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Abstract

Heat and mass transfer between air and falling solution film in a cross flow configuration is investigated. Effects of

addition of Cu-ultrafine particles in enhancing heat and mass transfer process are also examined. A parametric study is

employed to investigate the effects of pertinent controlling parameters on dehumidification and cooling processes and

their subsequent optimization. It is found that low air Reynolds number enhances the dehumidification and cooling

processes. An increase in the height and length of the channel and a decrease in the channel width enhance dehu-

midification and cooling processes. It is also found that an increase in the Cu-volume fraction increases dehumidifi-

cation and cooling capabilities and produces more stable Cu-solutions.

� 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Desiccant cooling systems have received extensive

attention in the past few decades. Liquid desiccant is the

salt solution in water and lithium bromide, triethylene

glycol, lithium chloride, and calcium chloride are some

types of these salt solutions. Liquid desiccants have the

ability to absorb moisture from air and then this ab-

sorbed moisture can be removed from liquid desiccant

by using low grade energy such as waste heat, solar

collector, or natural gas. The process of absorbed

moisture from the air is called dehumidification and the

process of removing this moisture from desiccant is

called regeneration. They can be used with the conven-

tional air-conditioning (hybrid air conditioning) to im-

prove the overall performance of the system. They are

safe for the environment and result in a reduction in

energy consumption and the size of the evaporator and

the condenser [1–3].
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In this work, the focus will be on the heat and mass

transfer between air and solution film, which has a wide

range of industrial applications. Elsayed et al. [4] nu-

merically investigated heat and mass transfer between

calcium chloride solution and air in counter-flow packed

bed arrangement. They obtained the charts needed to

predict the outlet conditions of the air and the solution.

Park et al. [5] studied coupled heat and mass transfer

between air and triethylene glycol solution in a cross

flow configuration. They found that a decrease in the

mass flow rate of the air resulted in a better control of

the humidity ratio and lower temperature for the air.

Rahmah et al. [6] analyzed the parallel flow channel

between air and solution film in a fin-tube arrangement.

They performed a parametric study to investigate the

effects of different controlling parameters. Jain et al. [7]

investigated liquid desiccant cooling system in a dehu-

midifier and a regenerator using wetted wall columns.

The experimental results agreed with the theoretical

model data within 30%. In a recent study, Ali et al. [8]

performed a comparative study between air and solution

film in parallel and counter-flow configurations with the

presence of Cu-ultrafine particles in the solution film.
ed.
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Nomenclature

Ca humidity ratio of the air (kgw kg
�1
a )

Cd concentration of liquid solution (kgw kg
�1
sol )

D mass diffusivity (m2 s�1)

dp average diameter of ultrafine particles (nm)

g gravitational acceleration (m s�2)

H channel height (m)

k thermal conductivity (Wm�1 �C�1)

L channel length (m)

_mm mass flow rate (kg s�1 m�1)

N number of nanoparticles per unit volume

NuAVG average Nusselt number

p total pressure (Pa)

u velocity in the x-direction (m s�1)

Re Reynolds number

T temperature (�C)
ShAVG average Sherwood number

V volume (m3)

w velocity in the z-direction (m s�1)

W channel width (m)

x x-coordinate
y y-coordinate
z z-coordinate
Z salt concentration in the falling film desic-

cant (kgsalt kg
�1
sol )

Greek symbols

q density (kgm�3)

d thickness of flow (m)

/ volume fraction (%)

k coefficient of thermal dispersion (m)

l dynamic viscosity (N sm�2)

Subscripts

a air

d desiccant

eff effective

f fluid

i inlet conditions

int interfacial condition between air and falling

film desiccant

m mean value

o outlet condition

s solid

sol desiccant liquid solution

t total pressure

ws saturation pressure

wal wall

z vapor pressure of water vapor
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Their numerical model was based on a finite difference

approximation and a combination of an implicit scheme

and iterative method was used to carry out the solution.

Their results revealed that the parallel flow arrangement

provides better dehumidification and cooling for the air

than the counter-flow channel for a wide range of pa-

rameters.

Solid metal particles have a much higher thermal

conductivity than fluids [9]. As such adding these par-

ticles to any working fluid is expected to augment heat

and mass transfer within the solid–liquid mixture. Choi

[10] studied the enhancement of thermal conductivity of

fluids in the presence of nanoparticles and Lee et al. [11]

investigated the measurement of thermal conductivity of

nanofluids. Xuan and Li [12] used a hot-wire apparatus

to measure the thermal conductivity of nanofluids. In a

later investigation by Xuan and Roetzel [13], they pro-

posed two different approaches to predict the thermal

conductivity of nanosolid–liquid mixture. Both of these

approaches will be utilized in this study.

In this work, the heat and mass transfer between air

and solution in a cross flow configuration is investigated.

Also, ultrafine particles (nanometer) are added to the

solution to investigate the enhancements in both heat

and mass transfer within the solution. A parametric

study is employed to study the effects of pertinent con-
trolling parameters on the dehumidification and cooling

processes of the air.
2. Mathematical formulation

The cross flow channel between air and falling solu-

tion film is shown in Fig. 1 where the solution film falls

vertically over the plate and the air is blown in the

z-direction. The assumptions made for this investiga-

tions are (1) flow is laminar and steady state, (2) thermal

properties of the air and the solution are constant ex-

cept, for the thermal conductivity of the solution, (3)

gravitational force on the air is neglected, (4) thickness

of solution is constant, (5) velocity profile is fully de-

veloped for both flow regimes, and (6) thermodynamic

equilibrium exits at the interface between air and the

solution.

2.1. Analysis of cross flow channel between air and

solution

The governing mass, momentum, energy, and mass

diffusion equations for the air are

owa

oz
¼ 0 ð1Þ
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Fig. 1. Schematic of cross flow channel between air and solution.
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opa
oz

¼ la

o2wa

oy2a

� �
ð2Þ

qacpawa

oTa
oz

¼ ka
o2Ta
oy2a

ð3Þ

wa

oCa

oz
¼ Da

o2Ca

oy2a

� �
ð4Þ

The governing mass, momentum, energy and mass dif-

fusion equations for the solution are as follows:

oud
ox

¼ 0 ð5Þ

qdg þ ld

o2ud
oy2d

� �
¼ 0 ð6Þ

qdcpdud
oTd
ox

¼ o

oyd
ðkeff

�
þ kdisÞ

oTd
oyd

�
ð7Þ

ud
oCd

ox
¼ Dd

o2Cd

oy2d
ð8Þ

The boundary conditions for the investigation:

Ta ¼ Tai; Ca ¼ Cai

at z ¼ 0; 06 x6H and 06 ya 6 da ð9Þ
Td ¼ Tdi; Cd ¼ Cdi

at x ¼ 0; 06 yd 6 dd and 06 z6L ð10Þ

owa

oya
¼ 0;

oTa
oya

¼ 0;
oCa

oya
¼ 0

at ya ¼ 0; 06 x6H and 06 z6L ð11Þ

wa ¼ 0; Ta ¼ Td; Ca ¼ Caint

at ya ¼ da; 06 x6H and 06 z6 L ð12Þ

where Caint is the interfacial humidity ratio and is given

as [14]

Caint ¼ 0:62185
pz

ðpt � pzÞ
ð13Þ

where pz is equal to [15]

pz ¼ pws 1:0

�
� 0:828Z � 1:496Z2 þ Z

ðTint � 40Þ
350

�
ð14Þ

ud ¼ 0; Td ¼ Twal;
oCd

oyd
¼ 0

at yd ¼ 0; 06 x6H and 06 z6 L ð15Þ
oud
oyd

¼ 0; Td ¼ Ta

at yd ¼ dd; 06 x6H and 06 z6 L ð16Þ
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The energy balance equation at the interface is

ka
oTa
oya

þ qaDahfg
oCa

oya
¼ �kd

oTd
oyd

at ya ¼ da; yd ¼ dd; 06 x6H and 06 z6 L ð17Þ

The mass balance at the interface becomes

qaDa

oCa

oya
¼ �qdDd

oCd

oyd

at ya ¼ da; yd ¼ dd; 06 x6H and 06 z6 L ð18Þ

The velocities for both air and solution are obtained

analytically from Eqs. (2) and (6) with the appropriate

boundary conditions and they can be cast
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Fig. 2. Effect of air Reynolds number on dehumidification and cooling

conditions.
waðyaÞ ¼
1

2la

op
oz

½y2a � d2a� ð19Þ

udðydÞ ¼
qdg
ld

yd dd
h

� yd
2

i
ð20Þ

where the pressure drop in the air side and the thickness

of the solution are equal to

opa
oz

¼ � 3la _mma

2Hqad
3
a

ð21Þ

dd ¼
3 _mmdmd
qdg

" #1=3

ð22Þ

where _mma and _mmd are mass flow rates of air and solution,

respectively.
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2.2. Analysis of ultrafine particles in the solution

Two approaches were proposed by Xuan and Roetzel

[13] to calculate the thermal conductivity of the nano-

fluids. These were the conventional approach and the

modified conventional approach where thermal disper-

sion is taken into account. The modified conventional

approach is adopted in this work in which ðqCpÞeff of the
nanofluids can be computed as

ðqCpÞeff ¼ ð1� /ÞðqCpÞf þ /ðqCpÞs ð23Þ

where / is the partial volume fraction and defined as [12]

/ ¼ Vs
Vf þ Vs

¼ N
p
6
d3
s ð24Þ
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Fig. 3. Effect of solution Reynolds number on dehumidification and c

(b) exit air conditions.
Brinkman [16] extended Einstein’s equation for effective

fluid viscosity as

leff ¼ lf

1

ð1� /Þ2:5
ð25Þ

A relationship was developed by Hamilton and Crosser

[17] to calculate the thermal conductivity of solid–liquid

mixtures which is valid for thermal conductivity ratio

larger than 100:

keff
kf

¼ ks þ ðn� 1Þkf � ðn� 1Þ/ðkf � ksÞ
ks þ ðn� 1Þkf þ /ðkf � ksÞ

ð26Þ

where keff in the above equation is considered for con-

ventional single-phase fluid (conventional approach)

and n is an empirical factor and defined as
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n ¼ 3=W ð27Þ

where W is the sphericity and dispersed thermal con-

ductivity for a porous medium is obtained from [18,19].

The dispersed thermal conductivity of nanofluid can

then be written as

kdis ¼ kðqCpÞeffud ð28Þ

where a new constant, k, is introduced, called coefficient

of thermal dispersion, and defined as

k ¼ CdpR/ ð29Þ

where C is a constant, dp is the diameter of the particles,

and R is radius of the tube.

In this work, calcium chloride is used as the salt so-

lution and its properties are taken from calcium chloride
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Fig. 4. Effect of channel height on dehumidification and cooling of th

air conditions.
properties handbook [20]. The moist air properties are

obtained from ASHRAE handbook of fundamentals

[14] and the properties of Cu-ultrafine particles are ac-

quired from Eastman et al. [21].

2.3. Calculated parameters

The air and solution Reynolds Numbers are defined

as

Rea ¼
4qawamda

la

ð30Þ

Red ¼
4qdudmdd

ld

ð31Þ

The average Nusselt and Sherwood Numbers can be cast

as follows:
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NuAVG � 4da
LHðTai � TwÞ

Z L

0

Z H

0

oTa
oya

� �
ya¼da

dxdz ð32Þ

The average Sherwood number can be written as fol-

lows:

ShAVG � 4da
LHðWi � WintÞ

Z L

0

Z H

0

oW
oya

� �
ya¼da

dxdz ð33Þ

The exit air conditions are calculated based on the mean

bulk values Cao and can be written as

Cao ¼
R H
0

R da
0
wjCdya dxR H

0

R da
0
wj dya dx

ð34Þ

where C can be either temperature or humidity ratio.
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The effective Peclet number for the film solution

which is the ratio of convective to conductive heat

transfer is defined as

Ped ¼
udmdd
adeff

ð35Þ

where udm and adeff are the mean solution velocity and

effective thermal diffusivity for the solution, respectively.
3. Numerical analysis

Central finite difference approximations were used

for the diffusion terms and the backward difference ap-

proximation was used for the axial convection terms. An
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implicit scheme was utilized to solve the algebraic system

of equations using Thomas Algorithm [22]. The form of

the discretized equations is as follows:

AWiþ1
j�1 þ BWiþ1

j þ AT iþ1
jþ1 ¼ FWi

j ð36Þ

where W could be the temperature, concentration or

humidity ratio and A, B, and F are constants depending

on fluid properties, dimension of the channel, and grid

size.An iterative method is used to satisfy the interfacial

conditions between air and solution and the following

procedure is employed in the analysis of cross flow

configuration:
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Fig. 7. Effect of volume fraction of Cu-ultrafine particles on ratio of e

and the ratio of effective viscosity to effective density.
(a) Input inlet conditions for mass flow rate, tempera-

ture, humidity ratio, and concentration for both

air and solution and the dimension of the channel.

(b) Calculate the thickness of the solution and then com-

pute the velocity profiles for the solution and air.

(c) Assume interfacial humidity ratio and temperature

for the whole domain.

(d) Solve the humidity ratio for the air and concentra-

tion for the solution by marching through the whole

domain.

(e) Solve the temperature distribution for the solution

and air by marching through the whole domain.
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(f) Compute the interfacial temperature from equation

(17) for the whole domain. If the maximum error be-

tween the computed values and assumed one is great-

er than the convergence criterion, update the

assumed values by the computed ones and repeat

steps (e)–(f).

(g) If the maximum error between the computed values

and assumed one is less than the convergence crite-

rion. Calculate the interfacial humidity ratio from

Eq. (13). If the maximum error between the calcu-

lated values and assumed ones are greater than the

convergence criterion, update the assumed interface

values by the calculated values and repeat (d)–(g)

until the values of the interfacial humidity ratio con-

verges.
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4. Results and discussion

A parametric study is employed to investigate dehu-

midification and cooling processes of the air in terms of

air and solution Reynolds numbers, dimensions of the

channel, volume fraction of Cu-ultrafine particles, and

thermal dispersion effects. In addition, Cu-ultrafine

particles are added to the solution to study the en-

hancement in heat and mass transfer between the air and

the solution.

4.1. Effect of air Reynolds number

Air Reynolds number has a significant effect on the

dehumidification and cooling processes of the air. As air
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Reynolds number increases, the inlet air conditions

convect further out and cause an increase in the tem-

perature and humidity ratio. Therefore, an increase in

the air Reynolds number results an increase in both

average heat and mass transfer coefficients, which in

turn increase the average Nusselt and Sherwood num-

bers, as illustrated in Fig. 2(a). The air and solution have

less time to be in contact with each other at higher air

Reynolds numbers which result in higher exit air con-

ditions, as shown in Fig. 2(b). Low air Reynolds number

provides better control for exit air conditions.

4.2. Effect of solution Reynolds number

The inlet solution conditions convect further out with

an increase in the solution Reynolds number, which

results in a decrease in the temperature and humidity

difference at the interface. Therefore, the average Nus-

selt and Sherwood numbers decrease with an increase in

solution Reynolds number, as illustrated in Fig. 3(a).

There are two important factors in controlling the exit

air conditions: (1) enhancement in solution flow due to

the increase in flow rate and (2) effect of solution tem-

perature. At low solution Reynolds number, the en-

hancement in solution flow can be seen. However, this

enhancement is diminished due to an increase in solution

temperature at High solution Reynolds number. This

causes exit air temperature and humidity ratio to de-

crease slightly at low solution Reynolds number, but

increase at high solution Reynolds number, as shown in

Fig. 3(b). The increase in the solution Reynolds number

reveals a decrease in air passage thickness which en-

hances the convective transport coefficient; however this

effect is not dominant.
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4.3. Effect of the channel height

The height of the channel has a substantial impact on

the dehumidification and cooling rates of the air. The

heat and mass transfer between air and solution decrease

further down in the channel, which in turn decrease the

temperature and humidity ratio differences at the inter-

face and the average heat and mass transfer coefficients

down the channel. Hence, the average Nusselt and

Sherwood numbers decrease with an increase in the

height of the channel, as illustrated in Fig. 4(a). Fig. 4(b)

demonstrates that an increase in the channel height re-

sults in significant reduction up to 23% in the exit air

temperature and 36% in the exit humidity ratio due to an

increase in the residual time and contact surface area

between the air and solution at upper values of channel

height. These reductions result in better dehumidifica-

tion and cooling rates for the air which in turn increases

the overall efficiency of the air-conditioning system.

4.4. Effect of variations in the length of the channel

The length of the channel has a significant influence

on the dehumidification and cooling processes for the

air. As seen in Fig. 5(a), the average Nusselt and Sher-

wood numbers decrease with an increase in the length of

the channel due to the same reasoning described with

respect to an increase in the height of the channel. Fig.

5(b) reveals reductions up to 11% in the exit air tem-

perature and 22% in the exit humidity ratio with an

increase in the length of the channel. These reductions

are quite advantageous for the design of air-condition-

ing systems. It results in a reduction of the overall energy

consumption.
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4.5. Effect of variations in the channel width

Varying the channel width has an impact on the heat

and mass transfer between the air and the solution.

According to the definitions of both average Nusselt and

Sherwood numbers, both values increase as channel

width increases. An increase in the width of the channel

causes an increase in the air passage thickness while film

solution thickness stays unchanged. This increase in the

air passage thickness results in a decrease in heat and

mass transfer coefficients. This results in an increase in

the average air temperature and humidity ratio at the

interface resulting in an increase in the exit air condi-

tions, as seen in Fig. 6, therefore poorer dehumidifica-

tion and cooling rates for the A/C system.
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4.6. Effect of the variations in the Cu-ultrafine particles

volume fraction

Fig. 7 illustrates the enhancements in the stagnant

thermal conductivity with an increase in the Cu-volume

fraction as described by Hamilton and Crosser [17]

formulation. However, this increase is expected to be

more for Cu-ultafine particles in the solution as estab-

lished in the work of Eastman et al. [9]. This enhance-

ment in the thermal conductivity causes more heat to be

transferred from the interface into the solution and

therefore from the air. Accordingly, the average Nusselt

number increases, as shown in Fig. 8(a). The energy

balance at the solution–air interface suggests that an

increase in heat transfer to the solution results in an
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increase in the rate of water evaporation at the interface

thus the average Sherwood number increases as Cu-

volume fraction increases. This fact is illustrated in Fig.

8(a). Exit air temperature and humidity are related to

the average Nusselt and Sherwood numbers through the

integral forms of the energy and mass balances, respec-

tively. These factors reveal that exit air temperature and

humidity decrease as Cu-volume fraction increases as

illustrated in Fig. 8(b). It is worth noting that noticeable

changes in exit air temperature and humidity are ex-

pected only at large solution Reynolds numbers since

they produce thicker solution films.

4.6.1. Additional mechanisms for heat transfer enhance-

ment

Fig. 9 shows that solution decreases with an increase

in the Cu-volume fraction. The presence of ultrafine

particles can increase the dynamical stability of the so-

lution due to the associated reduction in the Cu-solution

thickness. This reduction minimizes the effects of exter-

nal disturbances from the air side. Fig. 9 also displays

the effect of Cu-volume fraction on the effective Peclet

number of Cu-liquid solution. This Peclet number is

found to decrease as Cu-volume fraction increases in-

dicating that thermal inlet effects are minimized which in

turn maximize the difference between air and solution

temperatures.

4.7. Effects of thermal dispersion

Thermal dispersion associated with the random mo-

tion of the Cu-ultrafine particels within the solution has

a direct impact on enhancing its thermal conductivity.

An increase in thermal dispersion increases both average

Nusselt and Sherwood numbers, as shown in Fig. 10(a)

and decreasing exit temperature and humidity ratio of

the air as shown in Fig. 10(b).
5. Conclusions

Enhancement in heat and mass transfer between air

and solution in a cross flow channel is investigated in

this work. The pertinent controlling parameters are air

and solution Reynolds numbers, height, length and

width of the channel, and volume fraction and thermal

dispersion of the Cu-ultrafine particles. The main con-

clusions of this investigation are

1. Low air Reynolds number provides better dehumidi-

fication and cooling for the exit air conditions.

2. Solution Reynolds number has a minimal effect on

dehumidification and cooling processes of the air.

3. An increase in the height and length of the channel

offers better dehumidification and cooling for air exit

conditions.
4. A decrease in the width of the channel enhances the

dehumidification and cooling processes for the exit

air conditions.

5. An increase in Cu-volume fraction and thermal dis-

persion effects enhances the heat and mass transfer

and results in a better dehumidification and cooling

processes for the air. It also results in dynamically

stable solution.
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