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In this article the absorption process in a smooth-tube heat exchanger (GAX absorber) with a porous
medium is analyzed and a countercurrent model for GAX absorber that includes an absorption process
within the porous medium is proposed. The absorption process is separated into three regions, a vapor
region without a porous medium (region I), a vapor region within a porous medium (region I1), and a
liquid region within a porous medium (region I1I). The ¢ffects of thermal conductivities and porosities of
the porous medium on the absorption rate and the required tube length are investigated, and the Nusselt
number within each region is also predicted. The results show that the absorption rate increases with an
increase of the thermal conductivity and with a decrease in porosity of the porous medium. The
optimum value of the ratio of thermal conductivities (k p/ ki) was found to be 5.0, and the optimum

value of the porosity was found to be larger than 0.2.

Absorption is a process that involves heat and
mass transfer of a condensable vapor from the
vapor phase to a liquid phase. The generator-
absorber heat exchanger (GAX) cycle is an
ammonia-water absorption cycle that has been
worked on for many years. The GAX cycle using
ammonia-water as the solution pair consists of
the following components: generator, rectifier,
condenser, evaporator, and absorber. The most
critical component within the GAX cycle is the
absorber section. The GAX absorber is assumed
to have two different heat transfer modes. One is
forced convection of the liquid film on the wall,
and the other is absorption at the interface be-
tween the vapor and liquid. Ammonia molecules
are first moved into the interface between the
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liquid and vapor from the bulk vapor region, across
the interface, and finally into the liquid phase.

In the case of vertical countercurrent flow be-
tween the liquid and vapor, flooding phenomenon
will occur when the vapor velocity is very high
compared with the liquid velocity, Hewitt [1] men-
tioned that as the vapor velocity is gradually in-
creased, a point is reached where large waves and
disturbances occur at the wall surface, with the
liquid being held up periodically by the inflow of
the vapor. This flooding phenomenon may result
in a large resistance to heat transfer. The pressure
drop increases quite sharply near the flooding
stage and continues to increase as the vapor veloc-
ity increases until the liquid flow reverses direc-
tion and moves upward.

The use of a porous medium has a profound
effect in eliminating the flooding phenomenon
and increasing the heat transfer coefficient in the
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absorber section. For this, simultaneous fluid flow
and heat transfer in porous media should be taken
into account during the absorption process. Con-
vective heat transfer in fluid-saturated porous me-
dia has gained considerable attention in recent
years because of various applications involving
the usc of porous media such as packed-bed
heat exchangers, heat pipes, thermal insulation,
petroleum reservoirs, nuclear waste repositories,
and geothermal engineering [2].

A number of investigations have been done on
phase change in porous media. Vafai and co-
workers have thoroughly studied the phase change
in porous insulation. Vafai and Whitaker [3] con-
sidered the phase-change process and its effects
on the temperature, vapor density, moisture con-
tent, liquid content, and the vapor pressure distri-
butions in porous insulation. Vafai and Sarkar [4]
presented an investigation of condensation effects
in a fibrous insulation slab. They proposed that
heat transfer augmentation due to condensation
can be minimized by designing an insulation slab
that has a low Lewis number. Vafai and Sozen
[5,6] and Sozen and Vafai [7] analyzed the non-
thermal equilibrium condensing flow of a gas
through a packed bed. Vafai and Tien [8] per-
formed a numerical study of heat and mass trans-
fer with phase change in porous materials. Ka-
viany [9] examined evaporation and condensation
in porous media and Cheng [10] investigated film
condensation along an inclined surface in a porous
medium, and proposed a similarity solution for
the condensation problem.

However, while Vafai and co-workers consid-
cred the condensation in forced-convective flow
within a porous slab as well as the condensation
and cvaporation process in natural convection
within cavitics, no literature has been found for
the phase change of binary mixtures within porous
media. In the case of binary mixtures, not only the
temperature distributions but also the concentra-
tion distributions have a significant effect on the
heat transfer. Therefore, heat and mass transfer
should be considered simultaneously along with
the phase-change process within the binary mix-
tures.

In this work, the absorption process within a
heat exchanger (GAX absorber) with porous me-
dia was investigated. The absorption process was
scparated into three regions, a vapor region with-
out porous media (region I), a vapor region within
porous media (region II), and finally a liquid re-
gion within porous media (region III). For region
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[, heat transfer due to the temperaturc difference
and the mass transfer due to the concentration
difference were based on Colburn-Drew’s classical
formulation of the local transport cquation in
binary condensation. For region II, the convective
heat and mass transfer within porous media was
modeled based on constant wall temperature
boundary condition. For region 111, the convective
heat transfer within porous media was modeled
based on constant wall heat flux boundary condi-
tion.

The objectives of this article are to develop a
countercurrent model for GAX absorber that in-
cludes the absorption process within the porous
medium. The approximate effects of thermal con-
ductivity and the porosity of the porous media on
the absorption rate will also be investigated, and
the Nusselt number within each region is ob-
tained. These results can be applied for practical
design of a GAX absorber.

DESCRIPTION OF SYSTEM

Kang and Christensen [11] developed a coun-
tercurrent model for GAX absorber. The GAX
cycle was first proposed by Altenkirch [12].
McGahey [13], Phillips [14], and Erickson [15]
described the GAX cycle in detail. The GAX
absorber may consist of three heat exchangers as
shown in Figure 1. The bottom heat exchanger is
the hydronically cooled heat exchanger; the mid-
dle transfers heat from the liquid solution to the
rich solution leaving the bottom of the absorber.
The top heat exchanger (GAHX) recovers the
absorber heat, transferring it to the generator,
which operates in the high-temperature range of
360 to 450 K. A tube-in-tube-type heat exchanger
is used in this work. The outer diameter of the
inside tube and the inner diameter of the outside
tube are 2.2 and 3.56 c¢m, respectively, Figure 2
shows the thermal conditions and the flow direc-
tions for the countercurrent GAX absorber. The
weak liquid solution enters from the top, and the
ammonia vapor enters at the bottom of the ab-
sorber. The temperature of the liquid solution
drops as it flows downward, while the vapor tem-
perature increases as it flows counter to the liquid,
i.e., upward. The ammonia vapor is absorbed into
the liquid solution due to the concentration dif-
ference. An aqueous solution of K,CO; (35%) is
used as a coolant in the hydronically cooled sec-
tions. Typical temperature and concentration dur-
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Figure 1 A schematic diagram of solution circuit for the GAX cycle.

ing countercurrent absorption are depicted in Fig- ANALYSIS
ure 3.
As mentioned before, a porous medium is added
along the wall to assist in climinating the flooding Heat Transfer Mechanisms during the

phenomenon and decreasing heat transfer resis. Absorption Process
tance. There arc two regions within the porous
media, namely, liquid and vapor regions. The other Figure 4 shows the heat and mass transfer
vapor region is within the core section of GAX components for an incremental section of the
absorber. absorber assembly. For region I, heat transfer
T, =4160 K
my=139.1 kg/hr
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Figure 2 Thermal conditions and flow directions for the countercurrent GAX absorber.
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Figure 3 Typical temperature and concentration profiles
during the countercurrent absorption process.

occurs from the interface to the bulk vapor region
due to the absorption energy release at the inter-
face. Within this region, forced-convection heat
and mass transfer occur in single-phase vapor.
Region Il involves single-phase vapor transport
through a porous medium. For this region, the
interface temperature along the depicted incre-

T,a+1)h G +1) KE+DnGE+D
1, 4 +1)

@i+ 1), 5,0+ D

mental section is assumed to be constant. Strictly
speaking, the interface temperature is a function
of the length, L. However, since the interface
temperature is the equilibrium temperature at a
given pressure and concentration, the tempera-
{ure can be assumed to be constant for a very
small incremental length. Therefore, the interface
temperature is approximated by a step function in
this analysis.

Region III is modeled as external forced con-
vection through a porous medium with constant
wall heat flux. The constant wall heat flux results
from the absorption heat release at the interface.
The heat flux varies with length of the plane.
However, as was the case for region II, the heat
flux is approximately constant over a very small
incremental length. Therefore, for region 111, the
heat flux at the interface is approximated by a
step function.

Thermal Circuit for the Heat Transfer

Figure 5 shows the thermal circuit for the heat
transfer during the absorption process. Heat
transfer occurs in two directions. Heat transfer
occurs from the interface to the coolant and also
from the interface to the bulk vapor. In Figure 5,
H_ is the heat transfer coefficient at the coolant

H,, and H, ar¢ heat transfer

side, and H,,
coefficients for regions I, II, and III, respectively.

T, + DG +1)
, @ +D,x,A+D
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T @) G) LRI
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Figure4 Heat and mass transfer components for an incremental section.
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Governing Equations

Diffusion Equations for Region I

The net molar flux ammonia to the interface is
the sum of flow transport and the molecular dif-
fusion, which is given by

B dx,
(NNH" "l“‘ NI,I.“())x,, ""' '};’()‘ C ";7""”" (l)

Nun, =
where N is molar mass flux, x, (= Cnn,/c) is the
concentration, ¢ is total molar density, 1 (= b/b,)
is the nondimensional distance through the film,
and b is a coordinate shown in Figure 3. In Eq.
(1), diffusivity for polar gases, B, is calculated
using the following cquation given by Sherwood et
al. [16];

- 12
10 lrl'”[(MNx»lj + MHZ())/(MNH_\MI‘IJO)]

\ 1/3 17312
P[(fmn,) + (€1,0) J

(2)

where B is in cmz/s, T isin K, P is in atm, and €,
is alomic diffusion volume in cm?, Enp, = 14.9
and €.y, = 12.7. By introducing the molar com-
position of the absorbing vapor, z,
NNI-I;
7= e (3)
NNH| + NH_,()

and then combining Eqgs. (1) and (3),

dx,

B
N + N In = — ¢
( NH u;o)”l y c z—x,

(4)
is obtained. Colburn and Drew [17] and Treybal
[18] suggested that the ( B/by)¢ of Eq. (4), which
is characteristic of molecular diffusion, can be
replaced by F, a mass transfer cocfficient. 1 ntegra-

1/(H.A) Ry

U(HyA)

tion of Eq. (4) gives

! wuoodx,
'/() (NNH_,, -+ NHzO) dm = F/;,,, "(:7“—) (5a)
or
N, N Fin| 22 ) (5h)
Ny T Ny = “(;:’; 5b

In Eq. (5), the mass transfer cocfficient, F, was
obtained using the Chilton-Colburn analogy [19]
for turbulent flow as

F=0 ()2%(00")%2(0")( il )Mw (6)
R S M)\ p B

Overall Concentration Equation

The concentration balances of the ammonia
vapor and liquid for the control volume (regions I,
IT, and IIT in Figure 4) are given by
m,(Dx,(0) = [( Ny, + Nio)M| - z-AA

+m G+ D -x G+ 1) (7)
and
i) - x (D) = [(Nyy, + Nio)M] -z A4

+ oy + 1) x, (i + 1) (8)

respectively.

Overall Mass Balance Equations

The mass balance equations of vapor and liquid
regions for the control volume are given by

(i) = [(Nyy, + Nuyo)M]-AA + 10, (i + 1)
(9)

1/(H,, A) 1/(H,A)

q >

Figure 5 Thermal circuit for heat transfer during the absorption process.
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and
rit (i) = [( Ny, + Niuyo) M| - AA + iy + 1)
(10)

respectively.

Qverall Energy Balance Equation

The overall heat transfer balance can be writ-
ten by the following equation based on the control
volume (regions 1, 11, and III) in Figure 4.

Q. = [ i + Dhi + 1) = iy h,(D)]

~ [, (i + DA+ 1) = i (VA ,(D)]

= QO + Quent = Qsene (1)
where
Qs = Atitg [ 1, (1) = 1 (D)] (12)
Qe = i (i + D[+ 1) = by ()] (13)
O.one = 1, (i + D[hG+ 1) = h,(D)] (14)
and
Avitg, =m (i) —m, (i + 1)

= i, (i) = (i + 1) (15)

where Q. is the net heat transfer rate to the
coolant, Q,,, is the heat transfer due to the ab-
sorption heat, Q,.,, is the sensible heat transfer
rate defined in Eq. (13) for the liquid region, and
Q... is the sensible heat transfer rate defined in
Eq. (14) for the bulk vapor region.

The total encrgy transferred to the interface
from the bulk vapor per unit area is the sum of
the absorption and sensible heat due to the ab-
sorbing vapor flow, which is given by

Ay = Quvs ~ Gsene (16)

Since the sensible heat flux from the bulk vapor to
the interface is the sum of the heat flux due to the
vapor flow and conduction through the vapor film,
¢/ .ene 18 given by the following equation:

dT
Gsenr = Hg( - ;l—l;) by + (NN1—13MN1-13CPN1-1_,

+NHZOMHZOC/)I-IZO)(TinL - T) (17)
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By rearranging and integrating from 0 to b, and

Tinl o Tn/n

_ C()(Tim - 7:4:) (18
qﬁcnu - 1 — L'MC“/”" 18)
where

Cy= NN]»I.\MNH,C/:NH, + ano Mlll(')cpllz() (19)

Now, the absorption heat flux, g, is written by
the following equation:

Quhs = (NNH3 + N1-1”,()) M- A

xui
:F-]n( )-M')\ (20)

z Xy

where A is the absorption heat during the absorp-
tion process, which is given by the following
equation:

A= h(T,) = h(Ty) (21)

Therefore, the total energy transferred to the
interface from the bulk vapor, ¢,, is written by

zZ =X, Co(Ty = Top)
([,:F-ln z—x., 'M‘A*T:—;jm“

(22)

The sum of g, and ¢, is the total energy picked
up by the coolant per unit area, that is,

g, = q, + Gyny = U+ LMTD (23)

where

U = : (24)
\/H, + R, + L/H,

and

LMTD

[T li+D) = T+D] = [T () ~ T.()]

int

T In{[ToGi+ 1) = TU+D] /[T = T}
(25)

Prediction of Nusselt Numbers in Each Region

For region I, the established heat transfer co-
efficient correlation for single-phase vapor can be
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used for turbulent flow [20]. This is given by

D —-{1.2 C‘” -2/3
GU) CI)UG (Mk : ) (26)

H, = 0.023(

v v

For region II, the governing equations can be
written by

X y
K ap K dp
U = — = e = v U= — =
M, 9x My Ay
(27b)
aT 3T
v EC— =q, 8—}}5 (27C)

By introducing the following nondimensional
parameters,

Ux /2 ; T-T,, (28)
{_ X au B Tub - Tinl

the energy equation and the boundary conditions
reduce to

{
0" + -0 =
20 0

0(0) =0  f(w) =

(294)

(29b)

(a) Wrapped Screen

(d) Annular

(b} Sintered Metal

(e) Crescent

The above equations yield an error function solu-
tion given by

(¢
H = le(-z—) (30)

Nu, = 0.564 P¢!/? (31)

The overall Nusselt number can then be ex-
pressed by

Nu, = 1.128 Pel/? (32)

Equation (32) can be used to calculate the heat
transfer coefficient between the interface and the
upper boundcuy of the porous media, that is, H,

For region I1I, the govc,rmné, cquation and [hc.
boundary conditions are given by

K ap K ap
U=s-———={, v=-——=0 (33q)
My A% My d
aT a*T
/;; = ';7? (33h)

By introducing the following nondimensional
parameters,

g__z(Uf ) o

x| o

T Tlnl

' (X/k[)
(34)

q( :hx/a/) )

the governing equation and the boundary condi-

(c) Axial Groove

(f) Artery

Figure 6 Cross section of homogeneous wick structure,
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Nield and Bejan [21] obtained the following equa-
. tion for the local Nusselt number based on Egs.
k,) ~ (34) and (35):

(349 Nu, = 0.886 Pe!/? (36)
The overall Nusselt number can be expressed by
Nu, = 1.329P¢}/? (37)

Equation (37) can be used to calculate the overall
heat transfer coefficient between the interface
and the coolant, that is, H .

WICK STRUCTURES OF THE POROUS MEDIA

The purpose of a wick is to provide (1) the
nceessary flow passages, (2) surface pores at the
' liquid-vapor interface for the development of the
required capillary pumping pressure, and (3) a
heat flow path between the inner wall of the heat
exchanger and the liquid-vapor interface. Chi [22]
proposed that an effective wick structure requires
small surface pores for large capillary pressure,
large internal pores for minimal liquid flow resist-
ance, and an uninterrupted highly conductive heat
flow path across the wick thickness for a small
temperature drop. Various types of wick struc-

heat transfer engineering

Figure7 Temperature profiles of the absorber as a function of length.

tures have been developed based on satisfying
these requirements.

Figure 6 shows several examples of homoge-
neous wick structure. The most common wick
structure is the wrapped-screen wick shown in
Figure 6. In this study, the wrapped-screen wick
structure was adopted for regions II and IIL. For
the wrapped-screen wick structure, the effective
thermal conductivity is given by the following set
of equations:

_f(k # £,) = 0 =Dl =)
a = (k; +k,) + (1= eD(k, — k) o

(39)

ko[ (k, +k,) = (1= ev(k, — k)|
7 Tk, +k,)+ (0 =ev(k ~k,)

where ¢l and ev are the porosities of the porous
media in liquid and vapor regions, respectively,
Tien and Vafai [23] proposed another precise rela-
tionship for the cffective thermal conductivity
within the porous media based on the use of two
variational principles and a perturbation expan-
sion. The results of such an analysis is given in
terms of the thermal conductivity ratio of the two
phases, the porosity, and a geometric factor that
depends on the geometric unit structure of the
porous matrix.

RESULTS AND DISCUSSION

The bottom section of the GAX absorber (HX?1
in Figure 2) was considered in this study, but in
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Figure 8 Temperature profiles of the absorber as a function of radial positions,

principle this analysis can be applied to the other
sections as well. Figure 7 shows the temperature
profiles along the tube length. The quantity in
parentheses in ecach figure represents
(rkl, rkv, el, ev), where rkl (= k,/k,) is the ratio of
thermal conductivity of porous medium to that of
the liquid solution, rkv (= k,/k,) is the ratio of
thermal conductivity of the porous medium to that
of the vapor solution, and el and ev are the
porosities of the porous media in the liquid and
vapor regions, respectively. Due to the counter-
current flow between the liquid and vapor flow in
the GAX absorber, the temperature difference
between the interface and bulk vapor decreases
along the length of the tube. Even though the

temperature difference between the interface and
bulk vapor decreases with an increase in the length
of the tube, the concentration difference increases
because the dependence of the liquid concentra-
tion on the interface temperature is more promi-
nent than that of the bulk vapor concentration on
the bulk vapor temperature. As a result, the inter-
face temperature profile had the same trend as
the absorption rate, and the absorption rate in-
creased with an increase in the tube length (see
Figures 11-14). Figure 8 shows the temperature
profiles in the radial direction. The interface tem-
perature is the highest due to the heat absorption
near the interface. While the vapor temperature
was lower than the coolant temperature at the
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Figure 9 Heat transfer coefficients of the absorber at each region.
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Figure 10 The amount of each heat transfer load.

entrance section of the vapor, the vapor tempera-
ture became higher than the coolant temperature
after L = 5.3 m due to the sensible heat from the
interface to the bulk vapor.

Figure 9 shows the heat transfer coefficients for
each region. The heat transfer coefficient in
region I11 (H,) was much larger than the others.
The heat transfer occurs in two directions as shown
in Figure 5. The dominant heat transfer coeffi-
cient would be the coolant side (H,) rather than
the H,, because the net heat load transferred to
the coolant is leftward in Figure 5. Even though
the heat transfer coefficient for coolant side, H.,
had the dominant effect on the overall heat trans-
fer cocfficient, U, the other coefficients also had
significant cffect on the absorption rate, which in

turn determines the tube length. This is because
the heat transfer coefficients in region II (H,,)
and in region [ (H,) have significant effects on the
bulk vapor temperature, and the temperature dif-
ference between the interface and the bulk vapor
region affects the absorption rate directly. Figure
10 shows variations of the Quue Qeents Dsenvs a0
Q, along the length of the tube. The sensible heat
for the vapor region was small compared with the
other heat loads due to the low heat transfer
coefficient in the vapor region.

Figure 11 shows the effect of the ratio of the
thermal conductivity of the porous medium to that
of the liquid solution (rkl) on the absorption rate.
As cxpected, rkl has a significant effect on the
absorption rate and the required length of the
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Figure 11 The effect of thermal conductivities of the porous matrix in the liquid region
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on the absorption rate.
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Figure 12 The effect of thermal conduetivitios of the porous matrix in the vapor region on the absorption rate,

tube. As shown in Figure 11, the absorption rate
increases with an increase in the ratio of the
thermal conductivity. However, the rate of in-
crease of the absorption rate with the ratio of
thermal conductivity tapers off after rkl = 5.0.
Therefore, rkl = 5.0 is the optimum value in de-
signing the GAX absorber. Figure 12 shows the
effect of ratio of the thermal conductivity of the
porous medium to that of the vapor solution (rkv)
on the absorption rate. It should be noted, as seen
in Figures 11 and 12, that the heat exchanger size
has a minimal effect on the vapor heat transfer
coefficient while it has a significant effect on the
liquid heat transfer coefficient. It can be said that
rkv = 5.0 is also the optimum value in designing
the GAX absorber, as seen in Figure 12.

Figures 13 and 14 show the effects of the
porosities of the porous media on the absorption
rate and the required length of the tube. The
absorption rate decreases with an increase in the
porosity of the porous medium. This is due to
significantly larger thermal conductivity of the
solid compared to that of the liquid and the much
higher velocity of the liquid solution with the
smaller porosity. From Figures 13 and 14, it was
found that porosity of 0.2 is the minimum value fo
get the higher absorption rate leading to a smaller
size of the heat exchanger. The pressure drop
through the heat exchanger would be very high
when the porosity is small, Therefore, it can be
said that the optimum value of the porosity of the
porous medium should be larger than 0.2.
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Figure 13 The effect of porosities of the porous matrix in the liquid region on the absorption rate.
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CONCLUSIONS

1.

A countercurrent model for GAX absorber that
includes the absorption process within porous
media is proposed. The heat and mass transfer
was considered in three regions. These were a
single-phase vapor region without porous me-
dia, a single-phase vapor region within porous
media, and a single-phase liquid region within
porous media. This analysis can be applied for
practical design of a GAX absorber.

It was proposed that the flooding phenomena
at the liquid—vapor interface can be removed
using a porous medium. It was found that when
the porous medium is used in designing the
GAX absorber, the heat transfer coefficients
H, and H, had a significant effect on the
absorption rate.

_ The effects of the ratio of conductivitics of the

porous matrix to those of the liquid and vapor
on the absorption rate and the required tube
length were investigated. As expected, it was
found that the absorption rate increases and
the required tube length is reduced as the ratio
of conductivities increases. It was also found
that the optimum value of the ratio of the
thermal conductivities is 5.0.

4. The effect of the porosity on the absorption

rate and required tube length was also investi-
gated. The absorption rate increases and the
required tube length is reduced with a decrease
in porosity. It was found that the optimum
value of the porosity of the porous medium
should be larger than 0.2. Therefore, a porous
medium with higher thermal conductivity and a

heat transfer engineering

smaller porosity (but larger than 0.2) is re-
quired to obtain a higher absorption rate, lead-
ing to a smaller size of the heat exchanger.

NOMENCLATURE
A heat transfer area, m?
b coordinate shown in Figure 3
b, cffective vapor film thickness,
m
c total molar density,
kg mol/m*
cn, molar density of NH 3,
kg mol/m*
C, specific heat, J/kgK
D diameter of inside tube, m
el,ev porosities of porous media at
liquid and vapor regions
F mass transfer coefficient,
kg mol/m?s
G mass velocity, kg/m? s

H., H, H,, H, heat transfer coefficients at
coolant, bulk vapor, liquid
within porous media, and va-
por within porous media Te-
gions, respectively, W /m? K

k thermal conductivity,
W,/mK
k., k effective thermal conductivities

elr Mev

at liquid and vapor regions
within porous media, W/mK

K permeability of a porous
medium, m?
L length, m
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Subscripts

abs
c
int
l

P
pb
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log mean temperature differ-
ence, K

mass flow rate, kg/hr

mean molecular weight,
kg/kgmol

molecular weight of water and
ammonia, respectively,

kg /kgmol

mass flux, kg mol /m? s

Nusselt number

pressure, N /m?

Peclet number

energy transferred rate per unit
area, W /m?

heat transfer rate, W

thermal resistance of the tube
wall, W=' K

temperature, K

velocities in x and y direc-
tions, respectively, m /s

overall heat transfer coeffi-
cient, W/m? K

mean velocities of liquid and
vapor respectively, m /s
coordinates in Figure 3

molar concentration for NH,
for liquid and vapor, respec-
tively

composition of ammonia on a
molar basis

thermal diffusivity, m?/s
diffusion coefficient, m?/s
atomic diffusion volume, m?
nondimensional parameter in
Eq. (28)

distance ratio, b /b,
nondimensional temperature
absorption heat defined in Eq.
(19), J/kg

dynamic viscosity, kg /m s
nondimensional parameter in
Eq. (34)

density, kg /m?

absorption

coolant

interface

liquid

porous matrix

upper boundary of porous
medium

heat transfer engineering

pl, pv liquiFI and vupnr_wnlhm porous
medium, respectively

sen/ sensible heat in the liquid re-
gion

seny sensible heat in the vapor re-
gion

l total

v vapor

vb bulk vapor

w wall

Wi, wo inner and outer wall surfaces
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