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Abstract

Heat and mass transfer between air and falling desiccant film is investigated for inclined parallel and counter flow
configurations. Two different configurations are proposed and parametrically analyzed. Effect of inclination angle is
examined to study enhancements in dehumidification and cooling processes of the air and regeneration of liquid
desiccant in terms of pertinent parameters. Cu-ultrafine particles are also added to the desiccant film to investigate the
enhancement in heat and mass transfer between the air and the desiccant film. The pertinent parameters are air and
desiccant Reynolds numbers, inlet conditions for both air and liquid desiccant, Cu-ultrafine particles volume fraction,
and thermal dispersion. It is shown that inclination angle plays a significant role in enhancing the dehumidification,

cooling, and regeneration processes.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Desiccant cooling systems have received much
attention in the past couple of decades. Liquid desiccant
is brought into contact with air at a low temperature to
dehumidify the air. Liquid desiccant is brought again
into contact with air at high temperature to regenerate
the liquid desiccant. These two processes can be used
with conventional air-conditioning to improve the
overall performance especially at hot and humid envi-
ronments. The use of liquid desiccant enhances the in-
door air quality, reduces energy consumption, and
produces an environmentally safe product [1-3]. Lof [4]
initiated the idea of dehumidification in 1955. Chraibi [5]
investigated the dehumidification process between air
and liquid desiccant on a trickle exchanger. It was found
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that a ventilated pad could be used to extract up to 5 kg
of water vapor per hour under greenhouse climate
conditions. Al-Farayedi et al. [6] studied the heat and
mass transfer between air and liquid desiccant in a
gauze-type structured packing tower. Three different
types of liquid desiccant are compared. It was found that
the mixture of calcium chloride and lithium chloride has
a significant increase in the mass transfer coefficient
compared with the other two solutions. In a recent
study, Ali et al. [7,8] analyzed a comparative study be-
tween air and desiccant film in parallel and counter flow
configurations as well as a cross flow arrangement. It
was found that a decrease in air Reynolds number and
an increase in the channel height provide better dehu-
midification and cooling processes for the air.

In the dehumidifier, both air and desiccant film enter
the dehumidifier at low temperature. The water vapor
content is transferred from the air to the desiccant film.
The air is also cooled down because the desiccant film
enters at lower temperature than the air. In the regen-
erator, both desiccant film and air enter the regenerator
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Nomenclature

C concentration of desiccant film (kgy/kgso)
Cp specific heat at constant pressure (J/kg K)
dy average diameter of ultrafine particles (nm)
D diffusion coefficient (m?/s)

gravitational acceleration (m/s?)

channel height (m)

latent heat of vaporization (J/kg)

thermal conductivity (W/m? °C)

length (m)

mass flow rate (kg/sm)

number of ultrafine particles per unit vol-
ume

pressure (pa)

Reynolds number

temperature (°C)

velocity in the axial direction (m/s)

volume (m?)

humidity ratio of the air (kg,/kg,)
x-coordinate

y-coordinate

salt concentration in the desiccant film

(kgsall/kgsol)

Greek symbols

A coefficient of thermal dispersion (m)
density (kg/m?)

dynamic viscosity (N s/m?)
inclination angle (°)

5=

=
N < gw=ﬂ§“®

E D

W stream function (m?/s)

o thermal diffusivity (m?/s)

0 thickness (m)

¢ variable transformation in the x-direction

n variable transformation in the y-direction

v velocity in transverse direction (m/s)

¢ volume fraction (%)

Q vorticity (s7')

Subscripts

a air

CF counter flow

d desiccant

dis dispersion

eff effective value

f fluid

i inlet conditions

int interfacial condition between air and desic-
cant film

m mean value

o outlet condition

PF parallel flow

S Solid

sol desiccant film

t total pressure

ws saturation pressure

z vapor pressure

at high temperature and water vapor is transferred from
the film to the air. Therefore, a continuous loop of
dehumidification of the air and regeneration of desiccant
film can be achieved.

The addition of Cu-ultrafine particles (nanoparticles)
to any fluid is expected to boost heat and mass transfer
within the solid-liquid mixture. Number of studies [9-
11] has focused in the addition of these ultrafine particles
to a working fluid to measure the thermal conductivity
of this new nanofluid. Xuan and Roetzel [12] proposed
two different approaches to predict the thermal con-
ductivity of nanofluids. Both approaches are utilized in
this study.

In this study, heat and mass transfer between air and
desiccant film in inclined parallel and counter channels is
investigated. Four categories are considered in this
work: (1) low air Reynolds number for the inclined
parallel flow channel; (2) low air Reynolds number for
the inclined counter flow arrangement; (3) high air
Reynolds number for inclined parallel flow channel; and
(4) high air Reynolds number for counter flow config-
uration. After considering the four categories, this study
will focus on high air Reynolds number for inclined

parallel flow channel. Effect of inclination angle will be
discussed in terms of pertinent parameters such as air
and desiccant Reynolds numbers, inlet air conditions,
desiccant inlet conditions, Cu-ultrafine particles volume
fraction of the desiccant film, and thermal dispersion. In
addition, pertinent categories are used to compare the
effect of inclination angle on heat and mass transfer
between air and desiccant film.

2. Mathematical formulation

The inclined parallel and counter flow channels be-
tween air and desiccant film are shown in Fig. 1(a) and
(b), respectively. Note that the inclination angle is con-
sidered inward for the parallel flow channel and outward
for the counter flow configuration: /; is unchanged for
both flow channels and /, is reduced for parallel flow
and increased for the counter flow as the angle increases.
The assumptions for this analysis are (1) flow is laminar
and steady state, (2) thermal properties of the air and the
desiccant film are constant except for the thermal con-
ductivity of the desiccant film, (3) gravitational force on
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Film desiccant with
ultrafine particles

(a) *11*|

Film desiccant with
ultrafine particles

e ,—»|

T

Air
flow

(b)

Fig. 1. Schematic of inclined (a) parallel and (b) counter flow
configurations.

the air is neglected, (4) film thickness is taken to be
constant, (5) thermodynamic equilibrium exists at the
interface between air and the desiccant film. The general
model for continuity, momentum, energy, and mass
diffusion for air for both flow channels is given by

T 0
m@%%+w$0=f%%w%%%> )
el Eo(S) o
ol ZE) ()

Coordinate transformations are needed to solve the
governing equations for the air. The following equations
will be used to perform the coordinate transformation:

¢=x and nzéﬁﬂ (6)

where

5a(x1) = 11 — X tan 0
for the inclined parallel flow channel (7)

5a(x1) = l] =+ x tan 0
for the inclined counter flow channel (8)

The general transformed mass, momentum, energy, and
mass diffusion equations for air in the inclined parallel
flow channel become as follows:

Ou, ntan6 6ua) 1 0o,
-+ )t =0 ?
(550 o) *o ©)
(u %+Ua+ntan9ua 6ua>
P2 ™ e
p | M <@m>

=P, K 10
o §2(xy) \ O (10)

( v, N v, + 1 tan Ou, Gua)

Ng——+——FF"—— —

Pal a5 S(x) o
o u (621)3)

__ P, & 11
on T 2w \ o (an
%+ v, + ntan Ou, 0T,

Paco| Ma 5 S(x)  on
k. 0T,
= fa (S 12
5§(x1) ( on? ) (12
oW v, +ntanOu, OW D, (azW)
a_+ A = A 13
e a(x1) o 82(xy) \ on? (13)

The general transformed mass, momentum, energy, and
mass diffusion equations for air in the inclined counter
flow channel can be written as

Ou, ntan0 Ou, 1 Ov,
P N7 - Ty 14
<6§ Oalx1) 6;1) Oa(x1) On (14)
@%ugﬂEﬂWQ
PA™2e ™ Sum) o
P, K (Wm)
:——,+ ] 15
0 op(x) \ O 15

( v, . v, — 1 tan Ou, 603)
a uu A7z - < /7 N A _
Pal a5 S)  on

p | K (W%)
-y 16
on " B2 \ o (16)
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oT, L ntan Ou, 0T,
ol tyg—+———
Pacp| a3z S.(x1) oy

ka 0*T,
= 17
(331()61) ( on? > an
67W+ua—ntan9uaﬁiw_ D, <627W)
aé 5a(xl) a”] - 5§(X1) 8112

(18)

Uy

The mass, momentum, energy, and mass diffusions
equations for the desiccant film are given by

Gud

19
= (19)
Pag + g ( Sl ) (20)

¥

aTd 0 aTd

Pacpatta 5 = = ([(keff + kais) o ) (21)

2
oC o°C (22)

S _p, 2=
"o 192

2.1. Low air Reynolds number for the inclined parallel

flow

Since air Reynolds number will be small, the &{—
momentum equation for the air can be simplified as

op Ha azua>
"t (1)<6n2 @3)

The boundary and interfacial conditions become:

L.(0,n)=Ts W(0,n) =W (24)
T4(0,2) =T C(0,)2) =G (25)
atn:OandOéégi (26)
cos 0
u (&, 1) =ug inecos 0 T,(E,1) = Ty(xz,q)
W(E 1) = Wi (27)

where W, is the interfacial humidity ratio and is given
as [13]:

Wi = 0.62185 (28)

(Pt)

where p, is equal to [14]:

Pz = Dus (1.0 —0.8287 — 1.4962° + z%) (29)

Md(x270) =0 Td(XQ,O) = Tw (303)

oC

— 30b
o (30D)

H
= =0 ¢ < < —
0 aty OandO\xz\Cose

Due to the negligible shear stress from the air side, the
interfacial conditions can be reduced to the following
form:

Oug

e - (31)

. H
=0 aty, =dgand 0<x, < —
cos

The energy balance equation at the interface is

6Ta+ (min@tan(ﬂ—cos@)@T
o0& Oa(x1) on
. oW nsinftan 0 4 cos 6\ oW
D, h 0— —_ | —
T fg(sm ag " ( 5.e) > an )
0Ty
— ) —2 = = < < ——
kdayz dtﬂ 17 » (sd&o\xb 5\0059
(32)
The mass balance at the interface becomes:
. oW nsinBtanH—Q—cos@} GW)
D, sinf—- S P
P ( o [ 3a(x1) on
oC . H
[ -~ = = < < —
pdDdayz atn 17 W bd & O\x27€\ cos 0
(33)

The axial velocity for the air (u,) can be obtained ana-
lytically with the appropriate boundary conditions:

ua(€,1) = g incOS 0 + 52(“ 2 % (= 1) (34)

Also, the transverse velocity (v,) can be also obtained
analytically by using the analytical solution for air
velocity and continuity Eq. (1):

(o) = (532(:;1) 225 )(ﬂ_vg_’) B (5i(xlzatan9) 2’5
(35)

where first and second order pressure drops are equal to

aP(C) _ 3Md int COS e:ua o SMamu (36)

& &n)  2p05m)B
Pp(E)  6ug i sinOu, Yp,m, tan 0
2 3 - 4 (37)
of 5, (x1) 2p,0,(x1)B

The desiccant film velocity and thickness are

ua(y) = %gyz[ a —%] (38)
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20 1/3
Sq = {’”dvd} (39)
Pa&

where m, and iy are mass flow rates of air and desiccant
film, respectively.

2.2. Low air Reynolds number for the inclined counter

flow:

The reduced form of {—momentum Eq. (23) in the
inclined parallel flow channel will also be valid for the
inclined counter flow channel. Since the air will be
flowing upward rather than downward, some boundary
conditions should be modified as follows:

Uy (€,1) = —uq inr cos 0 (40)

The energy balance equation at the interface is

. 0T, cosf +nsinftan b 0T,
— ka Sin 96—64-1(& (T)

+paDahfg( slnea_W+(0059+ﬂ31n9tan9)a_W)

o¢
oTy H
= —f,—< =1 = < <—
kd@yz atn=1, =64 & 0<x, & ¢ o0
(41)
The mass balance at the interface becomes:
6W cosO+nsin0tan0>6W)
aDa sin 0 — _— | —
’ ( oc ( 5.(x1) on
oC
:fpdDda—y2 atn=1, » =01 & 0<x, & &< — vy
(42)

The axial and transverse velocities can be obtained
analytically for the inclined counter flow channels:

o:(x1) O
”a(év ’1) = —Uq int COS 0+ Z(Plal) ag ( 1) (43)
5(x1) &p )( > <5§(x1)tan0> p
Valc, TN\ |5
(&) = ( 2u, o0& 1 Ha o
(44)
op(¢) 3,y 3ug ine cOs Op,
. 3 - 2 (45)
ag Zpaéu(xl)B ba(xl)
2 o -
O*p(&)  6ug i sinOu,  u,mm, tan 6 (46)

o sm)  2p0in)B

2.3. High air Reynolds number for the inclined parallel
flow

The vorticity equation and stream function are
introduced to solve for high air Reynolds number cate-

gory. These equations in the transformed domain are
given by

0Q v, +ntan Ou, 0Q Vy (629)
et g il 47
“ T e on o) \or 47
1 oy
V_ _o 43
5§(x1) on’ 48)

Both components of velocities can be solved from the
vorticity and stream functions by the following equa-
tions:

1 Ou,

Saln) O )
W
= Ja(x1) On (302)
B oY  ntanO oY
Va = <6g + 520) 67;7) (50b)
The following boundary conditions are imposed:
0(0,1) =0 (sla)
Q,0)=0 y(50)=0 (51b)
1 Gua Qa
Q& 1) =— 1) == 51
D=5y, MEN=3 (s1¢)

where Q, is volume flow rate of the air.

The energy and mass diffusion equations remain the
same as for the parallel flow low Reynolds number flow
case.

2.4. High air Reynolds number for the inclined counter

flow

The vorticity equation will be slightly different than
the inclined parallel flow because of the change in the
definition of the air thickness (Egs. (7) and (8)) and it
can be cast as

6_Q+z>a —ntanfu, 0Q v, (62_52)
aé 5a(xl) 671 B 5§(X1) a”lz

Uy (52)
The definition of velocity in the transverse direction is
slightly changed to

B oy ntan6 oY
= (66 e )an) (33)

The boundary conditions for the vorticity and stream
functions will remain the same as for the parallel flow
high air Reynolds number case.

2.5. Analysis of ultrafine particles in the desiccant film

The conventional approach and modified conven-
tional approach are used by Xuan and Roetzel [12] to
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estimate the thermal conductivity of the solid-liquid
mixture. Both approaches are utilized in this study. The
(pCp ). of the nanofluids can be computed as

(pep)err = (1 = @) (pcp); + lpcp), (54)
where ¢ is the partial volume fraction and defined as
[15]:

NI (55)

Brinkman [16] extended Einstein’s equation for effective
fluid viscosity as

1
Hetr = He m
A relationship was developed by Hamilton and Crosser
[17] to calculate the thermal conductivity of solid-liquid
mixture which is valid for thermal conductivity ratio
larger than 100:
Kett . ks + (I’I — l)kf — (I’l — 1)¢)(kt — kb)

ke ks + (n— Dk + ke — k) (57)

(56)

where k. in the above equation is considered for con-
ventional single-phase fluid (conventional approach)
and #n is an empirical factor and defined as

n=73/y (58)

where W is the sphericity.

Xuan and Roetzel [12] suggested that dispersed
thermal conductivity of the nanofluids (modified con-
ventional approach) may be obtained using the dis-
persed thermal conductivity for a porous medium
[18,19]:

kais = 2(pCp).frtta (59)

where a new constant, A, is introduced, called coefficient
of thermal dispersion coefficent, and defined as

). = Cd,R¢p (60)

where C is a constant, d, the diameter of the particles,
and R is radius of the tube.

The properties of air are obtained from ASHRAE
handbook of fundamentals [13]. Calcium chloride solu-
tion is used as desiccant film and its properties are taken
from calcium chloride properties handbook [20] and the
properties of Cu-ultrafine particles are obtained from
Eastman et al. [21].

It should be noted that ultrafine particles (nanome-
ter) in fluids are a new technology under development.
There are still no substantial experimental work or
established theory to estimate the thermal conductivity
of ultrafine particles in fluids. Xuan and Li [15] used the
Hamilton and Crosser model to estimate the thermal
conductivity of ultrafine particles in fluids and a good

agreement was achieved with the experimental data at
Y = 0.7 where y is the sphericity. In another study, Lee
et al. [11] found that the predicted thermal conductivity
of Al,O3 ultrafine particles in fluid was in a good
agreement with the experimental results at y = 1.0.
Therefore, the Hamilton and Crosser model can be ex-
tended to predict the thermal conductivity of ultrafine
particles in fluids. In the literature, there is no definitive
work in the thermal dispersion of ultrafine particles in
fluids. Xuan and Roetzel [12] assumed that dispersed
thermal conductivity of ultrafine particles in fluids might
be approximated as thermal dispersion in porous media.

2.6. Calculated parameters

The air and desiccant film Reynolds numbers are
defined as

_ 4puuum(xl)5a(xl)
Iy

Re, (61)

_ 4pdudm5d
Ha

The exit air and desiccant conditions are calculated

based on the mean bulk values I, I'qo and can be
written as

Red (62)

1
.rd
ao — ﬂ) lu 1 (63)
Jo uadn
"0d
rd
Iy — J_y (64)
jod Uq dyZ

where I', can be temperature or humidity ratio for the
air and I'y can be either temperature or concentration of
desiccant film.

3. Numerical analysis

The velocity profiles for parallel and counter flow for
low air Reynolds numbers are solved analytically while
the energy and mass diffusion equations are solved nu-
merically. The axial convection terms are approximated
by first order upwind differencing while transverse con-
vection and diffusion terms are approximated by first
and second order central differencing, respectively. An
iterative method is employed to satisfy the interfacial
conditions between air and the desiccant film. A tran-
sient approach is utilized for the vorticity equation for
high Reynolds number cases. Alternating direction im-
plicit method is used for the vorticity equation and the
stream function is solved by successive over-relaxation
method. Fig. 2(a) shows a good agreement between cen-
terline velocities for inclined parallel flow channel for
low (analytical) and high Reynolds number cases for
different inclination angles. As illustrated in Fig. 2(b), a
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(b)

¢ (m)

Fig. 2. Comparison between for the centerline velocities for low and high air Reynolds number categories (a) inclined parallel flow

channel and (b) inclined counter flow configuration.

good agreement is also achieved for the centerline velo-
city for the low and high Reynolds number cases for the
inclined counter flow configurations. It should be noted
that the discrepancy in the results for small values of & is
due to the neglect of the convective terms in obtaining
the analytical solution for low Reynolds number case.

4. Results and discussion

A parametric study is employed to investigate the
dehumidification and cooling processes for the air and
the regeneration process for the desiccant film. Three
different categories are parametrically investigated in
this study: low air Reynolds number for the inclined
parallel flow and counter flow channels and high air

Reynolds number for the inclined parallel flow config-
uration. This study is mainly focused on the effect of
inclination angle on heat and mass transfer between air
and desiccant film.

4.1. Low air Reynolds number flow

Dehumidification and cooling processes for inclined
parallel and counter flow channels at different air and
desiccant Reynolds numbers for different inclination
angles are investigated.

4.1.1. Effect of the air Reynolds number

In the inclined parallel flow channel, the exit air tem-
perature and humidity ratio increases with an increase
in the air Reynolds number for different inclination
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angles, as shown in Fig. 3(a) and (b). The humid air
would have less time to be in contact with desiccant film
at high air Reynolds number. However, the increase in the
inclination angle causes a large boost in the air velocity
especially down the channel, which results in higher
convection rates for both the energy and mass diffusion
equations for the air and consequently an increase in the
heat and mass transfer between the air and the desiccant
film. This yields an overall reduction in the exit air
temperature and humidity ratio. For the inclined coun-
ter flow configuration, the inlet effect of the desiccant
film has a dominant effect in increasing the overall exit
air temperature. However, the exit air temperature and
humidity ratio decreases with an increase in the air
Reynolds number due to the fact that effects of inlet
desiccant conditions are reduced at higher air Reynolds

A. Ali, K. Vafai | International Journal of Heat and Mass Transfer 47 (2004) 1745-1760

numbers. The overall exit air temperature and humidity
ratio decreases at higher inclination angle due to an in-
crease in the channel width at higher inclination angle
further reducing inlet desiccant effects. The inclination
angle plays a significant role in enhancing the dehu-
midification and cooling processes for air for both flow
regimes.

4.1.2. Effect of the desiccant Reynolds number

The desiccant Reynolds number with inclination has
a noticeable effect on the dehumidification and cooling
processes of the air. For the inclined parallel flow re-
gime, heat and mass transfer coefficients increase with an
increase in the desiccant Reynolds number, this in turn
results in an increase in the heat and mass transfer be-
tween the air and the desiccant film and a decrease in

24
PE Ci_= 0.6 kgu/Kgsol Ty = 10°C
2] H=0.3m W; = 0.02 kgw/kga
----CF Rey =20 =0
20 | Ta=35°C A=0
Tai=25°C

Tao (°C)

0.01
—— pF Ci=06kgykgso T, =10°C
H=03m W; = 0.02 kgu/Kda
----CF Rey=20 6=0
008 o
0. Ta = 35°C A= 0
P Tai= 25°C
©
fe)]
=
3 0.006 - 6=0.63°
=
2
0.004 {~
0=1.26°
0.002 ‘ : . . .
200 250 300 350 400 450 500
(b) Re,

Fig. 3. Effect of air Reynolds number (Low flow category) for the inclined parallel and counter flow configurations on (a) exit air

temperature and (b) exit humidity ratio.
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exit air conditions, as shown in Fig. 4(a). However, these
enhancements are modest due to the small thickness of
the film. In the inclined counter flow channel, Fig. 4(b)
once again shows that the inlet desiccant conditions play
a significant role in increasing the exit air conditions. It
is important to note that the inclination angle plays a
vital role in reducing the overall exit temperature and
humidity ratio for both flow arrangements.

4.2. High air Reynolds number flow

In what follows the effect of inclination angle on heat
and mass transfer between air and desiccant film for the
dehumidification and cooling processes for the air and
regeneration process of liquid desiccant in terms of
pertinent parameters is investigated.

and Mass Transfer 47 (2004) 1745-1760 1753
4.2.1. Effect of the air inlet conditions

An increase in the inlet air temperature with the
inclination angle has a significant effect on heat and
mass transfer between air and desiccant film. Fig. 5
shows that an increase in the inclination angle up to 2°
results a reduction up to 25% in the exit air temperature
and 34% in the exit humidity ratio, respectively. The
increase in the inclination angle causes an increase in the
surface contact area between air and desiccant film
which allows more heat and mass transfer between
them. Also, it results in an increase in the velocity profile
of the air down the channel which results in an increase
in convection rates in the energy and mass diffusion
equations of the air and therefore an overall reduction in
exit air conditions. In addition, an increase in the inlet
air temperature causes an increase the saturated pressure

20
PF ;il_=0036 kgwlkgsol TW = 10°c
=03m W, = 0.02 Kgu/kga
18] ----CF Re,=217 4= 0
T, =35°C A=0
Tg=25°C
16 -

T2 (°C)

10 . v ‘
10 20 30 40 50
(@) Req
0.006
op  Ci=06Kgwkgs Ty =10°C
H=0.3m W, = 0.02 kg/ Kga
----CF Re =217 6=0
Ta = 35°C A=0 s
-, 0.005 1 Ta= 25°C T
3 .
g .
2 .
fe)]
=
o
2
0.004 -
0.003 T T '

(b)

40 50

Rey

Fig. 4. Effect of desiccant Reynolds number (low flow category) for the inclined parallel and counter flow configurations on (a) exit air

temperature and (b) exit humidity ratio.
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30 0.013
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25 1-
: + 0.011
20 |
= L 0.009 5
o =
& 15 2
l—w Ci =06 kgwlkgscl ":
H=03m [ 0007 =
101 Re, = 650
Reg = 20
5| T W, =0.02 kgw'kga  ¢=0 7 0-008
...... w Tw = 10°C A=0
0 T T T 0.003
0 0.5 1 1.5 2
0 (°)

Fig. 5. Effect of inlet air temperature for the inclined parallel flow channel on exit air conditions.

difference between moist air and desiccant film, which in
turn causes an increase in the mass transfer rate from the
air to the desiccant film and a further decrease in the exit
humidity ratio.

4.2.2. Effect of the film inlet conditions

The variation in inlet desiccant temperature with
inclination has some significance on the dehumidifica-
tion and cooling processes. Fig. 6 shows that the change
in inlet desiccant temperature does not have an impact
on exit air conditions. However, the inclination angle
plays a significant role in reducing the exit air conditions
which results in better dehumidification and cooling
processes.

The variation in the inlet concentration of liquid
solution does not change the exit air temperature, as
illustrated in Fig. 7, but it reduces the exit humidity
ratio. A decrease in the inlet concentration of desiccant
film causes an increase in the salt solution of the
desiccant, which in turn increases the saturated pres-
sure difference between the air and the film and allows
more mass transferred from the air to the film. The
inclination angle reduces the exit air temperature be-
cause of the increase in the contact surface area and
convection rates. Dehumidification process is enhanced
at low concentration of desiccant film; however cool-
ing process is not affected by altering film concentra-
tion.
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Fig. 6. Effect of inlet desiccant temperature for the inclined parallel flow channel on exit air conditions.
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Fig. 7. Effect of inlet desiccant concentration for the inclined parallel flow channel on exit air conditions.

4.2.3. Effect of the air Reynolds number

The exit concentration of liquid desiccant decreases
at high Reynolds number is illustrated in Fig. 8. It can
be seen that an increase in the inclination angle enhances
the regeneration process by lowering the overall exit
concentration of the desiccant film. This is mainly due to
an increase in the contact surface area, which in turn
allows more mass transfer from liquid desiccant to the
hot air and an increase in the air velocity resulting in a
boost in convection.

4.2.4. Effect of the desiccant Reynolds number

The desiccant film would have less time to be in
contact with the air at high desiccant Reynolds numbers
resulting in less mass transfer from the desiccant film to

the air and higher exit concentration for the liquid des-
iccant, as shown in Fig. 9. In addition, the inclination
angle plays a role in reducing the exit concentration of
the desiccant film which enhances the liquid desiccant
regeneration process due to an increase in the contact
surface area and higher convection rates. Therefore, low
desiccant Reynolds number with higher inclination an-
gle provides better regeneration process for the desiccant
film.

4.2.5. Effect of variation in the Cu-ultrafine particles
volume fraction

The addition of Cu-ultrafine particles increases the
thermal conductivity of the desiccant film, as shown
in Fig. 10. Fig. 10 also shows that the film thickness
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Fig. 8. Effect of air Reynolds number for regeneration process of liquid desiccant for the inclined parallel flow channel on exit

concentration of desiccant film.
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Fig. 9. Effect of desiccant Reynolds number for regeneration process of liquid desiccant for the inclined parallel flow channel on exit

concentration of desiccant film.
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Fig. 10. Effect of Cu-ultrafine particles volume fraction in liquid desiccant on ratio of effective thermal conductivity to thermal

conductivity of liquid desiccant and film thickness.

decreases with an increase in the volume fraction due to
an increase in the effective density of the liquid solution.
As expected, an increase in the volume fraction results in
an increase in the heat transfer between air and desiccant
film which results in lower exit air temperature, but no
significant reduction is noticed in the exit humidity ratio,
as seen in Fig. 11. It is also important to note that the
reduction in the exit air temperature is modest (=25%)
due to the small thickness of the desiccant film. The
inclination angle once again plays a significant role in
reducing both exit air temperature and the humidity
ratio. Therefore, both dehumidification and cooling
processes are improved by an increase in the inclination

angle, but only cooling process of air has a noticeable
enhancement by addition of the Cu-ultrafine particles
volume fraction.

The exit concentration of the desiccant film almost
stays constant with an increase in the volume fraction of
Cu-ultrafine particles, as seen in Fig. 12. However, the
inclination angle reduces the overall exit concentration
of the desiccant film.

4.2.6. Effect of thermal dispersion

An increase in the thermal dispersion reduces the exit
air temperature, as shown in Fig. 13. However, these
reductions are very small due to the small thickness of



A. Ali, K. Vafai | International Journal of Heat and Mass Transfer 47 (2004) 1745-1760 1757

28
57 - 9=10°1
26 -
25 -
G 24 - C; = 0.6 kgw/kgsol T4 = 25°C
-~ H=03m Tw =10°C
+ 231 Re,=1300 W, = 0.02 kgy/kga
Req = 350 - 200 A=0
22 o
T, =35°C
21 1
0=2"
20
19 T T T T
1] 0.04 0.08 0.12 0.16 0.2
(a) o (%)
0.015
0=10%1°
0.013
E C; = 0.6 kgw/kgsol Ty = 25°C
X H=03m 0
] T, =10°C
D 0011 1 Re =1300 "
= Re. = 350 - 200 W, = 0.02 kguw/kga
= €a =990 - A=0
Ty =35°C
0.009
0=2°
0.007 . . . .
0 0.04 0.08 0.12 0.16 0.2
(b) 9 (%)

Fig. 11. Effect of Cu-ultrafine volume fraction in liquid desiccant in dehumidification and cooling processes of air on (a) exit air
temperature and (b) exit humidity ratio.

the desiccant film compared with the thickness of the
moist air. As expected, the inclination angle substan-
tially reduces the exit air conditions. Therefore, the
dehumidification and cooling processes are enhanced by
the presence of the thermal dispersion of Cu-ultrafine
particles in the desiccant film.

There is no noticed change in the exit concentration
of liquid desiccant due to its small thickness, as seen in
Fig. 14. Therefore, the regeneration process of liquid
desiccant is not affected by the thermal dispersion effects,
but enhanced by increasing the inclination angle. It
should be noted that the addition of Cu-ultrafine par-
ticles boosts the effective thermal conductivity of solid—
liquid mixture as shown in Fig. 10. However, the
enhancements in the dehumidification, cooling, and

regeneration processes are very minimal due the small
thickness of the film compared to the thickness of the air
as seen in Figs. 11-14.

5. Conclusions

Heat and mass transfer between the air and desiccant
film for an inclined parallel and counter flow channels is
investigated. Effect of the inclination angle is examined
to study enhancement in dehumidification and cooling
processes of air and regeneration of liquid desiccant in
terms of pertinent parameters. The main conclusions of
this investigation are
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Fig. 14. Effect of thermal dispersion of Cu-ultrafine particles on the exit concentration of desiccant film.

1. Inclination angle plays a significant role in improving
dehumidification and cooling processes of the air and
regeneration process of liquid desiccant for both in-
clined parallel and counter flow channels.

2. Dehumidification and cooling processes are enhanced
at low air Reynolds numbers while the liquid desic-
cant regeneration process is enhanced at high air
Reynolds number.

3. Low desiccant flow enhances the regeneration process
and high desiccant flow augments the dehumidifica-
tion and cooling processes in an inclined parallel flow
channel.

4. High inlet air temperature and low desiccant inlet
concentration produce better dehumidification pro-
cess.

5. An increase in the volume fraction and thermal dis-
persion increases the effective thermal conductivity
of liquid desiccant, however, enhancements in dehu-
midification, cooling, regeneration processes are min-
imal due to the small thickness of desiccant film.
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