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a b s t r a c t

The transient heat and mass transfer in a desiccant packed bed containing varying particle

diameter distribution along the axial direction has been investigated using the pseudo gas

controlled approach that considers the heat conduction in the bed. The numerical results

of the present model and the experimental data from literature show good agreement with

a maximum root of mean square of errors of 3% and 2% for exit air temperature and

humidity ratio, respectively. The improvement in the total mass adsorbed and/or reduction

in pressure drop has been investigated for various cases of packed bed namely, uniform

particle diameter, linear, parabolic and cubic ascending and descending distributions. It

has been found that there is a 25.7% reduction in pressure drop with negligible reduction in

the total mass adsorbed for a desiccant bed with cubic type particle size distribution when

compared to the bed with uniform particle diameter of 1.0 mm. A threshold flow velocity

exists below which the total mass adsorbed is independent of particle diameter distribu-

tion type.

ª 2011 Elsevier Ltd and IIR. All rights reserved.
Etudes sur la performance d’un matelas dispersant avec une
distribution de la taille des particules différente selon les
emplacements
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1. Introduction

Adsorption cooling cycles and desiccant air dehumidification

systems are considered as good alternatives for the commonly

used vapor compression cooling systems. It gives the ability to
.edu.eg (A. Ramzy K), rkk

ier Ltd and IIR. All rights
use the waste heat from various applications as well as low

grade energy sources like solar energy as a regeneration

energy source. Many researchers have investigated the

desiccant air dehumidification systems and evaporative

cooling systems, Jia et al. (2007), Elsayed et al. (2008), Chung
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Nomenclature

A bed cross section area [m2]

a volumetric transfer area [m�1]

C equation constant

c specific heat [J kg�1 K�1]

D diameter [m]

DP pressure drop [Pa]

dt time increment size [sec]

dy bed length increment size [m]

E Young’s modulus [N m�2]

G mass flux, ðG ¼ _m=AÞ [kg m�2 s�1]

HTR heat transfer rate [W]

h enthalpy [J kg�1]

kh heat transfer coefficient [W m�2 K�1]

km mass transfer coefficient [kg m�2 s�1]

L length of the bed [m]

VMTR volumetric mass transfer rate [kg s�1]
_m mass flow rate [kg s�1]

P pressure [Pa]

Q heat transfer rate [W]

RH relative humidity [%]

Re Reynolds number

r radius of contact spot [m]

t time [sec]

v volume [m3]

n velocity [m s�1]

W gel water content [kgw kg�1
dry silica gel]

y axial position [m]

Greek

3 porosity

f heat of adsorption [J kg�1]

l thermal conductivity [W m�1 K�1]

lc conductivity through contact area [W m�1 K�1],

Eq. (23)

l0 corrected conductivity [W m�1 K�1], Eq. (22)

m air dynamic viscosity [N s m�2]

q temperature [�C]
r density [kg m�3]

y Poisson ratio, Eq. (24)

u humidity ratio [kgv kgdry air
�1 ]

Subscripts

a air

b bed

c conduction

e exit value

eff effective

i inlet value

min minimum value

max maximum value

o initial condition

p particle

s silica gel side

sat saturation

t total

v vapor

w water
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and Lee (2009), Jeong et al. (2010, 2011), Ruivo et al. (2011),

Heidarinejad and Pasdarshahri (2011), White et al. (2011). In

these systems, the main function of desiccant wheel is the air

dehumidification process. However, it is well known that the

desiccant packed bed can be used, with somemodifications in

the system, for the same purpose of desiccant wheel. More-

over, many researchers have dealt with the adsorption

chillers in which the adsorbent bed is the main component of

the system, Liu et al. (2005), Maggio et al. (2006), Wang and

Chua (2007) and Miyazaki et al. (2010). On the other hand,

the sorption systems are widely used in other engineering

applications like gas separation processes (Kluson et al., 2000;

San et al., 1998) and adsorption of dilute dissolved gases from

liquids (Mutlu and Gökmen, 1998). The adsorbent bed is the

key component of the sorption systems in which the

adsorption and desorption processes take place on the surface

of adsorbent particles. These adsorption and desorption

processes can be treated as transient heat and mass transfer

processes, therefore many researchers have investigated the

heat and mass transfer in desiccant beds, Meyer and Weber

(1967) modeled theoretically and experimentally the non-

isothermal adsorption of methane from a helium stream in

packed bed of activated carbon considering the radial heat

transfer to the wall of the bed, but the axial heat conduction

and moisture diffusion were neglected. Farooq and Ruthven

(1990) studied the heat and mass transfer in a desiccant

packed bed using a two dimension model. Thermal equilib-

rium condition was assumed between the gas flow and the

desiccant particles. It was found that as the value of
dimensionless heat generation increases, the heat effect

becomes significant and asymmetry develops. The same was

investigated by Kim et al. (2004) for the adsorption of moisture

in a packed bed of zeolite-13X to investigate the effect of radial

temperature distribution on the adsorption and desorption

dynamics. However, it was recommended that the one

dimension model is sufficient to predict the performance of

the bed. Kafui (1994) considered the effect of intra-particle

conduction heat transfer in the bed, and modeled the mass

transfer in the bed considering both pore and surface diffu-

sion rates inside the silica gel particles. San and Jiang (1994)

analyzed the transient response of two silica gel packed

beds arranged in periodic steady state operation using SSR

model which was modified to incorporate the effect of fluid

friction in the gas phase energy balance equation. Sun and

Besant (2005) modeled the moisture and heat transfer in

a packed bed of silica gel and concluded that using smaller

particles of desiccant (silica gel) increases the moisture

transfer rate to the bed. Some other researchers were inter-

ested in improving the desiccant bed performance in view to

reduce the operating energy requirements and make better

utilization of the desiccant material in the bed. In order to

reduce the effect of heat of adsorption and improve the bed

performance, Majumdar (1998) studied the operation of

a composite packed bed dehumidifier in which the desiccant

particles were mixed with inert high specific heat particles,

Chang et al. (2005) studied the performance of a matrix

wherein silica gel particles were pasted on a stainless steel

substrates. The particle size was the variable parameter and it
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was found that the mass transfer performance of the system

is better when thinner consolidated layer made of larger silica

gel particles was used. Sircar (2006) used the fact that higher

gas flow rates result in an observable increase in the heat

transfer rates by forced convection in packed beds to remove

the heat of adsorption and obtain isothermal sorption process.

Weixing et al. (2008) constructed and tested a cross cooled

compact dehumidifier consisting of small channels in which

the silica gel particles are glued on its surface and an increase

of 12.4% in the moisture removal rate was achieved using the

cross cooling for the bed and Rady et al. (2009) proposed

a dehumidifying bed made of macro-encapsulated phase

change material mixed with silica gel particles, and it was

observed that the sudden increase in the system temperature

during the adsorption process has been eliminated when the

proposedmixturewas used.Moreover it was recommended to

use a phase changematerial with a phase change temperature

close to the inlet air temperature which can enhance the

system performance during the effective first stage of the

adsorption process. Awad et al. (2008) showed that with

a radial flow desiccant packed bed, better air dehumidification

can be achieved with less blowing power requirements.

Ramzy et al. (2011) proposed a composite particle to improve

desiccantmaterial utilization by increasing the contact area in

the packed bed. It was found that the proposed composite

particles can increase the total mass adsorbed by 11% and

decrease the pressure drop by 60%.

From the forgoing discussion, it is to be concluded that

with a view to improve the bed performance the objectives

were: reducing the blowing power requirements and

increasing the desiccant material utilization. Moreover, an

attempt to improve the performance of solid desiccant should

include an investigation on the performance of the packed bed

when the particle diameter changes. The case of a desiccant
Fig. 1 e (a) General concept of desiccant bed with varying partic

distributions of desiccant particle diameter along the bed, i e u

parabolic ascending and descending and vi, vii- cubic ascendin
packed bed of silica gel particles is selected during this study

because of many available literatures for wateresilica gel

isotherms (Ng et al., 2001; Anderson et al., 1985; Chua et al.,

2002; Chakraborty et al., 2009) and the experimental investi-

gations on silica gel packed beds (Pesaran and Mills, 1987b;

Sun and Besant, 2005). In the present study, the heat and

mass transfer combined with the effects of pressure drop in

the vertical desiccant packed bed is modeled. The PGC-model

(Pesaran and Mills, 1987a) has been modified to consider the

axial conduction heat transfer in the bed which is expected to

enhance the model accuracy when desiccant particle diam-

eter is a variable parameter. The modified model is validated

with the comparison with the experimental work from liter-

atures: Pesaran and Mills (1987b) and Sun and Besant (2005).

The dynamic response of the bed performance due to

changing the particle diameter will be investigated and opti-

mization procedure will be presented to include the pressure

drop limitations. Also, a new technique of multi-layer bed,

wherein particle size changes for each layer is suggested as

shown in Fig. 1, as it may improve the heat and mass transfer

and/or decrease the pressure drop in the bed. Six types of

particle diameter distributions along the bed are considered

and compared with the case of using uniform particle

diameter.
2. Mathematical modeling

The operation of desiccant packed bed during adsorption and

desorptionprocesses includes two transfer processes. Thefirst

is mass transfer, referred to as adsorption process. During this

process the adsorbatemolecules are transferred from the bulk

gas flow to the desiccant surface due to adsorbate vapor pres-

sure difference, and the mass transfer direction is inversed
le diameter distribution along the bed length. (b) various

niform, ii, iii e linear ascending and descending, iv, v e

g and descending respectively.
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during the desorption process when the desiccant is being

reactivated. During the adsorption process, the adsorbate

molecules on the desiccant surface start to condense in the

pores, andanamountof phase changeenergy is released in the

form of heat of adsorption which causes an increase in the

desiccant temperature. The second transfer process is theheat

transfer from the desiccant to/from the bulk gas flow.

Considering that theadsorbatevaporpressureonthedesiccant

surface is highly influenced by the desiccant temperature and

the adsorbate content on the desiccant, the heat of adsorption

is dependant on the mass transfer rate which, in turns, is

influenced by the adsorbate vapor pressure on the desiccant

surface. Hence, the problem of adsorption and desorption has

to be treated as a coupled transient heat and mass transfer

case. Fig. 2 shows the incremental volume of the packed bed

where the air condition (qa and ua) is transient and changing

along axial direction ( y-axis) and the bed condition are qs and

W which also are transient and changing along the axial

direction. In the following derivation the adsorbate and energy

balances will be applied to the gas and solid phase to develop

the modified PGC-model. Applying the adsorbate balance in

the gas flow stream in the bed:

_mauaðyÞ � _mauaðyþ dyÞ ¼ 3ra
1
2
v

vt
ðuaðyÞ þ uaðyþ dyÞÞ dv

þ ð1� 3Þrs
vW
vt

dv (1)

neglecting the second order differentiation terms ðv2u=vtvyÞ;
Eq. (1) can be rearranged as

�Ga
vua

vy
¼ 3ra

vua

vt
þ ð1� 3Þrs

vW
vt

(2)

Where Ga is the mass flux of air. Applying the adsorbate

balance in the solid phase:

ð1� 3Þrs
vW
vt

dv ¼ kma

�
uaðyÞ þ uaðyþ dyÞ

2:0
� us

�
dv (3)

Where km is the mass transfer coefficient, a is the volumetric

specific area and us is the equilibrium adsorbate content on

the surface of the desiccant material and is calculated using

the desiccant isotherms shown in Fig. 3 alongwith the particle

temperature (qs). Rearranging Eq. (3) the adsorbate balance in

the solid phase gives:

vW
vt

¼ kma
ð1� 3Þrs

�
ua þ 1

2
vua

vy
� us

�
(4)

Substituting Eq. (4) into Eq. (2) and rearranging:
Fig. 2 e The desiccant bed physical model as an

incremental volume on which various system parameters

are explained.
vua

vt
þ
�
Ga

3ra
þ 1
2
kma

�
vua

vy
¼ kma

3ra
ðus � uaÞ (5)

Applying the energy balance in the gas flow stream:
_mahaðyÞ � _mahaðyþ dyÞ ¼kha

�
1
2
ðqaðyÞ þ qaðyþ dyÞÞ � qs

�
dv
þ ra 3
1
2
vðhaðyÞ þ haðyþ dyÞÞ

vt
dv

� cvð1� 3Þrs
vW
vt

�
�
1
2
ðqaðyÞ þ qaðyþ dyÞÞ � qs

�
dv

(6)

where, kh is the convective heat transfer coefficient in the bed.

Rearranging Eq. (6)

vqa
vt

þ
�
1
2

�
cvð1� 3Þrs

ca 3ra

vW
vt

� kha
raca 3

�
� Ga

ra 3

�
vqa
vy

¼
�

kha
raca 3

cvð1� 3Þrs
ca 3ra

vW
vt

�
ðqa � qsÞ (7)

Applying the energy balance equation for the solid phase:

ð1� 3Þrscs
vqs
vt

dv ¼ QcðyÞ � Qcðyþ dyÞ þ ð1� 3Þrsf
vW
vt

dv

þ kha

�
qaðyÞ þ qaðyþ dyÞ

2:0
� qs

�
dv (8)

Where Qc is the heat transfer rate by conduction

ðQc ¼ �leffAðvq=vyÞÞ. Rearranging Eq. (8) the solid phase energy

balance is as follows:

vqs
vt

� leff

ð1� 3Þrscs
v2q

vy2
¼ kha

ð1� 3Þrscs

�
qa þ 1

2
vqa
vy

� qs

�
þ f

cs

vW
vt

(9)

In Eq. (9), the parameter f represents the heat of sorption

released or absorbed during adsorption or desorption

processes, respectively. The sorption heat is a function of the

silica gel water content and has been presented by Pesaran

and Mills (1987a, b) as follows,

f ¼
�
3500:0� 13400:0�W W � 0:05
2950:0� 1400:0�W W > 0:05

(10)
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Fig. 3 eWateresilica gel isotherms (I and II) as presented in

Pesaran and Mills (1987b) and Sun and Besant (2005),

respectively.
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The density of silica gel used by Pesaran and Mills (1987a, b)

and Sun and Besant (2005) are 1128.0 and 2400.0 kg m�3,

respectively. The specific heats of silica gel and humid air are

calculated as follows (Pesaran and Mills, 1987a):

cs ¼ 4186:0�W þ 921:0 (11)

ca ¼ 1884:0� ua þ 1004:0ð1� uaÞ (12)

Pesaran and Mills (1987b) used the equilibrium isotherm (I) of

wateresilica gel by fitting the data provided by the manufac-

turer as follows;

RHs ¼ 100
�
0:0078� 0:05759W þ 24:16554W2 � 124:478W3

þ 204:226W4
�

(13)

And for the silica gel used by Sun and Besant (2005), the

isotherm (II) was generated by curve fitting the experimental

data of moisture adsorption capacity measurement of silica

gel particles at the end of each experimental run and pre-

sented as follows:

RHs ¼ 100
�� 0:0173þ 7:932W � 40:233W2 þ 80:192W3

�
(14)

The plots for Eqs. (13) and (14) are presented in Fig. 3. Using the

calculated equilibrium relative humidity (RHs) and the bed

temperature (qs), the equilibrium moisture content of the air

adjacent to the particle surface (us) is calculated as follows

(Pesaran and Mills, 1987a):

us ¼ 0:622RHs � PsatðqsÞ
Ptot � 0:378RHs � PsatðqsÞ (15)

The bed porosity has been taken as 0.3. The convective heat

and mass transfer coefficients in cylindrical packed bed of

spherical particles are calculated using the following relations

(Pesaran and Mills, 1987a):

kh ¼ 0:683ravcaRe
�0:51 (16)

km ¼ 0:704ravRe
�0:51 (17)
3. Bed effective conductivity

The effective conductivity of packed beds of dry and moist

silica gel particles have been investigated by Gurgel et al.

(2001) and Bjurstrom et al. (1984). In the present study, the

effective bed conductivitymodels discussed in Bjurstromet al.

(1984) will be put to practice. The experimental data for

the conductivity of silica gel particle (ls) variation with silica

gel particle water content (W ) is fitted with a fifth order

polynomial (Eq. (18)) with the regression constants as

a0 ¼ 0.3898455711, a1 ¼ 1.764096737, a2 ¼ �17.96241259,

a3 ¼ 174.6678322, a4 ¼ �731.1188811 and a5 ¼ 1061.538462.

Three models of effective conductivity leff are used namely,

geometricmeanmodel (Eq. (19)), Russell’smodel (Eq. (20)), and

stochastic model (Eqs. (21)e(24)).

ls ¼ a0 þ a1W þ a2W
2 þ a3W

3 þ a4W
4 þ a5W

5 (18)
leff ¼ l 3

al
1� 3

s (19)

leff ¼
lalsð1� 3Þ2=3þl2a

�
1� ð1� 3Þ2=3s

�
lsð1� 3Þ2=3�lsð1� 3Þ þ la

�
2� ð1� 3Þ2=3þ 3

� (20)

leff ¼ la 3
2 þ l0sð1� 3Þ2þ4l0sla 3ð1� 3Þ

l0s þ la
(21)

Where l0s is the corrected form of silica gel conductivity to

consider the contact resistances in the packed bed and is

calculated as:

1
l0s

¼ 1
ls

þ 3
3lc þ 100la

(22)

Where lc is the conductivity through the contact area and can

be calculated as

lc ¼ ls

�
1� 3

0:75

�1
3

0
BB@470pr2

D2
p

þ 7P
2
3

1500

1
CCA (23)

Where r is the radius of the contact spot which can be calcu-

lated as follows,

r ¼ 0:465Dp

�
1� y2

E

rpL

1� 3

�1
3

(24)

Where, y is the Poisson ratio and E is Young’s modulus and

following Bjurstrom et al. (1984) work, these values are taken

as 0.25 and 5.5 � 1010 [N m�2] respectively.
4. Effects of particle diameter

The particle diameter is affecting many parameters which

greatly affects the system performance, namely heat transfer

coefficient, mass transfer coefficient, and pressure drop. For

the same velocity of air flow, the convective mass and heat

transfer rates can be expressed as follows:

VMTR ¼ kmaðua � usÞ (25)

Where the relation for mass transfer coefficient (km) and

volumetric specific area (a) are calculated as:

km ¼ CRen (26)

a ¼ 6ð1� 3Þ
Dp

(27)

Where n ¼ �0.51 when PGC model is used (Pesaran and Mills,

1987a). Substituting Eqs. (26) and (27) into Eq. (25) and

replacing Reynolds number as Re ¼ rvDp=m the following pro-

portionalities can be derived.

ðVMTR and VHTRÞa
�

1
Dp

�3
2

(28)

And the pressure drop in the bed (DP) is calculated using

Ergun’s equation quoted in Sodre and Parise (1998) as follow:

DP ¼ 150
ð1� 3Þ2

33
m

v
D2

p

þ 1:75
ð1� 3Þ

33
ra
v2

Dp
(29)
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From Eq. (29) it can be seen that the proportionality relation

relating the pressure drop in the packed bed and the particle

diameter can be written as:

DPaD�2
p (30)

Investigating Eqs. (28) and (30), two facts can be stated, first,

the mass and heat transfer rates are increasing when particle

diameter decreases due to the increase of mass transfer area

and specific surface area of the bed. On the other

hand, another fact brought to light is that when particle

diameter decreases, the pressure drop increases for the

same air flow velocity. Combining these two facts and the

disadvantages of the packed bed listed by Awad et al. (2008),

and Hamed et al. (2010) which includes that the leading

layers of the packed bed are utilized effectively during

adsorption processes and the trailing edges are weakly

utilized and addmore pressure drop in the system, a modified

configuration of the desiccant packed bed could be obtained.

In view of the desiccant packed bed constructed with a well

defined particle diameter distribution along the bed, the

probable expected operational performance and outcomes

would be:

1. Using smaller particle diameter in the trailing layers will

enhance the heat and mass transfer in these layers, and it

should be noted that the pressure drop will increase with

this modification.

2. Using bigger particle diameter in the trailing layers will

decrease the pressure drop in the bed, and this will not

reduce the adsorption rate significantly because these

layers do weakly contribute in the adsorption process

compared to the leading layers.

During this work, the desiccant bed is considered to

have linear, parabolic and cubic distributions of particle

diameter so as to optimize the total mass adsorbed and

pressure drop in the bed which is translated to a savings

in the required blowing power in the system. Both cases of

ascending and descending distributions are considered

as shown earlier in Fig. 1(a and b). Eqs. (31) and (32)

list the ascending and descending linear (k ¼ 1), parabolic

(k ¼ 2) and cubic (k ¼ 3) particle diameter distributions

respectively.

Ascending distributions : DpðyÞ ¼ Dpmin þ
�y
L

�k�
Dpmax � Dpmin

�
(31)

Descending distributions : DpðyÞ ¼Dpmax þ
�y
L

�k�
Dpmax �Dpmin

�
(32)

5. Numerical model and validation

Eqs. (4), (5), (7) and (9) are the mathematical model of heat

and mass transfer for the adsorption and desorption

processes in a desiccant packed bed. The initial condition of

the bed is defined as the initial state of the desiccant material

in the bed (W( y,t) ¼ Wo and qs( y,t ¼ 0) ¼ qso) and are used for
Eqs. (4) and (9). The boundary conditions for Eqs. (5) and (7)

are the inlet air condition (ua( y ¼ 0,t) ¼ uai and

qa( y ¼ 0,t) ¼ qai). The numerical results have been calculated

using the finite difference method e CrankeNicholson

scheme which is unconditionally stable. During the numer-

ical solution the bed is divided to 100 bed length steps, and

the time increment used is 0.1 s. The discretized equations

for the differential Eqs. (4), (5), (7) and (9) are listed in Eqs.

(33)e(37), respectively.

Wnþ1
j ¼Wn

j þ
ajdt

�
km

nþ1
j þkm

n
j

�
2ð1� 3Þrs

�
 
wa

nþ1
j þwa

n
j

2
þ
wa

nþ1
jþ1 �wa

nþ1
j þwa

n
jþ1�wa

n
j

4dy
�
us

nþ1
j þus

n
j

2

!

(33)

ua
nþ1
j ¼ua

n
j �
 
Gadt

3ra
þ
aidt

�
km

nþ1
j þkm

n
j

�
4
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where jn
j is calculated as
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To investigate the model validation for the prediction of bed

performance during adsorption as well as desorption process,

the experimental data reported by Pesaran and Mills (1987b)

and Sun and Besant (2005) have been used. The input data

for the experimental runs are furnished in Table 1.
6. Results and discussion

6.1. Bed conductivity

The silica gel conductivity is measured experimentally by

Bjurstrom et al. (1984) for different values of gel water content

(W ), the experimental values of silica gel conductivity (ls) are

shown in Fig. 4 as filled circles, it can be seen that increasing

http://dx.doi.org/10.1016/j.ijrefrig.2011.11.016
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Table 1 e Bed and flow conditions for experiments (Pesaran and Mills, 1987a, b; Sun and Besant, 2005).

Run Ref. Process Db mm Dp mm L cm Wo kgw kgdry silica gel
�1 qso

�C qai
�C wai kgv kgdry air

�1 v m s�1 t h

1 28 Ads 130 3.88 7.75 0.0417 23.3 23.3 0.01 0.21 0.5

2 28 Ads 130 2.54 6.5 0.041 24.7 24.7 0.0106 0.39 0.5

3 28 Ads 130 5.2 5.0 0.0668 25.6 25.6 0.01093 0.4 0.5

4 28 Des 130 5.2 5.0 0.37 23.8 23.5 0.009 0.65 0.33

5 36 Ads 102.6 1.0 8.0 0.004 22.0 22.0 0.01157 0.0708 10

Ads: adsorption, Des: desorption, Ref: reference.
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the silica gel water content the conductivity is increasing. This

is due to the increase of moisture in the pores which will

reduce the thermal resistance of the pores in the particle.

Thermal conductivity of air (la) is assumed to be constant for

theworking temperature range of (10e100 �C) as referred from

Incropera et al. 2007. The effective bed conductivity (leff)

which is needed for the modeling of heat transfer in the solid

phase of the bed (Eq. (9)) are calculated using geometric mean

model (Eq. (19)), Russell’s model (Eq. (20)), and stochastic

model (Eq. (21)). The predicted effective bed conductivity is

compared with the experimental values as shown in Fig. 4. It

can be observed that for water content range of 0.0e0.35,

Russel’s model yields higher estimation for leff with a mean

square root of error of 42.4%, and Stochastic model has lower

estimation with a mean square root of errors of 19.1%. On the

other hand, a good agreement is observed when geometric

mean is used and a mean square root of errors of 9.7% is

recorded. Therefore, geometricmeanmodel has been used for

the effective bed conductivity during themodeling of heat and

mass transfer in the silica gel packed bed.
6.2. Model validation

The heat andmass transfermodel (Eqs. (4), (5), (7) and (9)) have

been solved numerically and the input data listed in Table 1

are used to predict the bed operation during adsorption and

desorption processes. A comparison between the experi-

mental data and the presentmodel is evaluated and presented
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Fig. 4 e Effective bed thermal conductivity using geometric

mean model, Russell’s model, and stochastic model.
graphically. Fig. 5 shows the exit air humidity ratio versus the

relative time for runs number 1, 2 and 3. It can be observed

that the humidity is minimum as the operation starts and

increases sharply and gradually depending on the bed oper-

ating parameters. The same holds true for exit air tempera-

ture, Fig. 6, until the exit air attains a maximum temperature.

Because of high adsorption rates during the initial times, the

adsorption heat generated increases the bed temperature

sharply, and consequently the flowing air is heated by means

of convective heat transfer. With this increase in the system

temperature, the ability of the bed to adsorb moisture

decreases, and the system continues adsorption at a rate

limited by heat and mass transfer rates. For the remaining

period of the process, water vapor adsorption from air

continues and increases the water content of the bed, which

gradually decreases the bed ability for adsorption. Therefore,

the adsorption rate decreases gradually, and the dehumidified

air acts as a cooling fluid which gradually has lower temper-

ature as shown in Figs. 5 and 6.

Fig. 7 shows the experimental results of air temperature at

axial position of the bed of ( y/L ¼ 0.5) for a long time

adsorption operation reported by Sun and Besant (2005) along

with the theoretical results of this study. It can be seen that

the adsorption process is continuing for long time but with

very low adsorption rates. Fig. 8 shows the variation of exit air

humidity and exit air temperature for the desorption process

for the experimental run number 4. In this process a very dry

air is used for regeneration (pressure swing or heatless
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Fig. 5 e Theoretical results and experimental data (Pesaran

and Mills, 1987a, b) for exit air humidity ratio (uae) during

adsorption processes (Runs 1e3).
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Fig. 8 e Theoretical results and experimental data for exit

air temperature (qae) and humidity ratio (uae) during

desorption processes (Run 4).
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Fig. 6 e Theoretical results and experimental data (Pesaran

and Mills, 1987a, b) for exit air temperature (qae) during

adsorption processes (Runs 1e3).
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desorption process). During heatless desorption process the

heat required for the water molecules to transfer from liquid

phase inside the pores to vapor in the air is extracted from the

bed particles therefore the bed temperature reduces during

desorption process. As the particles have high water content

in the beginning of the desorption process, desorption rate is

maximum. With progressing in time, the bed temperature

decreases sharply and consequently desorption rate

decreases. The regeneration air loses its heat content to the

bed by convection and takes the moisture off, this operation

results in the high humidity ratio and low temperature at the

exit (Fig. 8). The desorption process afterward is limited by the

heat transfer from the regeneration air to the bed and the bed

water content which is gradually decreasing, then the air

temperature is gradually increasing to its inlet temperature

and the humidity ratio is decreasing to its inlet value. It can be
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Fig. 7 e Theoretical results and experimental data for air

temperature (qa( y [ L/2)) during adsorption processes

(Run 5).
observed that there is a good agreement between the theo-

retical results for the system dynamic parameters during the

bed operation for the case of short time processes and long

time processes with respect to experimental data.

In the following subsections the validated theoretical

model has been used for investigating the effect of particle

size on the performance of the silica gel packed bed during

adsorption operation. Also, the performance of the proposed

layered silica gel packed bed with varying particle diameter

along the bed has been investigated theoretically. It should

be noted that the silica gel density of 1128.0 kg/m3, bed

porosity is 0.3, the isotherm-I (Eq. (13)) and the sorption heat,

f (Eq. (10)) have been used through the theoretical

investigations.
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(0.1e1.0 m sL1).
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6.3. Performance of packed bed with axial distribution of
uniform particle diameter

The effect of particle diameter on the pressure drop in the

packed bed is shown in Fig. 9.When the particle diameter and/

or flow velocity is changed a wide range of pressure drop in

the bed is obtained therefore a logarithmic scale has been

used for the pressure drop axis. Generally at a specified

particle diameter, it can be observed that when the flow

velocity increases the pressure drop increases. The same

observation can be extracted from Eq. (29) as ðDPan2Þ:
In addition, the proportionality relation between pressure

drop and the particle diameter (Eq. (30)) is observed to be

achieved in the Fig. 9, where the increase in the particle

diameter decreases the available contact area between the

flow and the desiccant particles, consequently the friction

losses are reduced. For example, for velocity of 0.1 m s�1, the

pressure drop reduces from 600 Pa to 11 Pa (98% reduction)

when the particle diameter increases from 1.0 mm to

10.0 mm, and for velocity of 1.0 m s�1, the pressure drop

reduces from 11,000 Pa to 600 Pa (94.5% reduction) when the

particle diameter increases from 1.0 mm to 10.0 mm.

However, it should be noted that the increase/decrease in

particle diameter is affecting the values of adsorption rates

which will be discussed later.
Fig. 10 e Transient variation of exit air humidity ratio and

temperature for adsorption process using desiccant beds

using different particle diameters (1.0e10.0 mm) at flow

velocity (0.25 m sL1).
The effect of particle diameter on the bed operation is

presented in Fig. 10. The bed operation is predicted theoreti-

cally for particle diameters of 1.0e10.0 mm. The input data for

the run are presented on Fig. 10. It can be observed that

minimum exit air humidity ratio is achieved when particle

diameter of 1.0 mm is used and the highest is achieved using

particles diameter of 10.0 mm. This can be explained by the

proportionality relation (Eq. (25)) and by the severe increase in

the available specific area for heat andmass transfer when the

particle diameter decreases. Also, it can be observed that the

trend of the exit air temperature and humidity ratio is slightly

changing when the particle diameter changes. For the smaller

diameter particles, a sharp increase in the humidity ratio and

temperature is observed which can be attributed to the higher

adsorption rates at the start period which in turns releases

high amount of adsorption heat. On the other hand, for larger

particles the increase in exit air humidity takes place gradu-

ally because of lower adsorption rates. In addition, it can be

observed that the air temperature is higher for smaller parti-

cles due to the higher adsorption rates.

The total mass of water adsorbed by the bed during the

adsorption process is calculated and plotted in Fig. 11 for

various velocities and different particle diameters. It can be

observed that for small flow velocity (n < 0.25 m s�1) the total

mass adsorbed can be considered independent of the particle

diameter. And for higher flow velocities, the total mass of

water adsorbed is increasing significantly with the decrease in

the particle diameters. On the other hand, with smaller

particle diameter bed, the pressure drop increases which is

a draw back. Fig. 12 shows both pressure drop and total mass

adsorbed at a flow velocity of 0.25 m s�1 with the variation of

particle diameter. It can be observed that decreasing the

particle diameter by less than 3.0 mm the total mass adsorbed

is slightly increasing and the pressure drop is significantly

increasing. Therefore, such a kind of figure like Fig. 12 can be

used for optimization of desiccant packed bed design.
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6.4. Layered bed of different particle diameter

At the end of the adsorption process presented in Fig. 10, the

axial distribution of the water content of the bed has been

extracted from the theoretical results for various uniform

particle diameters and is shown in Fig. 13. It can be observed

that the water content of the leading layers of the bed is

always higher than that of the trailing layers of the bed.

However, the difference in the bed water content along the

axial direction in the bed is higher for beds with smaller

uniform particle diameter. A higher adsorption rates are ob-

tained at the leading layers because of both highmass transfer

potential and high specific mass transfer area. Consequently,

the air reaching the trailing layers is dry and hot which

increases the trailing layers temperature and reduces its
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(0.25 m sL1).
ability for adsorption. For the specified operating conditions

shown in Fig. 13, it can be observed that the bed water content

is very less starting from the region of ðy=L ¼ 0:3 to 0:4Þ indi-
cating the weak utilization of the desiccant material in this

portion of the bed. Moreover, the pressure drop in this part of

the bed is considered as more burden on the blowing system.

It should also be noted that for higher flow rates the weakly

utilized portion of the bed is smaller.

The constituents of the bed namely, varying particle

diameter as proposed in this work is expected to eliminate the

pressure drop in the poorly utilized portion of the bed by using

bigger size particles. The same can be used for enhancing the

bed adsorptivity by using smaller particles in the trailing

layers of the bed. Fig. 14 shows the total mass of water

adsorbed during adsorption process at various velocities for

seven cases, namely a) uniformparticle diameter of 1.0mm, b)

linear ascending distribution, c) linear descending distribu-

tion, d) parabolic ascending distribution, e) parabolic

descending distribution, f) cubic ascending and g) uniform

particle diameter of 10.0 mm. The maximum and minimum

particle diameters in the bed with ascending and descending

distributions are specified as 1.0 mm and 10.0 mm. From

Fig. 14 it can be seen that highest total mass adsorbed is

achieved by the bed through the use of uniform particle

diameter of 1.0 mm which provides the highest specific area

for heat and mass transfer. Then the cubic ascending, para-

bolic and linear ascending distributions which provide high

specific area at the leading layers of the bed where the

potential for mass transfer is a maximum. Minimum total

mass of water adsorbed is achieved by the beds using uniform

particle diameter of 10.0 mmwhich can be enhanced by using

smaller particle diameters at the trailing layers of the bed.

From Fig. 14, it can be observed that for linear and parabolic

descending distributions the total mass adsorbed is enhanced

when compared with that of the bed using uniform particle

diameter of 10.0 mm. In addition, it can be observed that the

difference in the total mass adsorbed by the uniform particle

diameter distribution and that by cubic distribution is very
Fig. 14 e The variation of total mass adsorbed at various

velocities (0.05e1.0 m sL1) for various particle diameter

distributions in the desiccant bed.
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Fig. 15 e Pressure drop in beds using uniform particle

diameters and beds with varying particle diameter

distributions at various flow velocities (0.05e1.0 m sL1).
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small, and for flow velocity (n < 0.25 m s�1) the difference in

the total mass adsorbed for cases (aeg) is not significant.

To complete the comparison between cases (aeg) the

pressure drop for these cases have been calculated and

plotted in Fig. 15. The significant difference between pressure

drop attainable from using a uniform particle diameter of

1.0 mm and for other cases is very clear in the figure. From

Fig. 15, it can be seen that 20e25% savings in the pressure drop

can be achieved by using ascending cubic particle diameter

distribution with a reduction less than 1.0% in the total mass

adsorbed (Fig. 14). Also, for more savings in the pressure drop,

the parabolic particle diameter distribution can be used and it

should be noted that the reduction in total mass of water
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Fig. 16 e Axial distribution of silica gel water content (W )

at the end of adsorption process for beds of uniform

particle diameter and beds of varying particle diameter at

flow velocity (1.0 m sL1).
adsorbed due to replacing the uniform particle diameter

distribution with parabolic descending one (Fig. 14) is small

when compared with the savings in the pressure drop due to

this modification, as shown in Fig. 15. Also, it should be noted

that for descending and ascending linear distribution the

pressure drop is the same, on the other hand, the pressure

drop for ascending parabolic distribution is higher than that of

descending parabolic one. Therefore, it can be recommended

that, the uniform particle diameter of 1.0 mm can be replaced

with that of cubic or parabolic ascending distributions which

will result in a significant reduction in the pressure drop

especially in theweakly utilized layers of the bed but however,

there would be a slight decrease in the total mass adsorbed.

Also, the case of uniform particle diameter of 10.0 mm can be

replaced with one of linear and parabolic descending distri-

butions which will increase the available area for heat and

mass transfer at the trailing layers of the bed, consequently,

the utilization of the trailing layers of the bed is increased as

shown in Fig. 16 which shows the axial distribution of water

content in the bed after adsorption process, for the cases of

uniform particle diameter of 10.0 mm, linear descending and

parabolic descending distributions. From Fig. 16 it can be

shown that the bed adsorptivity has been enhanced in the

trailing layers when smaller particles are used in these layers.

Moreover, from Fig. 15 it can be stated that the pressure drop
Fig. 17 e Transient variation of exit air humidity ratio and

temperature for adsorption process using desiccant beds of

uniform particle diameter and beds of varying particle

diameter at flow velocity (1.0 m sL1).
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increase (from 600 Pa to about 1400 Pa) due to use of smaller

particles in the trailing layers can be accepted for enhancing

the utilization of the trailing layers as shown in Fig. 16.

Moreover, the cases of higher order particle diameter

distributions (k¼ 4,5.) anddescending cubic distributionhave

been tested theoretically, but no difference in the bed perfor-

mance has been found from that when a uniform particle

diameter distribution is used. So, these cases have not been

includedduring thisdiscussion. Fig. 17 showsthe transientexit

air humidity and temperature for the cases (aeg) during

adsorption process. It can be seen that the exit air condition

using cubic ascending distribution is the same of that of

uniform particle diameter of 1.0 mm then comes the parabolic

and linear ascending distributions. And the exit air condition

when parabolic descending distribution is used is the nearest

to that of uniform particle diameter of 10.0 mm.
7. Conclusions

The heat and mass transfer in a desiccant packed bed of

spherical particles has been modeled using a PGC-model and

considering the axial heat transfer by conduction in the bed.

The developed model has been validated through a compar-

ison with the experimental data from literature for both

adsorption and desorption processes, and a good agreement

has been found with a maximum root mean square of errors

of 3% and 2% for exit air temperature and exit air humidity

ratio, respectively. Moreover, the pressure drop in the bed has

been calculated using Ergun’s equation for different particle

diameters and air flow velocities. The effect of particle diam-

eter on the bed performance (adsorption capacity and pres-

sure drop) has been investigated. It has been found that using

smaller desiccant particle diameter increases the adsorption

capacity. For example, for air velocity of 1.0 m s�1, the total

adsorbed mass of water increased from 125 g to 245 g when

particles of 10 mm diameter are replaced with particles of

1.0 mm diameter. However, this increase is not significant for

flow velocity less than 0.25 m s�1 as shown in Fig. 11. An

optimization figure for increasing the total mass adsorbed

using smaller particle diameter and keeping the minimum

increase in pressure drop has been proposed in Fig. 12.

The newly proposed bed of varying particle diameter along

the axial direction of bed has been investigated using the

validated numerical model. The improvement in the total

mass adsorbed and or pressure drop decrease have been

investigated for various cases namely, uniform particle diam-

eter, linear ascending, linear descending, parabolic ascending

and parabolic descending distributions in the bed. From these

investigations the following conclusions are drawn;

1. Replacing the commonly used packed bed of uniform

particle diameter of (Dp ¼ 1.0 mm) with the proposed

packed bed of cubic particle diameter distribution achieves

about 25% reduction in the pressure drop which is trans-

lated to savings in the required blowing power with

a negligible reduction in the total mass adsorbed (less than

1.0%).

2. It has been found that, for air flow velocity less than

0.25 m s�1, the total mass adsorbed becomes independent
of the type of particle distributions in the bed. Moreover, for

velocities more than 0.25 m s�1, cubic ascending type

particle distribution shows the highest total mass adsorbed

when compared to parabolic ascending, linear ascending,

linear descending and parabolic descending distributions

respectively.

3. However, replacing the bed of uniform particles of 10.0 mm

diameter with a bed of linear descending particle diameter

distribution, the pressure drop in the bed increases from

750 Pa to 1900 Pa for air velocity of 1.0 m s�1. It also

considerably increases total mass adsorbed by about 49%

which is more valuable than the increase in the pressure

drop. Moreover, the proposed particle diameter distribu-

tions enhances the utilization of the trailing layers of the

desiccant bed by increasing the water content of the

particles by about 50% for the case examined as shown in

Fig. 16.
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