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THERMOD'YN'A .. MIC COUPLING OF HEAT Al'\TO MATTER FLOWS 
IN !><"EAR-FIELD REGIONS OF NUCLEAR WASTE REPOSITORIES 

C .. L. CARNAHAN 
Lawrence Berkeley Laboratory, University of California, 
Berkeley, California 94720 

ABSTRACT 

In near-field regions of nuclear waste repositories, thermo
dynamically coupled flows of heat and matter can occur in ad
dition to the independent flows in the presence of gradients of 
temperature, hydraulic potential, and composition. The follow
ing coupled effects can occur: thermal osmosis, thermal diffusion, 
chemical osmosis, thermal filtration, diffusion thermal effect, ul
trafiltration, and coupled diffusion. Flows of heat and matter as
sociated with these effects can modify the flows predictable from 
the direct effects, which are expressed by Fourier's law, Darcy's 
law, and Fick's law. The coupled effects can be treated quantita
tively together with the direct effects by the methods of the ther
modynamics of irreversible processes. The extent of departure of 
fully coupled flows from predictions based only on consideration 
of direct effect.s depends on the strengths of the gradients driv
ing flows, and may be signiflcant at early times in backfills and 
in near-field geologic environments of repositories. Approximate 
calculations using data from the literature and reasonable as
sumptions of reposit.ory condit.ions indicate that, thermal-osmotic 
and chemical-osmotic flows of water in semipermeable backfills 
may exceed Darcian flows by two to three orders of magnitude, 
while flows of solutes may be reduced greatly by ultrafiltration 
and chemical osmosis, relative to the flows predicted by advection 
and diffusion alone. In permeable materials, thermal diffusion 
may cont.ribut.e to solute flows to a smaller, but still significant, 
extent. 

INTRODUCTION 

Simultaneous processes of heat flow, fluid flow, and solute transport are ex
pected to occur in the vicinity of nuclear waste repositories, and efforts to simulate 
these processes numerically are receiving increasing attention. (See, for example, 
[1].) In the near-field region, large gradients of temperature, hydraulic potential, 
and composition can give rise to additional, thermodynamically coupled processes 
in which flows of heat and matter are driven by seemingly unrelated forces. Such 
processec; include thermal osmosis and thermal diffusion (Sorel effect), in which 
flows of volume and solutes are driven down a temperature gradient; thermal 
filtration and ultrafiltration, in which a flow of heat is driven down, and flows 
of solutes are driven against, a hydraulic potential gradient; and the diffusion 
thermal effect (Dufour effect) and chemical osmosis, in which flows of heat are 
driven down, and flows of volume are driven against, gradient.s of solute con
centrations. These processes have been observed and quantified in laboratory 
experiments, 

Thermodynamically coupled transport processes have been discussed in the 
literature of soil science and hydrogeology (e .. g., [2-8]). They haYe been ciled 
as causatiw factors of anomalous hydrologic phenomena associated with an 
underground nuclear explosion [9]. Chemical osmosis is belieYed to be the cause 
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of anomalously high difft'rences of pore-water pressures across clay and shale 
aquitards whkh may act a~ semipermeablt' membranes [10,11]. 

Com plett' d~scription of the evolution of a system supporting irreversible 
processt's, inrluding thermodynamkally coupled processes, is a task beyond t.he 
scope of this paper. Inst.ead. we will mah some rough calculations showing 
the relative magnitudes of flows arising from various transport processes, using 
experimental data reporlt'd in the literat.ure and reasonable assumptions about 
the magnitudes of gradients to be expected in near-field regions of nuclear waste 
repositories. 

PHEXOME::\OLOGICAL EQFATIONS FOR HEAT 1\ .. 1'1 • .'0 rvLo\.TTER FLO'\'S 

. Thermodynamically coupled transport processes can be described quantita
tively by mE'thods of thE' thermodynamics of irrE'versible processes [12,13,14]. In 
t.his formalism, each flow in an open system supporting irreversible processE's is 
written as a linE'ar function of all forces acting within the system. If the flows and 
forces have bE'en defined correctly, the matrix of phenomenological coefficients 
relating them is symmetric [15]; the equalities betweell matrix element.s are called 
Onsager"s reciprocal relat.ions. 

Consider a (11 + I)-component fluid of total mass density PI consisting of 
water (index i = 0) and n solutes (index i = 1, ... , n) in a saturated, porous 
or sE'mipermeable medium actE'd on by gravity and gradients of temperature (T), 
prE'ssure (P), and the composition-dependent part of the chemical potential (Jlj). 
The vect.or flows of heat (fq) and volume (ft,), and the flows of solute relath"e to 
the flow of water Un, are given by the linear phenomenological equations 

. ~T n 
Jq = -Lqqr - L q" V'h - 2: LqkFek 

k=1 

~T . n 

j" = -L"qy - Lv,,~h - 2: L"kFek (1) 
k=1 

n 

ji = -Liq "; - L i" V'h - 2: LikFek' i = 1, ... , n, 
k=1 

in which the vector forces v h and Fek are given by 

"h=vP+PI9~z, (2) 

and y is the vector gradient operator, 9 is the acceleration of gravity, z is the 
height. above an arbitrary datum, and Y k is the partial specific volume of solute 
k [1-1]. The flows are current. densities, i.e., quantities of heat, volume, or mass 
per unit area per unit time. The reciprocal relations are 

(3) 

\Ve identify yarious effects by reference to the phenomenological coefficients 
associated with them. The direct effects are Fourier's law (Lqq ). Darcy's law 
(Lt',,), and Fick's law (L,d. The thermodynamicall)' coupled effects and their 
corresponding inverse eifE'cts arE' thermal filtrat.ion (Lqtl ) and thermal osmosis 
(L"q), thE' diffusion thermal effect (Lqd and thermal diffusion (L.q ), chE'mical 
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osmosis (Lvd and ultrafiltrat.ion (Liv), and coupled diffusion (Lik. k ~ i). The 
reciprocal relations have beE:'n vE:'rified in a large yariet~' of experirnE:'nts, implying 
the validity of the linear phenomenological equations in these cases [16). 

The volume flow (iv) and the solute flows U~, i = 1, ... , n) are defined by 

n 

iv = LYdi (4) 
i=O 

and 

'0 • Pi. 
)j=)i--)o, i=l, ... ,n, 

Po 
(5) 

w here the ii, i = 0, ... , n, are the flows of water and solutes relative to the center 
.. of mass of the system and the Pi, i = 0, ... , n, are the partial mass densities of 

water and solutes. 'We also note the relation 

n 

L PiVi = 1. 
i=O 

(6) 

For the purposf' of the discussion to follow, we now simplify the phenome
nological equations by neglecting the gravitational contribution to the force Fck 
and assuming t.he presence of a single solute, denoted by index s, which forms 
an ideal solution with water. We focus attention on the matter flows, for which 
t.he phenomenological equations are now 

iv = - Lvq v: -LjJv V h - LV8 V JL; 

with the reciprocal relation 

Then (4), (5), and (6) become 

and 

'0 • Ps. 
)8=)8--)0' 

Po 

Po V' 0 + P~ V 8 = 1. 

Solving (10) and (11) for io and is wit.h the help of (12) gives 

[ 
j~ -] io = Po iv - pp (1 - Po V o) 

(i) 

(8) 

(9) 

(10) 

(11) 

(12) 

( 13) 
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and 

is = PsJ~ + Po Voi~. (14) 

We assume that the solution is dilute enough that Po F 0 ~ 1; then (13) and (14) 
become 

(15) 

and 

(16) 

Finally, we note that. in an ideal solution 

(17) 

where R is the gas constant and Ms is the molecular weight of the solute. 
Substitut.ing (7), (8), and (17) into (15) and (16) gives the phenomenological 
equat.ions for water and solute flows relat.ive to the center of mass: 

. (VT RTVPs) 
}o ~ -Po Lf)qT + LlJv \"h + LIJ8 Ms -;;: , (18) 

We will use (7), (18), and (19) to compare flows of fluid and solute arising from 
thermodynamically coupled processes to the flows that would be predicted by the 
law~ of Darcy and Fick. 

APPLICATIO)l TO A HYPOTHETICAL REPOSITom- E1'l'"VlRONMENT 

In order to estimate possible magnitudes of thermodynamically coupled 
effects relative t.o direct effects, we assume conditions previously hypothesized 
for the near-field region of a repository sited in basalt. Values of phenomeno
logieal coefficient,s are taken from experimental data reported in the literature. 
Although a considerable literature exists on thermodynamically coupled processes 
in entirely fluid systems, data relevant to porous and semipermeable natural 
materials are relatively sparse. Thus, we will use data on thermal osmosis in 
kaolinite even though we recognize that kaolinite may not be a principal candidate 
for a backfill material. Howeyer, the results obtained should be approximat.ely 
representative of clay backfills, in general. Also, no data have been reported on 
coupled diffusion in saturated, porous media or semipermeable media; therefore, 
t.his process is not considered in our calculations. 

Repository Conditions 

We assume that. the repository is sited in basalt and that the near-field 
environment is saturated by ground water flowing down a regional hydraulic 
gradient equal to 10-3 (v h ~ 10 J/m4). (This is the order of magnitude 
commonly assumed in calculations of solute transport [17]). To estimate t,he 
t berm al effect 5, we ado]>t calculations report ed [18] for a hypot het iral basalt 
repo~itory which indicate t,hat at 50 years aCter closure the temperature a few tC'IlS 
of meters from the repository will be approximately 420 OK and the temperature 
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gradient will be approximately 2°K/m. The ground water characteristic of this 
basalt has a dissolved solids content equal to a solute partial mass density (Ps) 
of 0.4 kg/ms. The molecular weight of the solute is assumed t.o be 0.1 kg/mole. 

Thermal Osmosis in Kaolinite 

Experiments on thermal osmosis of pure water through k-aolinite [191 provide 
the following values of Lt'lJ and Lt,q corresponding to the experimental conditions: 

Lvt, ~ 5 X 10..- 14 mS /(J . s) 

Lvq ~ 8x 10-8 m2 /s. 

We assume that these values can be used to provide approximate results under 
our assumed repository conditions; then, using (7) with \7 J1.~ equal to zero, we 
calculate the following contributions to jv from thermal osmosis and Darcy's law: 

jt>(thermal osmosis) ~ 4 x 10-10 m/s 

it. (Darcy) ~ 5 x 10-13 m/s. 

Thermal osmOSlS III t.his material, under the assumed temperature gradient, 
produces a volume !low (specific discharge) 800 times as large as the Darcian 
!low. It is clear that the kaolinite acts as a semipermeable membrane with an 
extremely small Darcian permeability. 

A hydraulic gradient of about 0.8 (\7h ~ 8000 J/m4) would be required 
to produce a Darcian !low equal to the thermal osmotic flow estimated in this 
example.· 

Chemical Osmosis. Ultrafiltration, and Diffusion in Bentonite 

Results of isot.hermal experiments with Wyoming bentonite [201 provide the 
following estimates of Lst>, Lvv , and L88: 

Lsv ~ -0.8xlO-16 kg·m2 /(J.s) 

Lvv ~ 2.4xlO- 16 mS/(J. s) 

Lss ~ 6.8 X 10-17 ki /(m· J . s). 

\Ve assume t.hat these values are valid under the assumed repository conditions 
and that the relative concentration gradient of the solute (\7ps/p~) is 0.1 m- 1 . 

Then we usE' (18) and (19) with \7 T equal to zero to estimate contributions to 
!lows of water and solute from processes driven by gradients of hydraulic potential 
and solute concentration. 

From (18), the ~ontributions to water !low from chemical osmosis and from 
Darcy·s law are: 

io(chemical osmosis) ~ -2.9x 10-10 kg/(m2 • s) 
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Here the flow due to chemical osmosis is about 125 times larger than the Dan'ian 
flow and i!; direct,ed against the gradient of solute concentration. 

In (19), the flow of solute is composed of an advect,ive part (PsL'VtI 'V h), a 
part arising from ult.rafilt.ration (Ls't, V' h), a part. arising from chemical osmosis 
(PsLvs\;JI~), and a part. arising from Fickian diffusion (Lss'VIl~). If each partial 
flow is regarded as a vector quantity, it is seen that the flow from ultrafiltration is 
direct.ed against the advective flow and that. the chemical osmotic flow is directed 
against the diffusive flow. The various contributions to the total flow of solute 
are: 

and 

js(advection) ~ 9.3 x 10-16 kg/(m2 . s) 

fs(ultrafiltration) ~ -8.2 x 10-16 kg/(m2 . s) .. 
J~(total along 'V h) ~ 1.1 X 10-16 kg/(m2 . s) 

is(chemical osmosis) ~ -1.2xlO-13 kg/(m2 . s) 

J~(diffusion) ~ 2.4 x 10-13 kg/(m2 . s) 

js(total along 'V Ps) ~ 1.2 x 10-13 kg/(m2 . s). 

The bentonite used in this example is semipermeable and has characteris
tically low Darcian permeability and mass diffusivity; thus, the thermodynami
cally coupled processes, chemical osmosis and, ultrafiltration, are significant con
tributors to fiows of water and solute. In the case of solute transport, ultrafiltation 
reduces flow along the hydraulic potential gradient by about an order of mag
nit,ude relative to the value that would be calculated from Darcy's law alone, and 
chemical osmosis greatly reduces fiow along the concentration gradient relative 
to the value that would be calculated from Fick's law alone. 

Thermal and Fickian Diffusion in Permeable Material 

In granular, noncohesive materials which are permeable t.o solutes, the coef
ficients Lvq and Lvs may be vanishingly small relative to other coefficients in the 
phenomenological equations, leaving thermal diffusion as the only tpotentially) 
significant., t hennodynamically coupled transport process. If a hydraulic potent ial 
gradient is absent in such a permeable material, (19) can be written: 

js ~ -Dss(Psss'VT + 'Vps), (20) 

[14], where D ss , the "diffusion coefficient", and 8 8 , the "Soret coefficient", are 
defined by 

D _ ~8sRT 
58 - -

Ps Ms 
and 

From (20), the ratio of the magnitude of solute flow produced by thermal diffusion 
to t hat produced by Fickian diffusion is: 

JAthermal diffusion) _ 8 s lV'TI 
JAFickian dilfusion) - I~ PsI Psi' 

( 21) 

6 

\J 



, 

Recent. measurements of thermal dill'usion of solutes in a system containing 
sat.urated, 3-pm alumina haye provided values of 8 5 of about 4 x 10-3 °K-l [21]. 
Using our assumed repository condit.ions and the reported value of 8 5 , the rat.io 
given by (21) is 0.08; larger temperature gradients or smaller relative gradients 
of solute concentration would produce larger contributions by thermal diffusion 
to the total flow of solute. 

CONCLUSIONS 

Applicat.ion of the thermodynamics of irreversible proeesses to transport 
processes near a nudear waste repository results in phenomenological equations 
that encompass a broader range of physical phenomena than is accessible through 
consideration of simultaneous, direct processes (Fourier's law, Darcy's law, 'Fick's 
law) alone. Experimental e,,;dence has verified the linear phenomenological equa
tions and the reciprocal relations between t.he coefficients associated with the 
thermodynamically coupled processes in materials of interest in the nuclear waste 
disposal program. 

The approximate calculations presented here indicate that thermodynam
ically coupled transport processes can contribute to mass flows in near-field 
regions of nuclear waste repositories. The magnitudes of the flows produced by 
these processes depend on the magnitudes of gradients of temperature, hydraulic 
pot.ential, and composition, and on the properties of the solid phase support.ing 
the flows. Backflils containing large proportions of clay can act. as semipermeable 
membranes and produce mass flows by thermal osmosis, chemical osmosis, and 
ultrafiltration that are significant relative to Darcian and Fickian flows. Pre
dictions of water and solute flows through semipermeable materials based only 
on Darcy's law and Fick's law could be seriously in error in magnitude and 
possibly also in direction, the latter depending on the relative alignments of 
driving forces. Thermal diffusion can be present also in such backfills, but would 
be the only significant coupled process expected in permeable backfills and in 
porous or fractured geological media. 

These considerations imply needs for further experimental and computa
t.ional research. Characterization of mat.erials proposed for use as backfills should 
include measurement of phenomenological coefficients associated with thermody
namically coupled processes; this is especially important if the saturated materials 
can be expected to behave as semipermeable membranes. Also, numerical simu
lators of transport processes which are to be used to evaluate the performance of, 
proposed nuclear waste repositories should be expanded in scope to include pos
sible thermodynamically coupled processes in the near-field region. Sensit.ivity 
calculations should be done to evaluate the significance of thermodynamically 
coupled ell'ects in relation to the direct ell'ects. 

ACKNOWLEDGEMENT 

Thi3 work was supported by the Director, Office of Energy Research. Office 
of Basic Energy Sciences, Division of Engineering. Mathema!ics and Geosciences, 
U. S. Department of Energy, under Contract No. DE-AC03-76SF00098. 

REFERE)lCES 

1. C. F. Tsang, J. Noorishad, and J. S. Y. Wang, Mat. Res. Soc. Symp. Proc. 
li, 515-522 (1983). 

2. J. W. Cary and S. A. Taylor, Soil Sci. Soc. Amer. Proc. 26, 413-416 (1962). 

:3. J. W. Cary and S. A. Taylor, Soil Sci. Soc. Amer. Proc. 26, 417-420 (1962). 

7 



4. S. A. Taylol' and J. W. Cary, Soil Sci. Soc. Amer. Proc. ~ 167-171 (1964). 

5. P. H. Groeneyelt and G. H. Bolt, J. Hydrology 1,35&:-388 (1969). 

6. R. Pal and ~l P. Gupta, J. Hydrology ll, 278-280 (1971). 

7. P. A. C. Raats. Water Resour. Res.ll., 938-942 (1975). 

8. C. L. Carnahan, J. Hydrology ;u, 125-150 (1976). 

9. W. E. Reed, J. Geophys. Res. 75. 415-430 (1970). 

10. B. S. Hanshaw and E-An Zen, Geol. Soc. Amer. Bull. 76, 1379-1386 (i965). 
11. J. A. Greenberg and J. K. Mitchell in: Aquitards in the Coastal Ground 

Water Basin of Oxnard Plain, Ventura County, Bulletin No. 63-4 (State of 
California, The Resources Agency, Department of Water Resources 19i1) 
pp. 129-141. 

12. D. D. Fitts, Nonequilibrium Thermodynamic~ (McGraw-Hill, New York 
1962). 

13. S. R. DeGroot and P. Mazur, Non-equilibrium Thermodynamics (North
Holland, Amsterdam 1969). 

14. A. Katchalsh.y and P. F. Curran, Nonequilibrium Thermodynamics in Bio
physics (Harvard University Press, Cambridge 1967). 

15. L. Onsager, Phys. Rev. ill:., 405-426 (1931); 38, 2265-2279 (1931). 

16. D. G. :Miller in: Foundations of Continuum Thermodynamics, J. J. Delgado 
Domingos, M. N. R. Nina, and J. H. Wl1itelaw, eds. (MacMillan Press, 
London 1974) pp. 185-214. 

17. J. S. Y. Wang, D. C. Mangold, and C. F. Tsang, Mat. Res. Soc. Symp. Proc . 
.li, 531-538 (1983). 

18. F. N. Hodges in: Engineered Barrier Development for a Nuclear Waste 
Reposit orr in Basalt: .\11 Integration of Current Knowledge, Report RHO
B\\l-ST-7, M. J. Smith et al. (Rockwell International 1980) pp. 2-105-2-
133. 

19. R. C. Srivastava and P. K. Avasthi, J. Hydrology £1, 111-120 (1975). 

20. J. Letey and W. D. Kemper, Soil Sci. Soc. Amer. Proc. 33. 25-29 (1969). 

21. E. C. Thornton and W. E. Seyfried, Science 220, 1156-1158 (1983). 

8 

" 

" 

-, , 



:.J 

This report was done with support from the 
Department of Energy. Any conclusions or opinions 
expressed in this report represent solely those of the 
author(s) and not necessarily those of The Regents of 
the University of California, the Lawrence Berkeley 
Laboratory or the Department of Energy. 

Reference to a company or product name does 
not imply approval or recommendation of the 
product by the University of California or the U.S. 
Department of Energy to the exclusion of others that 
may be suitable. 



. }",.- ::,-~: 

TECHNICAL INFORMATION DEPARTMENT 

LAWRENCE BERKELEY LABORATORY 

UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 94720 

.... ~--:. ~ ..... " .. 




