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Stical evaluation of a hybrid desiccanl air conditioning in post and pre-
cooling arrangements is studied and compared versus the traditional vapor
compression system (VCS). The performance of the rotary desiccant wheel is
also studied as the hearl of the hybrid desiccant cooling system. Lithium
chloride is applied as the working desiccant material in this investigation. A
mathematical model of coupled heat and mass transfer of the desiccant wheel
is presented and numerically solved. The madel validity is checked against»
other work and results are in good agreement. Effectsyof rolary wheel speed,
number of transfer units (NTU) and the desiccant surface area to volume on
lhe performance of the wheehare investigated. The effect of regeneralion air
velocity and temperature, slot diameler, evaporalor and condenser
affectiveness and dehumidification effectiveness on the system performance
is also sludied. The post cooling hybrid syslem is found to be an enerqy
efficient system, it saves up lo 30% of cooling coil capacity compared to
traditional VCS. The COP of the post cocling arrangementsis nearly twice that
of VCS with reheal. Theipre cooling arrangement supplies air at lower dew
point temperature (down to 6°C) with an increase of COP up to 80%
compared to VCS with reheal.

Keywords: hybrid desiccant sysiem; vapor compression system; rotary
desiccant wheel.

Momenclature

Cr Speclfic heat at constant pressure, f Deslccant surface arga lo volume ratio,
Jlkg K. mim’

O, Sudace diffusivity of desiccant, m'fs  h Enthalpy, Jikg )

d diameler, m K Mass lransler coefficient kgim®.s
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Wheal thicknass m

mass per unil volume, kg/m’
Mass valocily, hgd,,,,fm?:a_
Pressura, Pa

Haal of ab\-ﬁﬂrmnu Jlrk'gwarﬂ'
Heat transfar rala, kW
Temperature, °C

- D & Oy £

—

Tima, s

Desiccant molstura content,

Ll L, P

Power cansumption, KW
Wheal desiccant concaniration,
Mlﬂ

Alr hurnidity ratio kg, apar 0w

Greak

£ Vold iraclion (-]

o Heal ransier cosifcient, Wim® K,
b Thermal conductivity of desiceant,
Wim.K

Density, kgim’

*xZ

¥

f

Dehumidificalion eflactivennss, |-}

Evaporator efiectivenass, (-]

1. Introduction

Nearty thily percent of the primary
BNErgy resources are consumed in
the air conditioning sector. The
primary energy shorlage, negalive
environmental impacts of fossi
fuels and bad indoor air qualily
(1AQ) of tradilional systems are the
main incenlives for developing ai
conditioning techniques which can
elther save energy or emplay low
grade lhermal energy sources.
Among various techniques aclively
used currenlly, hybrid desiccant
cooling is @ promising choice [1]. In
iha mid of 1960's Dunrkle [2]
proposed a method of air
conditioning which was driven
principally by solar rather than
electrical energy. His system uses
a desiccant for dehumidification
along with evaparative coolers and
heat exchangers for sensible
cooling. This concept has much
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Eia Sensibia HX sifectivaness. {-)
i Fraclion of inard matenal, {-)
W Thermal capacitance ralio, (-)
i Efficiency
Hy Alr dynamic viscosily, Pa s
Ewed Comdenser allecliveness, [-)
Abbreviations
NTU  MNumber of ransfer units, (-]
Re Reaynolds numbar.
SHX  Sensible neal mxchangar,
SMRR  Specific moisture remaval rale, gfkg.s
Subscripts
a Adr
abs Absorption
avg Average valua
Co Coding coil
D Deslccant
L Liguid
reg Ragenaratian
5 Supporing siruclure
W Wapor

research  inlo  developing &

desiccant air conditioning system
for residential use however very
lithe work has been done to apply
the desiccant concepl to
commercial sized buildings. Close
and Sheridan |3] extended the use
of residential desiccanl syslem to
meel cunnnercial  sized cooling
loads. Sheridan and Miichell [4]
examined the use of commercial
sized hybrid solar desiccant cooling
system in Australian climales. Their
study showed greal promise for an
air conditioning syslem which
combines the lechnology of a vapaor
compression system with the
advanced concep! of desiccant
dehumidification. They Investigated
the performance of a hybnd
desiccant cooling system for hot-
humid and hot-dry climates. At high
sensibie heal load, SHF was over
0.9 while at high latent load, SHF



Mansoura Engineering Journal, (MEJ), Vol. 33, No. 4, December 2008.

varied from 0.3 to 0.5. In high
sensible heat load applications the
energy savings ranged from 24 to
40% for these (wo climates.
However, they also found that the
hybrid cycle saved more energy in
a hot and dry climate than it did in 2
hot and humid climate, where it
may even use more energy than a
conventional system. Robert [5]
introduced a commercial hybrid air
conditioning system. He concluded
that the hybrid system reduces the
compressor work of the mechanical
refrigeration unit from 55-70%
compared o the conventional
vapor compression system. And
the net effect of the electrical
energy reduclion is in order of 40—
50%. Burns et al. (6] sludied three
hybrid system configurations for
supermarkel applications (high
latent load) and a comparison of
their performance wilh conventional
air-conditioning system was made.
The cycles termed as ventilation-
condenser cycle, recirculation-
condenser cycle and ventilation-
heat exchanger cycle. They
reported that these cycles would
give energy savings, in comparison
lo the conventional air-conditioning
systems, ranging from 56.5 to 66%
at moderate ambient conditions of
30'C, 0.016 kgvapo,fkgd,, ai, SHF of
0.35 and space conditions of 24°C,
0.0104  KkQuapo/kQay ar- These
calculations were based on the
concept of weighted energy
consumplion, with one unit of
eleclrical energy weighled twice
that of thermal energy. Maclaine-
Cross (7] studied the feasibility of
gas fired hybrid desiccant cooling
syslems for medium to large
general air conditioning projects. It
was suggested that engine drive for
vapor compression plant could
halve the energy costs for
Australian conditions if waste heat
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was recovered o regenerate the
desiccant.

Worek and Moon (8] investigated
the performance of a first
generation prototype desiccant
integrated hybrid system. The
results showed that at the same
level of dehumidification, 60%
performance improvement over
vapor compression sysltem was
obtained at ARI design conditions
(for ouidoor air, Tdb=35.0°C and
RH=40%; for room air, Tdb=26.7°C
and RH=50%). The performance of
hybrid system decreased as the
outdoor humidity ratio was
increased. Nevertheless, over the
range investigated, the
performance improvement varied
from 74 to 44%.

Singh el al. (9] have analyzed the
afore-mentioned  three  hybrid
cycles, introduced in [6], for Indian
climatic condilions. Modeling of the
dehumidifier operating at a fixed
regeneration temperature of 135°C,
and regeneralion 10 process air
mass flow ratio of 0.33, is done
using the performance data from a
manufacturer. It is reported that
energy savings ranging from 30%
to 50% can be easily achieved at
higher latent heat load applications.
Vazirifard et al [10] studied a
possibility of using hybrid desiccant
cooling syslems instead of
conventional vapor compression
cooling systems through some key
variables. These key variables can
be determined if a special building
in an area needs a more detailed
consideration. Based on the
information presented here, it
appears that a high potential exists
for using hybrid desiccant systems
in Iran, suggesting opportunities for
imporling the technology, or for
development of equipment locally.
Mohan ef. al [11] studied the
performance of absorption and



M. 28 A, M. Elzahaby, M. Fouad, A. E. Kabeel, A. Khalil and M. M. Bassuoni

regeneration columns for a liquid
desiccant vapor compression
hybrid system. The liquid desiccant
is used only for dehumidification of
supply air in the absorber which
can be subsequently regenerated
in the regenerator using condenser
heat. They reported that higher the
specific humidity and lower the
temperature of the inlet air, higher
will be the dehumidification in the
absorber. Similarly, the
regeneration can be increased by
increasing the temperature and
decreasing the specific humidity of
the inlel air to the regeneralor,
Further, the solution temperature
has negligible effecl on the
performznce of air dehumidification
or solution regeneration owing to
low flow rate of the solution.

In this paper a theoretical
evaluation of two  different
arrangements of the  hybrid
desiccant system wversus traditional
systems is presented. Alsp, a
mathematical model of coupled
heat and mass transfer of the
desiccanl wheel is developed and
numerically solved. This model is
validated by comparing it with other
models [12], Effects of rotary wheel
speed, number of transfer units
(NTU) and the ratio of desiccant
surface area to volume on the
performance of the wheel are also
investigated in this work,

2. The Hybrid Systam

The hybrid desiccant system
consists mainly of a wvapor
compression cycle (DX type) and a
rotating desiccant wheel The
desiccant wheel geometry is shown
in Fig.1. The honeycomb rotor
consists of N identical narrow
straight cylindrical slots uniformly
distributed over the cross sectional
area of the rotor,

In the post-coaling hybrid desiccant
system shown in Fig. 2(a), ai is
dehumidified in the

r s

gt

ﬂ: Flag Seclion (§=09"90")
| Abs. Seclion (8= 80380')

o

Rolalion direclion
Fig. 1 Deslccant wheel geomeiry.

desiccant wheel {A) before it enters
the cooling coil of the DX unit. The
dehumidified air is then cooled in a
rotary sensible heat exchanger
(SHX) (G) by return air; then air is
futher cooled 1o the desired
conditions by the cooling coil (B).
The desiccant wheel is regererated
by the return air after it passes
through the rotary heat exchanger;
and further healed wusing an
auxiliary heater (F). The
psychometric chart of this mode! Is
shown in Fig. 3(a)

In the pre-cooling hybrid desiccant
system shown in Fig 2(b), air
is passed through

coeling coil (B) and then through
the desiccant wheel (A) to reach
the supply air conditions. The
reactivation of the wheel is
achieved by the condenser of the
DX unit (H). The psychometric
chart of this model is shown In Fig.
3(b), There are two processes in
this figure (process 1-8-4 and 1-2-
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3). The first process (1-8-2)
ensures falr comparnson between
the post and pre-cooling systems.
This is because the two sysiems
operates al the same inlet and
outiet states of the conditiopned
space On the other hand, fhe
second process (1-2-1) is used lo
ensure lower humidity levels as
discussed later

annular layers of siraight
the dehumidification and the
regeneration seclions can  be
replaced by a ‘representafive
annulus” of thickness Ar . The three
cylindrical coordinates (r.8,2), say
radial, angular and axial direchons,
respectively, :n the model can
rationally be reduced to the
coordinates (#.r) By taking into
account the geomelry of the wheel
each consttuen! element withan the
ftotal M identical elements in the 8-

Z

annulus, the remaining space
variable s z. Of course a second
independent variable in the model
s the imet In olther words the

dynamic  behavior o  the

desccant wheel some
assumptions are considered [13]
Air flow is undormly distributed over
dehumidification and
mguunﬂm seclions. No leakage

place between
ﬁlh.mﬂ:lllm and regenerafion
seclions. Heat and mass transfer in
the radial direction is not taken into

f

average enhancement of about 3%
in the syslem performance rather
than [13),

Fig. 2 A schematic of a hybrid desiccant systom uses 100% FA
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3. Governing Equations of the

Desiccant Wheal
Based on the above ar, A1 -2) &,
considerations, the  governing .'u" u,m,,-r,c,‘i-u,t,,n*l
equations for heat and mass 'Hn.rﬂ..mtr.rﬁ] )
transfer n the rolary desiccant M o(Crg + Wolp ) MyCos
wheel are presenied balow.

In the above four equalions there
Moisture and energy conservation are live unknowns; ¥, ¥p, T, Tp and

of process air Wa So, 1o solve them the following
R e R auxiiiary relations are needed lo
LLSNE. T T LW (e =73 U caleulate the humidity ralio near the

ar p.r @i Pa¥F

surface of absorbent (¥p). The
a =, 3T =/ i(T,-r1 {21 humidity ratio near the desiccant

& pe & paiC TC,) srface and the  desiceant
concentration (X) can be avaluated
Molsture and energy conssrvation from [13]
of zbsorbent
Ef— D,0-5) a::, -il'-'r-qr “r) @ ! |.mu-15 -P, 5)
4 i

A=
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The coefficients of mass and heat
transfer are given below [14]

K = 0.704m, Re®*' ;Re = i’ag:’ﬁ- (7)
[

where dgq is the slot diameter and

M, is dynamic viscosity of air

a=067m,Re™'C,, 8)

The absorption heat and surface
diffusivity can be calculated from
[14)

Q’ ~l.34xI0’Wn+3.$x10‘. wp £50 (9)
~14x10°W, +295x10°, Wp 250

D, =axex -0.9?4::10'3-—9———
Tp+273.15) (10)

a=08x10"®

4. Governing Equations for the
Vapor Compression System
For the traditional VCS the
evaporator temperature is assumed
to be 5°C less than the minimum
lemperature of the supply air. The
condenser temperalure is assumed
to be 20°C higher than the outdoor
air temperature. The refrigerant
used is R134a; the refrigerant
leaves the evaporator and
condenser in saturated vapor and
saturated liquid. The compression
process is polytropic. The supply
air leaves the cooling coil as
saturated air. The evaporalor and
condenser exit temperatures are
calculated as follows.

To=Ty-6,(73-T.) (11)
T, =T, +20 (12)
Tow = Tiu + €cana(T. ~T,0) (13)

The actual work of the compressor
can be calculated from the
polytropic work relation as follow

n-l
LA ] T |
WLl Zond | 7
¢ on-l ( 2 ] I]xoc':..-?. e

Where 15, is the compressor

isentropic  efficiency, v, is the
specific volume of the saturated
vapor refrigerant, po.e is the
condenser saluration pressure, p.,
is the evaporator saturation
pressure, W, is the actual

compressor work and n_,n, are

the mechanical and electrical
efficiencies, respectively.

From psychometric chart shown in
Fig. 2(a) the temperature at exit
from the sensible heat exchanger
can be calculated as follows:
h=Ti+eyp(Ty - T5) (15)

Tefh-=2(h-T) (16)
iy

5. Hybrid System Performance
Analysis

The following coefficients are used

to measure the hybrid desiccant

cooling system performance, refer

lo Fig.3(a) for post-cooling
arrangement.

A
ECOP - (17)

where ECOP is the hybrid system
coefficient of performance, Q is the
specific cooling capacily including
desiccaling and heat recovery and
W is lhe total power consumption.
@y = {0, — )+ (y =gy 4 (y ~ )] B
=l - ) (19)
Wl W, + Wy, (19)
where Wy, is 1he fans power
consumplion, Wy is the auxiliary
heat for regeneration in (kW) and
calculated from
Wy =mlhg = k) (20)
Here, one kW of electrical energy is
equal to three kW of thermal
energy.

- &
vear =L (1)

where VCOP is the vapor
compression cycle COP and Q.. is
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the cooling coll load withoul
desiccaling and is calculated from

Q. = (b - ) (22)

The above menlioned egqualions
can be applied for the pre-cooling
arrangemenl by referring o Fig.
3(b) wath some little change.

The specific enthalpy (h) of the air
Is calculated from:

b= 1 DOST & Y2501 + 1.8087T) (23)
where Y is the humidily ratio of air
and T is the air temperature. The
specific moisture  removal rate
{ sampn ) is calculated from

MR = A K}

Ry

(24)

where m |s the mass flow rate of air,
AYis the specific humidity drop in
procass alr and m, is the mass of

the desiccant material  which
caloulated from

" .%. DL wMguli=g)
mil=g= L [25)

Tha dehumidification efactivenass

{€4) Is calculaled from

ar
o (28)

L]

whare D6 the desiccant wheel
diamelar and ¢ is the fraction of

inen malerial. The mumber of
ransfer unils [NTU) is calculaled
from

wru = F @2n
L.l

where A, is the lolal surface area of

lhe desiccanlt matenal which is
calculated from

dg = f uWFp,
ds g (28}
"r' oy 1 =g)m{l =@}
where / is the desiccant surface
area 1o volume ralio and ¥, is the
volume of the desiccant material

The lhermal capacitance ratlo of
the wheel |s
Mgl

w-—mjg: {28}
The boundary and initial conditions
for the differential equations (1)-(4)
for both  regeneration and
absorplion processes ane
Introduced according o whether
ihe syslem is pos! or pre-cooled
These equafions are discrelized
using fully implicit scheme for time
varying terms and  upwind
difference scheme for space
varying terms. These eguatons are
solved using fri-diagonal malrix
lechnigue (TDMT) wusng a
computer code written in Matlab

6. Mode! Validation

The validation of the mathemalicai
mode! that describes the mass and
heal lransfer through  the
absorption and regeneration
processes in the desiccant wheel is
performed by comparing these
resuils with thal of [12] using RD
silica gel as a desiccan! matenal.
The cycle lime of the rotary wheel
is 512 second. the regenerabion
cycle time is 256 second ie. the
regenaration 1o absorplion area
ratio is unily. As shown in Fig. 4a,
the numerncal results of the presant
model are compared with fhat of
[12]. The comparison shows a
reasonable agreement with the two
numencal rasulls In the order of
1.6% average Also, from Fig4b
The comparison between
maasured data and calculated
rasults for tha ECOP at different
rotational speed shows A
reasonable agreemenl between the
measured dala and calculaled
resulls. The difference is in order of
1 lo 5%, this may emphasize the
validity of the model o predict the
performance of the hybrid system.
The differance may be due fo the
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assumptions of the theoretical
model and also, the accuracy of the
measurements.

7. Discussion and Analysis

The perfermance investigation of
the desiccant wheel at different
parameters to obtain the best
values for operation is performed.
The effects of rotational speed,
NTU, the desiccant surface area to
volume ratio, thermal capacitance
ratio  and regeneration to
absorption area ratio are studied.
On the other hand a comparison
between the different arrangements
of the hybrid desiccant cooling
system and VCS is also introduced
at different operating and design
parameters.

50 e

Temperalure,

-
Silica get 1
Vr.'-" 5 nvs, L
Twg =100°C
Tuv. sa=34 °C

i
i
§

Humidity ratio

.......

9 wir outmi

Calculated resuity of (7).
----- Colylated resuits of presenl model,

0 —
] ] ] ]
Gyt numhar

Fig. 4a Average air exil temp and humidity ratio of

process air obtained from (12) and the present study.

=== == galguisied LCOF 418 rph
11k * waapured LCOF ob dph
cabputaied [SOF ol V8 iph
a maaspied LCOP ol 10ph

Lithlum chlcride
Wheal Initial conditions |
X=0.4, V,.=2.0 mis.
T.g.=60°C

Tp.g ..l?ﬁ L >

. c l ] " »
Alr mass Now rate (kg/min)

Fig. 4h Comparison between the ECOP of
calculated and measured dala of present study

7.1 Desiccant Wheel
Performance Analysis

7.1.1 Effect of Rotational Speed
Figure 5 shows the variation of
dehumidification performance
measures €4 and SMRR of the
desiccant wheel with rotational
speed at different regeneration
velocities. There exists an optimum
speed very close to 1 rph at which
the dehumidification performance
and the specific moisture removing
rate reaches maximum values. By
increasing the rotational speed
from 0.2 to 1.2 there are an
observed increasing up to 0.5 for €4
and 0.32 for SMRR. By exceeding
the rotating speed beyond 8 rph,
the values of €4 and SMRR are
decreasing rapidly to attain the
lowest values of 0.23 and 0.1
respectively. When the desiccant
wheel rotates faster than the
optimum value, the time of
absorption and regeneration
processes are too short which
results in decreased £4and SMRR.
On the other hand, when the rotary
speed is lower than the optimum,
the time of absorption and
regeneration processes are too
long and wasting more energy in
sensible heating for regeneration
and sensible cooling for absorption.
The increasing of the velocity and
temperature of the regeneration air
enhances the dehumidification
performance of the desiccant
wheel. This is because the
efficiency of regeneration process
is improved by increasing the
regeneration air velocity and
temperature as shown in Fig. 6. It
is very important to use the suitable
temperature and velocity for
regeneration to save energy
consumption. From Fig. 6 the
energy required for regeneration
process at (Vieg= 4m/s and Trep=
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70°C) Is 1.18 kW and that at (Vie=
4m/s and T,eg= 60°C) is 0.52 kW

— l.i-m_
ul - T iy it

" = e = NGRS Y
! ," = = — RMAR § Yiep= lmi
- - NEER Vi by

MR '

Fig 8 Efad ol rph on dehumidificalian sffacivenses

7.1.2 Effect of Number of
Transfer Units

Figwe 7 shows the effect of

number of transfer units (NTU) on

the dehumidificaton performance

The NTU has a great influence on

the performance. When the wheel

— e | B -

Fig. 8 EMed of reganaralion lemp. on o
raganeration ar axit humidity raiiko.

SMARK phge)

adp

Treg =T0°C
Tea = 0*C
Vo =2 &S,

™ . i ‘
" ] “ L3 L]
-y

Fig T Effiect of NTU on dehwmidiicalion performance.

mass and slot diameter are fixed,
the NTU will increase with the
increase |n the wheel thickness.
When the NTU increases from 0 to
2.5, both SMRR and g4 increases
rapidly, however when the NTU is
larger than 2.5 there is a little
Increase in the performance, so a
value of NTU of 2.5 may be
considered as a suitable one lo
perform well . This may be because
the increase of NTU over 25
requires mora regeneralion heat as
a result of wheel volume increase.
Resulting In  increasing the
regeneration temperature to
sustain the increase in the wheel
volume and remove the amount of
moisture absorbed from air Nole
that increasing NTU may also
increase the pressure drop across
the wheel slightly.

7.1.3 Effect of Desiccant Surface
Area to Volume Ratio f,

Figure 8 shows Lhe effecl of
desiccant surface area to volume
ratio f, on the dehumidification
performance. When the total
volume of the wheel is fixed, higher
conlact area of mass and heat
transfer can be achieved by
constructing smaller slots  with
thinner wall. With higher values of f,
the desiccant wheel will be more
efficient as the mass transfer area
become larger, so higher values of
f. are recommended A typical
value of £, is 1500 m%/m’ at NTU of
2.5. On the other hand, this will
increase the fan power
consumption as the pressure drop
through the wheel Increases.

7.1.4 Effect of Thermal
Capacitance Ratioy

Figure 9(a) and (b) show the effect

of thermal capacitance ralic w on

the exit temperature and humidity

of the process air. It can be
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observed thal the process air
stream exits at lower temperature
and with slightly higher absolute
humidity as the capacitance ratio
increases. This will cause a
dehumidification process with less
sensible heating which resulting in
higher cooling capacity and
considerable energy saving. The
capacitance ralio increases by
using an inert malerial (of
supportive structure) with low heat
capacity, or very light weight. For
very light weight or low heat
capacity of the suppaortive structure,
the wheel can be easily
regenerated and the ar is
dehumidified more efficiently. Also,
the amount of heat exchanged
between the regeneration and
absorption sections due to rotation
is minimized. The typical value of
wis 4.
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7.1.5 Effect of Regeneration to
Absorption Area Ratio
Figure 10 shows the effect of
regeneration to absorplion area
ratio on the SMRR of process air
stream and exit humidity ratio of
the regeneration air stream at a
regeneration air temperature of
80°C and 60°C. The SMRR and
exit humidity from the regeneration
section increases to a maximum
value at a regeneration fo
absorption area ratio of 0.33
(regeneration face area of 0.25 of
the fotal wheel face area) at a
lemperature of B80'C. At a
temperature of 60°C the
regeneration ¢ absorption area
ratio becomes 1 (regeneration face
area of 0.5 of the total wheel face
area) to achieve best performance.
For a small regeneration area the
wheel requires more regeneration
energy, when the regeneration

velocity s canstant, the
reqgeneration  temperature  will
increase The regeneration
temperature increases with the

decrease of regeneralion area.
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7.2 Hybrid Desiccant System
Performance Analysis

7.2.1 Impact of Slot Diameter
Figures 11(a) and (b) show the
impact of slot diameter on the
variation of ECOP for both post and
pre-cooling arrangements. The
ECOP increases with the narrow
slots because the smaller the
diameter of slot the larger the
surface area of mass and heat
transfer, which improve the
dehumidification process. At a
typical value of (f, =1500m¥m?) the
slot diameter will be 0.003m. At
these values the ¢4 and SMRR are
0.42 and 0.28 g/kg.s respectively.
As the dehumidification process is
enhanced, the latent load removed
by the wheel increases and
therefore increasing ECOP. The
decrease in slot diameter should be
limited as the fan power increases
at small slot diameter as the
pressure drop in the flow direction
increases.

7.2.2 Impact of Dehumidification
Effectiveness &4

Figures 12(a) and (b) show the

Impact of Dehumidification

effectiveness €4 onthe ECOP for
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both post and  pre-cooling
arrangements. As the
dehumidification effectiveness

increases, the system ECOP is
rapidly increased. This is because
the higher the €4 the higher the
latent cooling capacity gained by
the desiccant wheel. The typical
values of €4 is 0.4 to 0.55. The
design parameters of the desiccant
wheel  strongly affects the
dehumidification effectiveness as
discussed earlier. At a typical value
of (£, =1500 m%m?® and a slot
diameter of 0.003 m, the value of g4
is 0.42 . At these values the ECOP
is 29 and 2.6 for post and pre-
cooling, respectively.
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7.2,3 Impact of Wheel Void
Fraction Area (¢ ) and f,

Figures 13(a) and (b) show the
effects of desiccant wheel area
void fraction & and desiccant
surface area to volume (%) on
system ECOP for both post and
pre-cooling arrangements. As the
wheel void fraction area increases
the ECOP decreases rapidly at €
value higher than 0.4. This is due
{o the higher values of £ that means
that the desiccant material in the
wheel is not sufficient to perform
well. So the dehumidification
process is bad, ie low latent load
removed by the wheel and the
system performance decreases.
The values of & lower than 0.4
means condensed wheel Dby

desiccant material and at all values
of desiccant surface area o volume
the ECOP is shghtly increased by
about 8.3%. This is because
increasing of £ with the same
regeneration energy will lead to
slight  enhancement in the
dehumidification process. Also, the
increasing of fan power required to
overcome the wheel pressure drop.
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Fig.13 Impact of void fraction area
on ECOP

7.2.4 Impact of Evaporator and
Condenser Effectiveness
Figures 14 (a) and (b) show the
effect of evaporator and condenser
effectiveness on the ECOP for both
post and pre-cooling arrangements.
The ECOP increases directly with
the condenser and evaporator
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effectiveness, as the condenser
effectiveness increases the
temperature of air exiting from it will
be high and therefore the amount
of additional heat required for
regeneration  for  post-cooling
arrangement will decrease, so the
ECOP increases. At a condenser
and evaporator effectiveness of 0.8
each the temperature of air exiting
from the condenser is 52°C which
is sufficient to regenerate the wheel
in the pre-cocling arrangement. For
the post-cooling arrangement the
additional heat required at €cong Of
0.8 is 052 kW for regeneration
temperature of 60°C. While for Econd
of 04 the regeneration energy will
be 1.0 kW. For the evaporator, the
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increase of its effectiveness means
lower temperature of air for the
same cooling coll capacity. By
increasing the €, from 0.6 to 0.8,
the specific cooling capacity of the
supply air stream increases from
24 2 kJikg to 31.5 kdkg and then
the system ECOP increases by
about 16%.

7.2.5 Impact of Regeneration Air
Temperature

Figures 15(a) and (D) show the

impact of regeneration temperature

on the ECCP for both post and pre-

cooling arrangements. For post
cooling arrangemen!, as the
regeneration temperature

increases the ECOP decreases.
Although  the  increase of
regeneration temperature
enhances the desiccant wheel
affinity o remove the latent load
from air, this requires additional
heating which lowers the ECOP,
The energy required for
regeneration at (Vieg= 2.5 m/s and
Teg= 80°C) is 1.15 kW and that at
(Veg= 2.5mis and T.ge= 70°C) is
0.74 kW. So increasing Twg from
70°C to BO'C will decrease the
ECOP for post-cooling nearly by
16%. On the other hand the ECOP
of the pre-cooling arrangement
increases with regeneration air
temperature. This 1s because the
process air temperature is very low
before entering to the desiccant
wheel so, there is no need fo
regenerate the desiccant wheel at
high temperature. The condenser
heat is sufficient for regeneration
process and hence there is no
need for an auxiliary heater. Figure
15(c) shows the investigation of
ECOP for both post and pre-
cocling arrangements by changing
the regeneration temperature
beyond the operating ranges. At
low regeneration temperature close
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to 40°C, both systems have nearly
the same values of ECOP. Butata
regeneration temperature greater
than 50°C, the ECOP of post
cooling is enhanced by an amount
of 10.4% compared to ECOP of
pre-cooling.
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7.2.6 Impact of Regeneration Air
Velocity

Figure 16(a) and (b} show the
impact of regeneration air velocity
on ECOP for both post and pre-
cooling arrangements. For post
cooling arrangement, as the
regeneration velocity increases, the
ECOP decreases because the
increase in regeneration air velocity
at constant regeneration
temperature leads to  high
regeneration energy. The energy
required for regeneration at (V=
2.5 mfs and Tg= 70°C) is 0.74 kW
and that at (Vieg= 1.0 m/is and Tey=
70°C) is 0.30 kW. So increasing
Vieg from 1.0 m/s to 2.5 m/is will
decrease the ECOP for post-
cocling nearly by 8%. On the other
hand the increasing of regeneration
air velocity from 0.5 mfs to 1.5 m/s
will increases the ECOP of the pre-
cooling arrangement by about 17%.
ar
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7.3 The Hybrid Desiccant
System and VCS

Figure 17 shows the COP for the
hybrid system in post and pre-
cooling amangements; VCS and
VCS with reheal. An auxiliary fan is
used in the hybrid system only lo
supply air through the desiccant
wheel. It is clear that the COF for
each syslem increases with the
mass flow rate because the supply
air cooling capacity increases. The
COP of the hybrid system in posi-
cooling mode has always higher
values aver the whole modes due
to the latent load removed by
dehumidification in the desiccant
wheel before air passes through
the cooling coil. This will decrease
the compressor work required for
post-cooling arrangement  An
amount of 1,36 kW of compressor
work is required for post-cooling
arrangement compared to 2.27 kW
required for pre-cooling
arrangement.  Also, the small
compressor work of the post-
cooling arrangement is referred to
the use of the sensible heat
exchanger (SHX). Figure 18
shows the variation of ECOP of
post-cooling arrangement with and
without SHX. It is shown that there
is an enhancement in the ECOP of
about 22% by using the SHX The
COP of the hybrid system in the
pre-cooling mode has a value up to
80% greater than thal of the VCS
with reheat This is because the
reheal required to atlains the same
supply air conditions represents a
penalty on the COP of the VCS, In
the pre-cooling arrangement, the
process ar enters lo the cooling
coll then passes over the desiccant
wheel ie the total latent and
sensible lpads are removed by the
cooling coil, So, the value of COP
of pre-cocling is lower than that of
post-coofing by about 12.5%. The
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value of COP of VCS wath reheat is
neardy 50% of thal of post cooling
hybrid system

Figure 18 shows thal the specific
moisture removing rate (SMRR) for
the pre-cooling hybrid desiccant
mode reached higher values than
other systems and this explains
why this system has the lower dew
point temperature as shown in Fig
20. After air exiting from the cooling
coil in the pre-cocling arrangement,
it is further dehumidified to lower
values by passing through the
desiccant wheel. It is very difficult
lo reach the same degree of
humidity by the VCS because
moisture may be frozen on the
evaporalor surface as a result of
deep cooling. The pre-cooling




Mansoura Engineering Journal, (MEJ), Vol. 33, No. 4, December 2008.

B ply aiv OPT(C).

oa

" L
%=03,
V-..fzﬂﬂﬂ-.
ohs1
. A
0 i ’ s [l
Procers 3ir velochy a1 CC Inge i

Fig. 19 Varaton of SMRR wilh precass air veloeily

———— Hyiwd praanclieg IPoscees 1301
M=o o rbell gl teolingl VO3 with rehasl

-
¥
5
L]

X=03,
‘" Vig 2.0 mfs,
pn=1

. " : T r
Procesd i velad sy 21 LC laos ma)

Fig 20 Variation ol supply alr DFT wih process
air valschy

mode is usually used when the
design supply air dew poin(
temperature is very low (less than
6°C) and it is also used for
controlling the relative humidity
which is an important measure of
maintaining good IAQ.

Fig. 21 shows the variation of dry
bulb temperature (DBT) and
achieved heal (Q.en) for the
different syslems, ihe pre-cooling

mode has a DBT higher than that

of VCS due to the sensible heat
gain from the dehumidification of
process air after leaving the cooling
coil. The sensible heal rise here is
significant as it leads to further
lowering in DPT and moisiure
content of the process air which
helps in humidity and temperature

M. 41

confrol. Fig. 21 explains the
previous anaiysis, it can be seen
thal the achieved heat from fthe
pre-cooling system is found to be
065 to 1.5 kW compared lo the
reheal system which requires 2 kW
lo achieve the same sensible heat
factor.

Fig. 22 shows the cooling coil
capacily and energy saving
percenl. The post-cooling mode
has less cooling coil capacily than
the pre-cooling and the VCS. Then
the use of post-cooling mode
resulls in an energy saving in the
order of 25%-30%, this saving will
reduce the size of the VCS
incorporated with the desiccant
system. So the post-cooling hybrid
desiccant system is a cost-effective
one for air conditioning system with
beller performance.
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Conclusion

A theoretical model to predict the
performance of the hybrid
desiccant system is introduced and
solved. A  desiccant wheel
impregnated with lithium chloride
as the working desiccant which is
considered the heart of the hybrid
desiccant system has been
developed. This model is
numerically validated by comparing
its results with other published
model. A small rolational speed
close to 1 rph are required for the
best performance of the desiccant
wheel, the specific moisture
removal rate is found o be 0.28
g’kg.s at these values. As the
regeneration area increases the
temperature of the regeneration air
stream  will decreases, the
regeneration temperature is 60°C
al regeneration to absorption area
ratio of unity. A higher thermal
capacitance ratio is recommended
for better wheel performance. A
comparison between the different
configurations of the hybrid
desiccant system and the VCS
show that:

» The post cooling hybrid desiccant
system has the higher COP,
nearly twice that of VCS with
reheat which ensures an energy
saving of the cooling coil capacity
up to 30% for the same cooling
effect.

e The posl cooling and pre cooling
ensures better IAQ with an
increase of about 80% in the
COP for the pre cooling mode
compared to VCS with reheat.

» The pre cooling mode has the
maximum SMRR in all the
systems, so it supplies air at
lower dew point temperature
(6°C). The pre cooling mode is
usually used for easily controlling

. Zhang L.z, |l

. Buns PR, JW.

the indoor air  conditions
especially for lower humidity ratio
levels, but the post cooling mode
can be used to save energy
consumption.

* A moderate void fraction area of
0.4 with a suitable desiccant
surface area to volume ratio of
1600 is recommended for the
best performance.

* A suitable choice for the
regeneration air temperature and
velocity is very important to
ensure best performance.

e The higher the effectiveness of
dehumidification, evaporator
and condenser the higher is the
ECOP.
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