844563 0,844606 0,000043 1,474053 1,474067 0,000014
0,39967 0,20027 0,40007 0,842445 0,842506 0,000061 1,473049 1,473089 0,000040
0,37947 0,21994 0,40059 0,840325 0,840378 0,000053 1,472066 1,472097 0,000031
0,36084 0,23965 0,39950 0,838551 0,838597 0,000046 1,471227 1,471294 0,000067
0,41999 0,15974 0,42027 0,842188 0,842238 0,000050 1,472574 1,472599 0,000025
0,40005 0,18028 0,41967 0,840224 0,840268 0,000044 1,471679 1,471700 0,000021
0,37662 0,20706 0,41632 0,838229 0,838259 0,000030 1,470824 1,470833 0,000009
0,36015 0,22009 0,41976 0,836154 0,836171 0,000017 1,469811 1,469806 0,000005
0,34035 0,23992 0,41973 0,834161 0,834149 0,000012 1,468883 1,468873 0,000010
0,39948 0,16005 0,44047 0,837760 0,837791 0,000031 1,470172 1,470179 0,000007
0,38153 0,17960 0,43887 0,836174 0,836140 0,000034 1,469453 1,469445 0,000008
0,36048 0,19988 0,43964 0,833950 0,833897 0,000053 1,468415 1,468395 0,000020
0,34059 0,21977 0,43964 0,831944 0,831860 0,000084 1,467501 1,467455 0,000046
0,32105 0,23969 0,43926 0,830005 0,829904 0,000101 1,466627 1,466559 0,000068
a= 0,848077002 a = 1,482923423
b= 0,102365167 b' = 0,047269347
c= -0,116188581 c'= -0,07180433

p=a+CcTHN xb+cC6xc

n=a+cTHN xb'+cC,, xC




Calibracién Mezcla THN-IBB-nC12 (0,45-0,10-0,45)

CONCENTRACION EXPERIMENTAL

¢ THN c BB cCyp Densidad Dens ajustada Error nD nD ajustado Error

0,53003 0,06005 0,40992 0,854766 0,854644 0,000122 1,478699 1,478623 0,000076
0,51109 0,07980 0,40911 0,852880 0,852807 0,000073 1,477832 1,477796 0,000036
0,48967 0,10015 0,41018 0,850458 0,850503 0,000045 1,476697 1,476719 0,000022
0,46881 0,12202 0,40917 0,848493 0,848494 0,000001 1,475830 1,475817 0,000013
0,44997 0,14011 0,40992 0,846477 0,846488 0,000011 1,474883 1,474883 0,000000
0,50952 0,06019 0,43029 0,850255 0,850201 0,000054 1,476226 1,476212 0,000014
0,49004 0,08067 0,42930 0,848344 0,848331 0,000013 1,475374 1,475373 0,000001
0,46941 0,10051 0,43008 0,846113 0,846139 0,000026 1,474333 1,474353 0,000020
0,44989 0,11985 0,43027 0,844108 0,844129 0,000021 1,473422 1,473428 0,000006
0,42972 0,14041 0,42987 0,842097 0,842121 0,000024 1,472494 1,472514 0,000020
0,48935 0,06076 0,44989 0,845844 0,845883 0,000039 1,473848 1,473872 0,000024
0,46947 0,08067 0,44987 0,843820 0,843860 0,000040 1,472927 1,472945 0,000018
0,45027 0,10062 0,44911 0,841948 0,841992 0,000044 1,472073 1,472102 0,000029
0,42905 0,12018 0,45077 0,839594 0,839638 0,000044 1,470969 1,470993 0,000024
0,40960 0,14016 0,45023 0,837685 0,837719 0,000034 1,470098 1,470122 0,000024
0,46942 0,06066 0,46992 0,841487 0,841539 0,000052 1,471488 1,471513 0,000025
0,45012 0,08010 0,46979 0,839540 0,839588 0,000048 1,470590 1,470621 0,000031
0,42958 0,10013 0,47030 0,837387 0,837437 0,000050 1,469597 1,469625 0,000028
0,40969 0,12018 0,47013 0,835416 0,835429 0,000013 1,468708 1,468707 0,000001
0,39004 0,14017 0,46980 0,833490 0,833466 0,000024 1,467819 1,467813 0,000006
0,44941 0,06092 0,48967 0,837193 0,837219 0,000026 1,469161 1,469170 0,000009
0,42941 0,08064 0,48995 0,835158 0,835149 0,000009 1,468223 1,468215 0,000008
0,40922 0,10056 0,49022 0,833104 0,833062 0,000042 1,467276 1,467253 0,000023
0,38976 0,12038 0,48986 0,831183 0,831121 0,000062 1,466423 1,466370 0,000053
0,36964 0,14007 0,49030 0,829140 0,829020 0,000120 1,465449 1,465398 0,000051

a= 0,847995152 a' = 1,48309252
= 0,101874647 b' 0,046719248

c= -0,115504805 c' -0,071310845

p=a+CcTHN xb+cC, xc n=a+cTHN xb'+cC , xc



Calibracién Mezcla THN-IBB-nC12 (0,80-0,10-0,10)

CONCENTRACION EXPERIMENTAL

¢ THN c BB cCyp Densidad Dens ajustada Error nD nD ajustado Error

0,18012 0,75995 0,05993 0,860780 0,860663 0,000117 1,488221 1,488158 0,000063
0,16060 0,77910 0,06030 0,858636 0,858558 0,000078 1,487200 1,487155 0,000045
0,13984 0,79995 0,06021 0,856425 0,856377 0,000048 1,486150 1,486125 0,000025
0,11998 0,81970 0,06032 0,854260 0,854265 0,000005 1,485119 1,485124 0,000005
0,09991 0,83956 0,06054 0,852111 0,852119 0,000008 1,484103 1,484105 0,000002
0,15974 0,75962 0,08064 0,856000 0,855990 0,000010 1,485563 1,485556 0,000007
0,14113 0,77889 0,07997 0,854074 0,854106 0,000032 1,484665 1,484677 0,000012
0,12027 0,79940 0,08033 0,851807 0,851858 0,000051 1,483585 1,483607 0,000022
0,10021 0,81970 0,08009 0,849710 0,849770 0,000060 1,482589 1,482624 0,000035
0,08036 0,83956 0,08008 0,847624 0,847675 0,000051 1,481612 1,481633 0,000021
0,14041 0,75882 0,10077 0,851407 0,851496 0,000089 1,482998 1,483048 0,000050
0,12035 0,77917 0,10047 0,849313 0,849415 0,000102 1,482007 1,482069 0,000062
0,10006 0,79959 0,10034 0,847206 0,847288 0,000082 1,481025 1,481065 0,000040
0,07976 0,81940 0,10084 0,844995 0,845083 0,000088 1,479962 1,480013 0,000051
0,07988 0,79972 0,12039 0,843135 0,842715 0,000420 1,478721 1,478522 0,000199
0,06377 0,81670 0,11953 0,841077 0,841119 0,000042 1,477762 1,477784 0,000022
0,04086 0,83959 0,11955 0,838670 0,838696 0,000026 1,476612 1,476637 0,000025
0,09980 0,76002 0,14018 0,842339 0,842409 0,000070 1,477966 1,478003 0,000037
0,07926 0,78082 0,13992 0,840219 0,840272 0,000053 1,476967 1,476997 0,000030
0,06000 0,79789 0,14211 0,837954 0,837970 0,000016 1,475876 1,475866 0,000010
0,03995 0,82031 0,13974 0,836167 0,836142 0,000025 1,475068 1,475047 0,000021
0,02082 0,83900 0,14017 0,834146 0,834069 0,000077 1,474102 1,474058 0,000044

a= 0,848940335 a = 1,483747963
= 0,105608002 b' 0,049959033

c= -0,121781614 c' -0,076552501

p=a+cTHN xb+cC, xc n=a+cTHN xb+cC,, xc’
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