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Abstract
The characteristics of heat transport and water infiltration in granular packed bed due to supplied

hot water are investigated experimentally and numerically. The distributions of water content and
temperature are predicted for one- and two-dimensional models assuming the local thermal
equilibrium among water and particles at any specific space. The predicted temperature distributions
are compared with the experimental results. Most importantly, the effects of particle sizes, initial water
content and supplied water flux on heat transport and flow kinetics are examined. It is found that using
a larger particle size results in a faster infiltration rate and forms a wider infiltration layer, especially in
the direction of gravity. However, an extension of the heated layer is not as much as that of the
infiltration layer because the temperature of water infiltration gradually drops due to upstream heat
ffanspon.
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1. Introduction published for heat transport in porous media
Understanding of heat transport in granular with water infiltration, except the problem of

packed bed or porous media with water permafrost [9- I 1 ] and drying technology I l2- l6].
infiltration due to the force of capillary suction The purpose of this paper is to clarify the
is essential in a variety of soil science and characteristics of heat transport with water
chemical engineering applications such as infiltration in granular packed beds
temperature control of soil, recovery of experimentally and numerically. Most
geothermal energy, thermal energy storage, and importantly, the effects of particle sizes,
various reactors in the chemical industry. Up to supplied water flux and initial water content on
the present time, the related problem of water the flow kinetics are examined. The result
infiltration in porous media has been presented here provides a basis for fundamental
investigated both experimentally and understanding of heat transport and water
numerically by many researchers tl-81. infiltration in granular materials.
However, few research reports have been
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2. Analysis of Unsaturated Flow in
Granular Packed Bed
Figure I shows the schematic diagram of the
Buckley-Leverett problem. This case is the
unsaturated flow in granular packed bed due to
supplied hot water. When the hot water is
uniformly supplied at the top surface of the
sample, which is initially composed of glass
particles and gas, a two-phase region with the
infiltration front is formed within the packed bed.
In this region, co existant flow of liquid water
and gas phases occurs. However, the flow due to
gas phase is a dominant mechanism at the lower
part.

v,

Figure 1. Schematic
Leverett problem

diagram of Buckley-

By conservation of mass and energy in the
unsaturated granular packed bed, the governing
equation of mass and energy for all phases can
be derived by using a volume averaged
technique [6, l7l. The main transpoft
mechanisms that enable water infiltration during
supplied hot water into the sample include;

l� Water flow is driven by capillary pressure
gradient and gravity

2. The vapor is driven by the gradient of the
partial pressure of the evaporating species. i.e..
vapor diffusion.

Assumptions
The main assumptions involved in the

formulations of the transport model are:
l.) The unsaturated granular packed bed is

rigid. No chemical reactions occur in the sample.
2.) Local thermodynamic equilibrium is

assumed.
3.) The gas phase is ideal in the

thermodynamic sense.
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4.) The contribution of convection to energy
transport is included.

5.) Darcy's law holds for the liquid and gas
phases.

6.) Fick's law holds for the vapor diffusion.
7.) Gravity is included for the liquid and gas

phases.
8.) Permeability of liquid and gas can be

expressed in terms of relative permeability.
9.) The evaporation of water and the

condensation of water vapor take place
simultaneously in the unsaturated flow processes.
Evaporation and condensation respectively
represent a heat sink and a heat source in the
granular packed bed. These representations are
included in the present model formulation. In a
macroscopic sense, the unsaturated granular
packed bed is assumed to be homogeneous and
isotropic, and water does not bind to the
granular beads. Therefore, the volume average
model for a homogeneous and isotropic material
can be used in the theoretical modeling and
analysis.

Mass Consemation
The microscopic mass conservation

equations for liquid and gas phases are
expressed respectively, as shown below:
Liquid phase

A ,  r  d .' f i1e,')+flc,,,)=o (l)
Vapor phase

I .  , -  \  I  d .  r  ^  , ." i lo, (t - ') .1+ 
f [n, ' ,  J = o (2)

In order to complete the system of equations,
the following forms of the generalized Darcy's
law which are the expressions for the superficial
average velocity of the liquid and gas phases are
used [ l6 ] :

KK ,l dp" , '  
' .r

v , = -  ' ' t  ' - o P ' - o n l  ( 3 )'  
l r r  1 0 ; .  A z  ' " 1

KK, " lAp"  1  ,n ,
Y * = - - l  ^  

- P t ]  
|  

t + ,

/ t "  Loz  l

For the velocity of water vapor and air
phases, the generalized Fick's law in the form of
the partial pressure gradient of the evaporating
species is applied:
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p,v, = p,v e

P"v" = P"v s

where D- is the effective molecular mass

diffusion. In Eqs. (3) and (4), the capillary
pressure, p., is related to the gas and liquid

phases and can be written by:

p , = p s - p t

Using Darcy's generalized equation (Eqs.3
and 4 ), mass conservation equations for liquid
and gas phases (Eqs.l and 2), are then rewritten,
respectively, as:

a .  a I r < r < , ( d r  ^  ' r
t : - l o , s l - - l  "  l  "  - d P '  - r , n  l l = o  t s ,

dt ' '  '  '  0zl  v,  \  dz Az "" 
))

,lb,(t-,n-+[{{. lu!" - o,r) o"o,+[ "ll=t
? r " '  '  6 . 1  v "  ( F :  I  ' '  '  * , " .  

l r n ,

Equilibrium Relntions
The system of conservation equations

obtained for multiphase transport mode requires
constitutive equations for relative permeabilities,

K, , capillary pressure, p(. , and capillary

pressure functions (Leverett functions), / . A
typical set of constitutive relationships for liquid
and gas system is given by:

(  l0 )

where s, is the effective water saturation

considered the irreducible water saturation, s', ,

and can be defined by:

Thammasat Int. J. Sc. Tech., Vol. 10, No. 3, July-September 2005

Figure 2. The relationship between, K. and s"

The capillary pressure, P" , is further

assumed to be adequately represented by

Leverett's well know -/(s" ) functions. The

relationship between the capillary pressure and
the water saturation is defined bv using Leverett

funct ions,  " / (s") :

(5)

(6)

-  PrD^+[ . ]
oz \P"  )

-  PoD,+le- l. oz\pr )

(7)

S - s t
- e  

l - " , ,

The relationship between
permeability in each phase following
shown in Figure 2.

( 1 1 )

relative
Eq. l0 is

(r2)

where J(s") is correlated capillary pressure

data obtained by Leverett and can be expressed
follows:

"/(s" ) = a(tl s" _�t)' ( 1 3 )

Further, the coefficients "a" and "b" at each
condition, can be directly taken from reference

tl41.

Energy Consemation
Ignoring kinetic energy and pressure terms

which are usually unimportant, this can be
obtained from the total energy conservation of a
combined solid and gas phases by invoking the
assumption that the local thermodynamic
equilibrium prevails among all phases. The
temperature of the sample during unsaturated
flow due to supplied hot water is obtained by
solving the conventional heat transport equation.

d r ,  \
6 ,L\Pc '  ) ,

where (or r), is the effective heat

capacitance of granular packed bed, 2 is the
effective thermal conductivity depending on

rl. !l@ c,,, + p,, n,u,)rf = *l^ T)
(14 )

Saturation s. l-l
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water saturation. Under thermal equilibrium
conditions and using the volume average
technique. the effective heat capacitance is given
by:

( r r r ) ,=  p f t €s+  pscps€ ( l - s )+  pocu , ( l - d )  ( 15 )

Based on the experimental results [4, 15]
using glass beads saturated with water, the
effective thermal conductivity is represented as
a function of the water saturation:

" 0.8
^= 

r+338e-"x
(16)

Initial Condition and Boundary Conditions
Assuming that the initial effective water

saturation and initial temperature are constant:

/ < 0 .  Z ) 0 :  S " = S o . f = 4 (11)

From experimental conditions, initial

ef fect ive water  saturat ion so is  g iven asso=108

and the initial temperature {, is given as To=2Q

["C]. The boundary conditions at the top and the
bottom sides of granular packed bed are:

t ) 0 ,  z = O :
F,,,, : const ,4t.i, = pf prvt,i,Tin

/ > 0 ,  z = 0 :  ( 1 8 )
F,,,, = const ,et.in = p{ plr.inTin

z = Z '. 
e, = pgc psv sTin

Using Darcy's generalized equation, mass
conservation equations for liquid and gas phases
in two-dimensional form are, respectively:

.f* = P,tr,

en =cv,.fr\n

. f , =a
o1_ =  u
t,

- A

Figure 3. Two-dimensional model

3. Numerical Procedure
Corresponding to the method of finite
differences based on the notion of control
volumes, the generalized system of nonlinear
equations are integrated over typical rectangular
control volumes. After integrating over each
control volume within the computational mesh,
a system of nonlinear equations result, whereby
each equation within this system can be cast into
a numerical discretization of the generalized
conservation equation. The equations of heat
transport and unsaturated flow are nonlinear

because, p,. , K,, and K," depend on s. To

solve the nonlinear equations, the Newton-
Raphson iteration procedure is used for each
element.

4. Experimental Apparatus
Figure 4 shows the experimental apparatus

for measuring capillary pressure against water
saturation in a granular packed bed. A percolator
with dimension of 2300 mm in height having
glass filter at the bottom is connected with a
glass manometer. The test glass beads forming

,gt o,t-gl xx,(tu" -tu, )]-gl o'(a"-L-o* ll=o& " ' ' 4 1  , , \ 4  a l l & l a \ &  * , , r n l r t

^  - t  ^ /  r l  . [  ^ t  r - ]
'{tptr 't l{l p,,,-p,q:l4l] +l p,*" p,D.,+lLll=o
d- - ql q'\ p" )) ql q\p" ))

The temperature
unsaturated flow due

(20)

of the sample during
to supplied hot water is

obtained by solving the conventional heat
transport equation:

6 r .  r  6 r ,  r  6 r ,

i [t n." ), rf ' ]1b,,,, 
* p "c ^, " lrf + 9l( n,,,w * 0", ^,,)rf=

a [ .ar l  a [ ,61]
eL a' l  &L a]

(21)

The boundary conditions proposed for two-
dimensional models are shown in Figure 3. The
initial conditions are given by uniform initial
temperature and water content.
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the porous matrix is placed in the percolator.
Capillary pressure is calculated by measuring
the suction pressure obtained from the Q)
difference of water level. Water saturation in a
granular packed bed is obtained by measuring
the quantity of water draining.

( 3 ) o
L @

o
A a\e/ (t

\t-/

@

test column

inlet tank

outlet tank

packed bed

filter

measuring cylinder

il

-LL
/n
(1,

@ packed bed

@ glass filter

percolator

manometer

Figure 4. Experimental apparatus for measuring
capillary pressure

Figure 5 shows the experimental apparatus
for measuring the permeability against water
flow rate. The test column with inner diameter
of 50 mm, is made of acrylic resin. Spherical
soda lime glass beads with average sizes of 0.15,
0.2, 0.25 and 0.4 mm are used as a sample of
granular packed beds. The permeability in
granular packed beds saturated with water is
measured from the experiments of the steady
water flow setting on the constant water head.

Figure 6 shows the experimental apparatus
for one-dimensional heat transport in granular
packed bed with unsaturated flow. The test
column, 60 mm inner diameter and 400 mm in
height, is made of acrylic resin and equipped
with stainless steel screen at the bottom of the
bed to prevent the movement of particles.
Spherical soda lime glass beads with average
sizes of 0.15 and 0.4 mm, are used as a sample
of granular packed beds.

Figure 5. Experimental apparatus for measuring

@
(, Pac[ed bed

@ testmlmn

@ distributor

Figure 6. Experimental apparatus for measuring
heat transport and unsaturated flow in a granular
packed bed

The water pumped from a tank is heated at a
certain temperature in a heating section and is
uniformly supplied at the top of granular packed
bed through a distributor. The test column is
covered with insulation to reduce heat loss. The
distributions of temperature within granular
packed beds are measured with Cu-C
thermocouples with diameter of 0.1 mm. These
thermocouples are set up at 20 mm interval
along the axis of granular packed bed. The
distributions of temperature are recorded by a
data logger connected to a computer. The
position of infiltration front in the packed bed is
determined by interpolating the prescribed
temperature from the adjacent thermocouple
reading.

Initially, the water content and the
temperature are uniform within the packed bed.
The experiments are carried out for the
conditions of constant supplied water flux and
temperature of the supplied hot water. During
the experimental processes, the uncertainty of
our data might come from human errors and
from variations of ambient humidity and
temDerature.
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The uncertainty in flow kinetics is assumed
to result from errors in the measured supplied
water flux. The calculated flow kinetic
uncertainties in all tests are less than 2.95
percent. The uncertainly in temperature is
assumed to result from errors in measured input
power, ambient temperature and ambient
humidity. The calculated uncertainty associated
with temperature is less than 2.45 percent.

5. Result and Discussion
One-Dimensional Heat and Unsaturqted Flovt

Figure 7 shows the distributions of water
saturation and temperature at various elapsed
times as a parameter of supplied water flux,
which corresponds to the diameter of 0.15 mm.
It is found that a greater supplied water flux in
the packed bed corresponds to a higher water
saturation and forms a wider infiltration layer,
i.e., infiltration front. Here, the main transport
mechanisms that enable fluid movement are:
liquid flow driven by capillary pressure gradient
and gravity while the vapor is driven by
molecular diffusion. Liquid phase migration is
related to capillary pressure gradient as well as
temperature (which corresponds to that of
surface tension, as referred to in Eq.l2), whereas
the vapor phase is driven by the gradient of the
partial pressure of the evaporating species. The
temperature in the granular packed bed rises due
to water infiltration, but the heated layer does
not extend as much as the infiltration layer. This
means that heat transport hardly occurs in the
layer close by the infiltration front because the
temperature of water infiltration there has
already dropped due to upstream heat transport.
The predicted results for the temperature
distributions are in agreement with the
experimental results.

Figure 8 shows the influence of particle
sizes on the distributions of water saturation and
temperature under the same supplied water flux.
The results show that a larger particle size leads
to a faster infiltration rate and forms a wider
infiltration layer. The heated layer also expands
somewhat with a larger particle size. It is
evident from the figure that the discrepancy of
the heated layers is smaller compared to the
infiltration layers.
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Figure 7. Distribution of water saturation and
temperature profiles at various elapsed times as
a parameter of supplied water flux

Figure 8. Distribution of water saturation and
temperature profiles at various elapsed times as
a parameter of particle sizes

To clarify heat transport in a granular
packed bed, the distributions of the rate of heat
storage per unit volume at different times are
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shown in Figure 9. In the early stage of
unsaturated f'low. the maximum rate of heat
storage is more intense close to the leading edge
of the packed bed. As unsaturated f'low
progresses, the value of the maximum rate
decreases and its position gradually moves to the
downstream side. resulting in the formation of a
wider layer.

0
20 30 40
z lcml
rate heat storage per
elapsed times as a

'  t 0

Figure 9. Distribution of
unit volume at various
parameter of particle sizes

Two-Dimensional Heat and Water Transport
The two-dimensional heat and water

infi ltration in y- and z-directions (l l4 of
symmetrical plan) wil l now be discussed with
the aids of Figures l0-17. Figure 10-13 shows
the effect of particle size on water infiltration
under a constant supplied water flux. In the early
stage of infiltration, the infiltration layer
expands uniformly in both y- and z-directions
because capillary pressure has more influence
than a gravity potential. As water infiltration
progresses, the gravitational ef'fect becomes
superior to the capillary pressure and the
infiltration layer expands wider in the z-
direction which is the direction of gravity.
However. the infiltration front in the case of
small particle size expands wider in the y-
direction in comparison with a larger particle
size, due to the stronger effect of the capillary
pressure.
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Figure 10. Water saturation profile in case of
small particle size (10 min)
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Figure 11. Water saturation profile in case of
small particle size (60 min)
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Figure 12. Water saturation profile in case
larger particle size (10 min)
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Figure 13. Water saturation profile in case of
larger particle size (60 min)
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Figures 14-17 show the effect of particle
size on the expansion of the heated layer due to
infiltration of supplied hot water, which
corresponds to the conditions shown in the
previous case. The heated layer expands
somewhat in the z-direction at a larger particle
size, but the effect of particle size on the
expansion of the heated layer is smaller as
compared to the infiltration layer. It is found that
the heated iayer are always wider in the z-
direction and narrower in the y-direction fbr a
larger particle size.

Figure 14. Temperature profile in case of small
particle size ( l0 min)

@ 25-30

a 2 A  2 5

o l5-20

t r 1 0 1 5

r 5-10

a 0 5

Figure 15. Temperature profile in case of small
particle size (60 min)

Figure 16. Temperature profile in case of large
particle size ( l0 min)

Figure 17. Temperature profile in case of large
parlicle size (60 min)

6. Conclusions
Based on one and two-dimensional

models where there is thermal equil ibrium
between the water and the matrix at any specific
space, the heat transport in granular packed bed
with unsaturated flow is investigated. The
following are the conclusions of this work:

1.) A generalized rnathematical model of
heat transport with water infiltration within a
packed bed is proposed. It is used successfully
to describe the flow phenomena under various
conditions.

2.) When comparing the distribution profi les
between heated layer and infiltration layer, it is
observed that the heated layer does not extend as
much as the infi l tration layer. This means that
heat transport hardly occurs in the layer close to
the inflltration fiont because the temperature of
water infiltrating gradually drops. due to
upstream heat transpoft. Furthermore. the effect
of particle size on the discrepancy of heated
layers is smaller, compared to that of the water
content layers.

3.) lt is fbund that the gravity and capil lary
pressure have clearly exhibited influence on the
infi ltration and heated layers.

4.) It is possible to use the present model for
analysis of numerous other applications (e.g.
temperature and moisture movement in the
ground, the stabil ity of buried electrical cables
and underground soil heating).

Nomenclature

B
cp

d

coefficient in Table I
coefficient in Table I
specific heat, (J/kg.K)
particle diameter. (m)

Dn, eff'ective molecular mass
d l t tus lon  lm- /s  I

@ 2 5  3 0

a 2 O  2 5

t r 1 5 2 0

o  1 0 - 1 5

r 5 1 0

L a 0 - 5

tr  l5-2

tr  10- j

r 5 l 0

L s o 5
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f
q
b

h,,

K
K,.

n

Y

q

a

supplied water flow rate. (kg/mr).s
gravitational acceleration. (m/s2)

specific heat of vaporization. (J/kg)

permeabil ity. (m2)
relative permeability

phase change term, (kg/m2).s
pressure, (pa)
heat f lux, (W/ mr)
rate of heat storage per
unit volume. 1kW mr)

s water saturatlon
t t ime, (s)
T temperature, (oC)
V velocity, (m/s)

Greek letters

r  po ros i t y ,  (m t / I n t )

p density, (kg/m3;

1 eff'ective thermal conductivity, (WmK)
p dynamic viscosity of l iquid, (Pa s)

o surface tension, (N/m)

Subsc'ripts
0: init ial
a: alr
c: capil lary
e: eff'ective
g: gas
in:  input
ir: irreducible
l :  l iqu id
p: parlicle
r: relative
v: vapor
x: coordinates
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