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Abstract

An analytical solution is presented for the study of coupled heat and mass transfer in a stagnation point flow of air
through a heated porous bed with thin liquid film evaporation. The analysis indicates that the coupled heat and mass
transfer process in the air stream induced by the evaporation of a thin liquid water film embedded in the porous medium
of a given porous material is governed by the Peclet number Pe, the Lewis number Le, the porosity of the porous bed
¢, as well as the ambient temperature 7, and relative humidity ¢ of air. It is shown that the heat transfer between the
heated plate and the air stream is predominated by the transport of the latent heat associated with the thin liquid film
evaporation. The analysis also demonstrates that the air stream with a lower relative humidity, a higher temperature,
and a higher Peclet number lead to an increase of heat transfer rate. For the case when Le > 1, the mass transfer rate is
enhanced while the heat transfer rate is reduced. These findings are of significance for the design of a cross-flow indirect
evaporative air cooler. © 1998 Elsevier Science Ltd. All rights reserved.

Nomenclature p., ambient pressure [kg m~?]

A constant in equation (22) g total heat flux [W m~?]

b thickness of porous bed [m] g, latent heat flux [W m~?]

C constant in equation (7) ¢, sensible heat flux [W m~?]

C,, C, constants in equation (23) T temperature [°C]

¢, specific heat [Jkg™' K] T; temperature at liquid—gas interface [°C]

D mass diffusivity in the plain media [m?s™'] T, ambient temperture [°C]

D,, mass diffusivity in the porous media region [m?s~!] v velocity [ms™']

h  heat transfer coefficient [W m—2 °C '] w mass fraction of water vapor [kg kg™']

hs, latent heat of vaporization [J kg™' K '] w; mass fraction of water vapor at liquid—gas interface
Ja’ modified Jacob number kg kg™ ']

k stagnation flow strain rate [s™'] w,, ambient mass fraction of water vapor [kg kg™']
K permeability W wiw,

Le Lewis number X,y system coordinates [m]

m,; evaporating flux of water vapor [kgs™'] X, Y dimensionless coordinates.

Nu Nusselt number

Nu, latent Nusselt number Greek symbols

Nu, sensible Nusselt number o« thermal diffusivity [m?s~']

Pe,  Peclet number o, effective thermal diffusivity [m” s™']

y thermal conductivity ratio of fluid to solid
0 dimensionless temperature
- A; constants in equations (27) and (30)
*Tel.. 00852 2358 8647; fax: 00852 2358 1543; e-mail: /4 thermal conductivity [W m~' °C~']
metzhao@ust.hk Am effective thermal conductivity [W m~' °C ']
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p density [kg m~]

Oy /0t

op D,/D

G, Al

¢ porosity

¢ relative humidity [%].
Subscripts

i liquid—gas interface

1 latent

s sensible.

1. Introduction

Wet surface heat exchangers are widely used in refriger-
ation, air conditioning, cooling towers and power plant
systems. In these heat exchangers, both air and liquid
water are used as the cooling media [1]. For instance, in
an indirect evaporative cooler heat is transferred from a
warm, dry air stream to a cooler, moist air stream through
an exchange surface separating the two fluids. These two
fluid streams and associated exchange surfaces are
usually referred to as primary and secondary, respec-
tively. The secondary surface is wetted by circulating
water, so as to evaporatively cool the secondary air in
direct contact with water films. In this manner, heat is
transferred from primary to secondary air without the
introduction of moisture into the primary air stream.
In recent years, extensive studies of evaporative cooling
systems that include indirect evaporative cooling equip-
ment have been carried out [2]. The primary objective of
these studies is to determine the energy savings and peak
load reduction potential of the evaporative cooling tech-
nology compared to conventional vapor-compression air
conditioning. Generally, it was reported that the energy
savings of 30-47% can be obtained, depending on local
climates. Peterson and Hunn [3] reported peak load
reduction of 16%, even in humid climates when indirect
evaporative cooling systems are used in small office build-
ings. However, the major challenge of an indirect evap-
orating cooling system is to design a high heat and mass
transfer rate wet surface heat exchanger, so that an
indirect evaporative cooling unit can be more efficient
and more compact.

The thermal analysis of a wet surface heat exchanger
is inherently complicated because the cooling process
involves simultaneous heat and mass transfer at the liquid
film—air interface. McClaine-Cross and Banks [4] ana-
lyzed the performance of a wet surface heat exchanger
by using a one-dimensional mathematical model. They
made their calculation for the whole area of the heat and
mass transfer plate based on the averaged temperatures
and the averaged humidity ratios at entry and exit of the
heat exchanger. Another assumption they made was that
the plates were completely wet. Their results are 20%

higher than the experimental data. A more detailed analy-
sis was carried out by Hsieh and Kettleborough [5] for
counterflow heat exchangers and by Kettleborough [6]
for crossflow heat exchangers. In both cases the analysis
was carried out by considering a single plate and the
velocities were assumed to be constant; the computed
effectiveness was 14% higher than experimental values.
In subsequent studies [7-11], the effects of various physi-
cal and structural properties in the evaporative channels
on the thermal performance of the unit were widely inves-
tigated. Kettleborough [7] derived the heat and mass
balance equations for the primary and secondary flows
and studied the effect of primary velocity on the cooler
performance. However, their theoretical prediction did
not agree well with the experimental data by Pescode [11].
Wassel and Mills [8] illustrated a design methodology for
a countercurrent falling film evaporative cooler. It was
found that narrow flow passages were more effective for
the evaporative condenser. Hsu and Lavan [9] used an
iterative, column-row, successive over-relaxation tech-
nique to solve the governing equations in a cross-flow
parallel plate regenerative indirect evaporative cooler.
They assumed that the water was locally replenished and
the water layer was negligibly thin (no thermal resist-
ance). Erens and Dreyer [10] presented three analytical
models, and their results show that the optimum shape
of the cooler unit would result in a primary to secondary
air velocity ratio of about 1.4, assuming that the primary
and the secondary air mass flow rates are the same and
that the same plate spacings are used on the primary and
secondary sides.

All of the above analyses on the flat wet surface heat
exchanger were conducted by assuming that the air
stream is a plug flow and the heat transfer coefficient in
the wet surface depends on the velocity only. Obviously
these assumptions may lead to errors compared with
experimental data. Until recently, several analyses on
simultaneous heat and mass transfer in the wet surface
heat exchanger have been reported. Tsay [1] numerically
analyzed a countercurrent-flow wet surface heat
exchanger. He compared the heat transfer rates in a wet
surface heat exchanger with those obtained in a dry sur-
face heat exchanger, and found that the energy trans-
ported across the liquid film was mostly absorbed by the
film vaporization process. Yan and Soong [12] presented
their numerical solution for convective heat and mass
transfer along an inclined heated plate with film evap-
oration. They studied the inclination angle of the plate
on the heat transfer rate of a wet surface heat exchanger.
In another paper, Yan [13] also reported the effects of
film vaporization on turbulent mixed convection heat
and mass transfer in a vertical channel. All these analyses
were restricted to the study of the wet surface heat
exchanger with flat solid surface. Since the energy trans-
port in a wet surface heat exchanger is dominated by the
latent heat transfer through the evaporation of the water
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film, it is essential that a large contact area between air
and water be obtained. For this reason, corrugated [11] or
porous structure can provide a large air—water contact area
and thereby increasing wettability and the heat and mass
transfer rate. However, the coupled heat and mass transfer
process becomes more complicated by the presence of a
porous medium. This motivates the present study.

In this paper, we investigate the coupled heat and mass
transfer in a porous medium heat exchanger with liquid
film evaporation subjected to a cross-flow of air stream.
To solve the problem analytically, we shall idealize the
problem as a stagnation point flow of air stream in a
porous bed with film evaporation as shown in Fig. 1. In
what follows, the mathematically formulation will first
be described. A complete solution of heat and mass dis-
tribution will subsequently be obtained. Some salient fea-
tures of the solution and the effects of various parameters
on heat and mass transfer will be presented and discussed.

2. Formulation

As shown in Fig. 1, the problem to be considered is a
laminar stagnation point flow of air in a porous bed of
finite thickness b, with a thin film of liquid water existing
at the bottom of the porous bed and above a flat imper-
meable wall. The impermeable wall is heated at a uniform
heat flux ¢. Assuming that the liquid layer is very thin

and stationary, we can place the origin of the coordinate
system at the stagnation point above the surface of the
liquid layer. The two-dimensional stagnation flow can
now be divided into two regions: a plain medium region
(b <y < o) and a porous medium region (0 < y < b).
The air stream at infinity has a temperature 7., and a
mass fraction of water vapor w,,. As the air flow enters
the porous bed and is in contact with the liquid film, the
temperature of the air will drop and the mass fraction of
water vapor will increase due to the evaporation of the
thin film. In the plain media region bounded by b <y < o0
(Fig. 1), we have a potential flow so that the solution of
the velocity field is u = kx and v = —ky where x and y
are the spatial coordinates parallel and normal to the
impermeable surface, and u# and v the velocity com-
ponents along the x- and y-directions. The velocity gradi-
ent k is the parameter describing the flow strain rate.
Under the assumption of constant thermophysical
properties and the air and the porous medium is at ther-
mal equilibrium, the governing equations of energy con-
servation for the moist air stream and species diffusion
equation for water vapor are given by

oT™* 0°T+
By S (1)
oy ay?
owt *w*
—ky —-D =0 @)
ay 0y?

with the boundary conditions

Fig. 1. Schematic defining the problem to be studied.
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yooo: T =T,; wh =w,. (3a,b)

In the above, T is the temperature, w the mass fraction
of water vapor, « and D the thermal and the mass diffus-
ivities, and the superscripts ‘4’ denote the quantities in
the plain media region.

In the porous media region (0 < y < b), where the
Darcy’s law is valid, the macroscopic flow field is again
a potential flow with the flow velocity given by (kx/K
and —ky/K) where K is the permeability of the porous
medium. Multiplying the flow velocity by K, we obtain
the Darcy’s velocity, which can be applied to the con-
servation equations of energy and mass fraction of water
vapor as

oT~ o*T~
Ky O o = 0 (4)
oy oy?
ow~ w
e s)
oy dy
where the superscripts ‘—’ denote the quantities in the

porous medium region; o, = A,,/pc, is the effective ther-
mal diffusivity with 4,, being the effective thermal con-
ductivity in the porous medium; p and c, are the density
and the specific heat of the moist air, and D, is the
effective mass diffusivity in the porous medium which is
related to the effective thermal conductivity by

Le =

D. (6)

with Le being the Lewis number. In this study, the effec-
tive thermal conductivity in the porous medium is evalu-
ated by [14]

I _ 1_m+zv1*¢[“*”c It

2 1-Cy [a-cy® @
c+1 C-1
_T_W} @
—Ly

where ¢ is the porosity of the porous bed, y = y/y, with
/s being the thermal conductivity of the solid material,
and C = 1.25((1 —¢)/¢)'*”° for a packed sphere bed.

The boundary conditions at the gas-liquid interface
are

, 0T~

y=0 -1, F =
where the sensible heat ¢ is related to the latent heat ¢,
and the total heat flux ¢ applied at the bottom of the
liquid layer (see Fig. 1) by

4qs; W= Wi(]-'iapoo) (gaab)

q4=4qs+q )
with the latent heat ¢, being evaluated by [15]

. _ phe, Dy, (OW™
9@ = mv,lhfg = I—Wi < ay o (10)

where 1, is the evaporating flux of water vapor and

hy, the latent heat of vaporization. In equation (8b) the
relationship between the mass fraction of water vapor w;
at the saturated temperature 7; under the ambient
pressure p, can be determined from thermodynamic
properties of moist air.

The interfacial conditions between the plain medium
and the porous medium are

y=b Tt*=T"; wt=w"

or+ - oT" owt ow™
A = /m ;D =D, . (11)
Jy ay dy oy
Because the normal velocity v and all the boundary con-
ditions are independent of x, the solution of the present
problem is independent of x so that the term 0/dx does
not exist in the above equations. It should be recognized
that for the present problem the solutions of temperature
and mass fraction of water vapor are coupled through
boundary condition (8b).
Introducing the dimensionless quantities

k T-T, w
Y=y |—=2/Pe;, 0= : =
R T S
O, _ Dy, I (12
O-O(_aa O-D_D’ 6/‘._/1 )
where Pe = . /kb?a,, is the Peclet number, the governing
equations (1), (2), (4) and (5) can now be non-
dimensionalized as
do+ 1 d*6+
Yﬁ + ;157 =0 (13)

dw+ 1 d*wt
Y- = 14
dYy +0DLe oY? 0 (14

y 4, (15)
Y © ayr

aw- 1w
Yoy e gy =0 (16)

and the boundary conditions (3), (8) and (11) can be
nondimensionlized as

Yooo: 6F=0 Wr=1 (17a,b)
Y=/Pe: 0" =0"; Wtr=w"
do+ do+  dw+ dw-
dy ~ %4y’ dy " °? 4y (18a—d)
00~ , b
y=0. & —_ & . wp_ Wi<q—0i+Tm,P%>.
oY g/ Pe Jom
(19a,b)

Rearranging equation (9) with the aid of equation (10)
yields
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W/ Pe dw-
=1+ Ja' (1—Ww,) ( >Y=0 (20)

where Ja’ = qb/pD,,hy, is the modified Jacob number.
Equations (13)—(20) imply that

0(Y)orW(Y) = f(Pe,Le,c,,0p,0,,Ja’ ,T,,Ww,). 21

3. Analysis

It should be noted that the conservation equations of
energy and mass fraction of water vapor, equations (13)—
(20), are the second order ordinary differential equations
of the form

AL
dY oY?

=0 (22)

where A is a constant and ¥ represents 6 or . Equation
(22) has a general solution of the form

Y(Y) = cl\/?Ae.-rf<\/1271Y>+c2 (23)

where the error function is defined as

erf(@) = - J exp(—E)de 4
ko

and C, and C, are integral constants to be determined by
imposing boundary conditions. Solving equations (13)
and (15) subject to the appropriate boundary conditions
(17)—(19), the dimensionless temperature distributions
are

0" (Y) = A, %1 —erf(ﬁ Y> 25)

0-(Y) = —Ao‘;[\/g//\lerf<\}§y>

Az—l—Ag\/oT/A,} (26)

where

1 P
A, =0 exp [EPe(az— 1)}; A, = erf< e;”)

Pe A, i
w5 e ) =

Similarly, the solution of the mass fraction of water
vapor can be obtained by solving equations (14) and

(16) subjected to the boundary conditions (17)—(19) as
follows

W (Y) = AW(Wifl)[erf< /LQ;DY>71}+1 (28)

\/7A,‘(W 1)erf<ﬁ Y>+Wi (29)
where

LeP.
Ay =o0p exp[% (op— 1)j|;
A ' m/Lea)

As—./n/Lea,—Ag/A,

T PeLeop\
As —\/LeaDerf</ 5 >,

LeP
Ag = lerf< ¢ e). (30)

W) =

Le 2

Differentiating equation (29) with respect to Y and
imposing the resultant expression at ¥ = 0 yields

dw- 2Leop, A,
(—dy >Y=0— _— —1). 31
Substituting equation (31) into equation (20), we obtain
wi—1
;— T+A, I W, (32)
where
/Pe 2L
A= woC eap A A,‘ . (33)
4

We now obtain the temperature at the gas—liquid inter-
face from equation (26) to give

}(A2 1—o,As/A).  (34)

Substituting the values of the mass fraction of water
vapor W, at the saturated temperature 6; into equation
(34), we can obtain the gas—liquid interface temperature,
and the corresponding W,.

We now define the Nusselt numbers (Nu, and Nu,)
owing to the sensible and latent heat transfer as

0; 7A0|:1+A

hdb qs

N = S T—T.) 33
b

Nuy = 2 & (36)

I (T —T)

where A, and &, are the heat transfer coefficient due to
sensible and latent heat transfer, respectively. Combing
equations (35) and (36) with the aid of equation (9) gives
the total Nusselt number Nu as
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hb q 1
NM=NL{S+NM1=T=W=§- (37)

Substituting equation (34) into equation (37) yields

Nu = ! . (39)

wi—1
Ao[l +A, W}(Az —1—Ja,A4/A,
Similarly, the Sherwood number is defined as

hpb ri1,b —/ Pe (d W*>

Sh="p = “wi—n\ dy

Dm
D, p (w;—wy)

I—w;
(39)

Substituting equation (31) into equation (39), we obtain
2PeL A,

Sh= — [FFEn e (40)
n Ay

4. Results and discussion

As mentioned earlier, there are a total six parameters
(Pe, Le, 0,, 0,, ap, T..,, and w,,) for the problem under
consideration. Obviously, a complete parametric study is
unrealistic for such a complex problem. For this reason,
we shall focus our attention on the characteristics of
heat and mass transfer in a stagnation point flow of air
through a porous bed made of glass beads. For this
specific system, the parameters a,, ¢,, and o, will only
depend on the porosity ¢. In the following, the tem-
perature and absolute humidity profiles will first be pre-
sented, followed by the discussion of the effects of various
parameters on the heat and mass transfer rates.

4.1. Temperature and mass fracture of water vapor profiles

Figure 2 shows the temperature and mass fracture of
water vapor profiles at selected porosity: ¢ = 0.15, 0.4,
and 0.85. As shown in Fig. 2a, typically the temperature
decreases along the axial Y-direction for each case, indi-
cating heat is transferred from the heated plate to the air
stream in the plain medium. It can also be observed that
at the interface between the porous medium and the plain
medium (i.e. ¥ = \/ﬁ = 1), the slope of each curve in
the porous medium is smaller than that in the plain me-
dium because of the higher effective thermal conductivity
in the porous medium. As the porosity of the porous
medium increases, the liquid—gas interface temperature 0,
increases and the temperature gradient becomes steeper.
This is attributed to the fact that the effective thermal
conductivity decreases as the porosity increases. The dis-
tribution of the mass fracture of water vapor along the
axial Y-direction depicted in Fig. 2b shows the same
trends as that of temperature. As shown in Fig. 2b, the
higher liquid—gas interfacial temperature can result from

a higher porosity (or lower thermal conductivity). There-
fore, the corresponding mass fracture of water vapor at
the liquid—gas interface is higher for larger porosity.

The effects of Lewis number on the mass fracture of
water vapor distributions are illustrated in Fig. 3a, which
indicates that the gradient of the mass fracture of water
vapor within the porous medium becomes flatter as the
Lewis number decreases. This is because the mass diffu-
sivity becomes larger as the Lewis number decreases at
the same thermal conductivity (or with the same porosity
¢ = 0.4 for a given porous material). The higher mass
transfer rate will lead to a larger latent heat transfer rate
or a smaller sensible heat transfer rate. This is why in Fig.
3b, the temperature gradient within the porous medium
becomes flatter as the Lewis number decreases.

4.2. Heat transfer and mass transfer rate

It is interesting to investigate the relative importance
of the sensible and latent heat exchanges at the liquid—
gas interface. Figure 4a presents the variations of the
dimensionless latent and sensible heat flux versus the
temperature at infinity. It is evident that the heat transfer
between the heated plate and the air stream is pre-
dominated by the latent heat transfer with ¢,/¢ > 0.8. It
can also be observed that the latent heat transfer is
increased with the increase of the temperature at infinity.
This is because more liquid can be evaporated when the
incoming air stream has a higher temperature. On the
other hand, the higher temperature of the air stream can
also lead to the decrease of the sensible heat transfer rate
as presented by the dashed line in Fig. 4a. The relative
humidity of the air stream also has a significant effect
on the performance of the evaporative cooling. This is
illustrated in Fig. 4b where the latent and sensible heat
flux is plotted against the relative humidity of the air
stream. As shown in Fig. 4b, the predominated latent heat
flux decreases with the increase of the relative humidity
because the potential (w;—w,) of the mass fracture of
water vapor is reduced when the incoming air stream is
wet. It may also be noted from Fig. 4b that the sensible
heat is increased at a certain degree with the increase of
the relative humidity. However, the overall heat transfer
rate is reduced for a wet air stream, as shown in Fig. 5a
where the Nusselt number versus the relative humidity
is presented. This suggests that the evaporative cooling
scheme can be directly applied in an air conditioning
system in some arid areas. Figure 5b presents the vari-
ation of the Nusselt number with the temperature of air
at the infinity. It is shown that the overall heat transfer
rate is greatly enhanced for the higher environmental
temperature.

The influences of the Peclet numbers on the Nusselt
number Nu and the Sherwood number S/ for ¢ = 0.4,
0,=043, and ¢ =40% at Le=1 (solid line) and
Le = 2 (dashed line) are presented in Fig. 6. It is noted
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0.12

0.08

0.04

Pe=1
Le=1
Ja'=0.057
T«=30 °C
¢=40%

Pe=1
Le=1
Ja'=0.057
Toc=30 °C
¢=40%

867

Fig. 2. (a) Typical temperature distribution at ¢ = 0.15,0.4,0.85 and 1 for Pe = 1, Le = 1, Ja’ = 0.057, T,, = 30°C and ¢ = 40%. (b)
Typical mass fraction of water vapor distributions at ¢ = 0.15, 0.4, 0.85 and 1 for Pe =1, Le =1, Ja’ = 0.057, T, = 30°C and

@ = 40%.
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(a)
5 — . .
\
\
\
\
\\
4t \ $=1.0 (without porous media)
\
\
N \ ;
\ \ $=0.85 Pe=
\ e=1
k Ja'=0.057
2 Te=30°C |
¢=40%
3 4
Y
(b)
0.15 r v
\
\
\
B -
$=0.4
010} \ Le=2 Pe=1
Y Ja'=0.057
\/ T=30 °C
\ 9=40%
N \
\\ \
N Le=t \
N \
0.05} . \ \
3 4

Fig. 3. (a) The effect of Lewis number on the distribution of mass fraction of water vapor at ¢ = 0.4, Pe =1, Le = 1, Ja’ = 0.057,

T., = 30°C and ¢ = 40%. (b) The effect of Lewis number on the distribution of temperature at ¢ = 0.4, Pe = 1, Le = 1, Ja’ = 0.057,
T, =30°C and ¢ = 40%.
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(a)
1.0 . .
X))
9/q
- 28 ¢=0.4
=0 Pe=1
] Le=1
S Ja'=0.057
» = 00
T 04} p=40%
I
0.2} - /qsq
0 : -— . e
0.3 0.4 0.5
T b/ )
(b)
1.0 r
08t q,lq
06}
o
=_ ¢=04
e Pe=1
Le=1
04r¢ Ja'=0.057
Tc=30°C
/
o2b a/q ]
0 . . .
20 40 60 80 100
9 (%)

Fig. 4. (a) Variations of latent and sensible heat flux with the ambient temperature at ¢ = 0.4, Pe =1, Le = 1, Ja’ = 0.057 and
@ = 40%. (b) Variations of latent and sensible heat flux with the ambient relative humidity at ¢ = 0.4, Pe = 1, Le = 1, Ja’ = 0.057
and T, = 30°C.
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(a)
12.5 v T
$=0.4
Pe=1
Le=1
Ja'=0.057
100 } T=30 °C
2
75}
5.0 . . v
20 40 60 80 100
@ (%)
(b)
80
60 } J
$=0.4
3 40} Pe=1
Le=1
Ja'=0.057
¢=40%
20
0 , .
0.25 0.35 0.45 0.55

T _J(abi._)

Fig. 5. (a) The effect of the ambient relative humidity on the Nusselt number at ¢ = 0.4, Pe =1, Le = 1, Ja’ = 0.057 and T, = 30°C.
(b) The effect of the ambient temperature on the Nusselt number at ¢ = 0.4, Pe = 1, Le = 1, Ja’ = 0.057 and ¢ = 40%.
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50 ’
12.0
40}
115
or ¢=0.4
T =30°C
S S <
< Ja=0.057 {10
e=40%
20}
{05
10}
0 0
0 1 3 4

Fig. 6. The effects of the Peclet number and the Lewis number on the Nusselt number and the Sherwood number for ¢ = 0.4,

Ja’ =0.057, T, = 30°C and ¢ = 40%.

that both heat and mass transfer rates are increased with
the increase of the Peclet number. It is also observed that
a larger Lewis number leads to a higher mass transfer
rate but smaller heat transfer rate.

5. Concluding remarks

The evaporation of a thin liquid film within a heated
porous bed subjected a stagnation flow of air is inves-
tigated theoretically. The analysis shows that the coupled
heat and mass transfer process in the air stream in a given
porous material is governed by the Peclet number Pe,
Lewis number Le, the porosity of the porous bed ¢, as
well as the environmental air temperature 6., and relative
humidity ¢ of air. The results show that the heat transfer
between the heated plate and the air stream is pre-
dominated by the transport of the latent heat in con-
nection with the thin liquid film evaporation. The analysis
also demonstrates that a lower relative humidity, a higher
temperature of the air stream, and a higher Peclet number
lead to an increase of heat transfer rate. For the case
when Le > 1, the mass transfer rate is enhanced while
the heat transfer rate is reduced. These findings are of
significance for the design of an indirect evaporative air
cooler.
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