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Abstract: A general predictive model anan
analysis of performancegnder various desic
and operationatonditions for a desiccant whe
was developed with the aid of COMS(
Multhipysics. A one dimensional coupled he
and mass transfer model, combined with
classical Linear Driving Force (LFL
approximation, was implemented taking in
account the depepdce of the thermodynam
and transportproperties of humid air with
temperatureTemperature and humidity profil
at the exit of the wheel during t
dehumidification process were obtained
analyzed for variougprocess and regenerati
time, temperatte and moisture content
regeneration air and process air f rate.

Keywords: Desiccant Wheel, Adsorpti, Heat
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1. Introduction

Desiccant cooling systenfpCSs) have been
used in the U.S.Asince the early30s, mainly
for industrial applications in which significa
economic benefitxcould be achievedrom an
accurate humidity control.

The core unit of a DCS ihe dehumidifying
device, in most cases a wheel made of i
material coated with an adsorbenilica gel in
the present work). Two sectioof the wheel can
be identified:a process section, through wh
air to be dehumidifiedis passed, and a
regeneration section, whergvater vapor is
removed from the adsorbent by mean a dry
and hot air counteftow, as shown in Fig.

More recently, as a consequence of
development of materials with higher adsorp:
capacity and smaller energy request
regeneration, applications of I[Ss for
environmental conditioningncreased. Growin
attention to envonmental safety also contribut
to diffusion of these systemsincewater is used
as refrigerant instead of those used
conventional systems, suchld€FC and HFC

Since dsorption is an exothermic proc,
dehumidified air has tbe cooled beforit can be

supplied into gpart of a buildin: energy saving
and environmental impacreduction that DCSs
can achieve are high when the desiccant ma
can be effectively regenerateby a low-
temperature thermal energycarrier.  Air
conditioning throughthe use of DiSs could be
seen as an alternative or as a supplemel
traditional systems in order to reduce tt
energy cost since, in most cases, they
energetically coupled with “free” energy sourc
such as solar collectors or “waste” hd€rom

conversion processes.
ong

Figure 1. Principle of operation of the Desicce
Whee

2. Governing Equations

A sketch of thedesiccant wheel anof the
control volume forthe model developed are
shown in Fig. 2.
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Figure 2. Sketchof desiccant wheel arcontrol
volume adopted in the mot.

Based orthe model developed by Ahmeet
al. [2] and under the assumptions t
(1) air flow is one dimension:
(2) thermal and physical properties of 1
silica gel do not change in the range
operating temperature
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(3) whole system is adiabat
(4) temperature and moisture content d
not change with radial positic
(5) classical Linear Driving Forc
Approximation (LFD) for the mas
balance in the desiccant material -
be used;
a model for both thelehumidificatior (DP) and
regeneration phases (RRas written as follow:

2.1 Mass balances

Two mass hlance equations can be writt:
the first oneexpressing variations cthe gas
moisture  content (geside mas-balance,
GSMB) and thesecond one fomoisture content
variationsin the desiccant mater (solid-side
mass-balance, SSMB).

SSMB, given the fifth assumpti, can
always be expressed as:

%vl:K(Me—M) @)

During dehumidification phase, GSMB ¢
be written as:
ow ow _ %W e4p, OM 2
paE"—paVaE_pa o o ot @)
while, during regeneration phase, the sa
balance has to be expressed as:
ow ow W _eqpg M (3)

A ov 2 i
Patgr “Palt oy TPa 02 T Tat

a

a

In DP, Eq.s (1) and (2) were solved with
following I.C.s and B.C.:

M(Zt o) =M, 4)
W(Zt e ) = Woy ®)
w(O,t) =w,,, (6)
%‘1"m -0 (7)

During RP, Eg.s (1) and (3) with tl
following associated I.C.s and B.C.s w
considered:

M (Z!treg) = Moul
8
W(Z,t g ) = Wy, 9)
w(L,t) =w, (10)
w o (11)
0t oy

2.2 Global Energy balance

Energy conservation during adsorption ph
can be expressed as

&

oT,
((1_8d)pacpa + ApdeJT:+(l_8d)pacpaVa (12)

2
aT 9“T_ h
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while, during regeneration phase, the si
balance has to be:

d

oT,
[(1_% )/’acpa +i/)dcpd]7a_(l_‘t“d )/)acpava (13)

A at
aT FE S
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oz as2 Adid g

For Eq. 12, initialand boundaryconditions
were:

T.(Zt o) = Tam (14)
T.Ot)=T,, (15)
AP (16)
ot Lt
for Eqg. 13, I.C. and B.C.s we

T.(Zte) =Ty a7
T.(LY=T, (18)
M, (19)
ot oy

2.3 Additional Equations

In orderto have a well posePDEs system,
some auxiliary equationave to be provided.

Kodamaet al. [3] correlation wasadopted in
order to expressdaorption equilibriur on silica
gel:

M, = 0249 (20)

Adsorption heat wasalculatel according to
[1] as:

h, = 3500 - 12400w — w<0.05 (21)

h, = 2950-1400w — w>0.05 (22)

According to [3], sirfacediffusivity can be
written as:

D, =2.27x10” exp(-h, / RT) (23)

Effective mass transfer coefficienwas
expressed according [4] as:
K= 15'35 (24)
r
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Water saturation pressure as a functior
temperature was calculated by means
Antoine’s equation.

3. Use of COMSOL Multiphysics

The model above was implemented
COMSOL  Multiphysis.  “Transport o
Concentrated Species” interfi to solve gas-
phase mass-transfeand “Heat Transfer i
Porous Media” interface to sohoverall energy
balance were used. “Classical Pl -
Convection-Diffusion Eqation” interface to
solve solid-phase massansfer wa employed.

Moreover properties of moist air asa
function of temperaturérom COMSOL mode
library have been used.

3.1 Parameters, variables and functior

First of all model parameters have be
defined. All definedparameterand their values
are given in Appendix.

Eq.s (20)-(2) and Antoine’s equatic were
defined as variables.

3.2 Geometry and Mesh

Given the first assumption, choseeometry
was one-dimensionalhe endpoinat 0 was the
inlet during the dehumidificatiophase while the
endpoint atL was the outletyice-versa for the
regeneation phase as shown in Fic

adsorption phase

e f@
i QJ‘. =

regeneration phase

0 0.02 004 0068 008 01 012 014 018 018 02
Figure 3. Geometry during adsorpti-and
regeneratiophase

Mesh has been set as “phy-controlled
mesh” for Sequence Type and “Extremely Fi
for Element Size. Consequently, a mesh w
100 elements was obtainefls a consequenc
the system gets 403 degrees of free!

3.3 Transport of Concentrated Specie

To solve gaghase ma«-transfer, i.e. Eq. (2)
for adsorption phase arl. (3) for regeneration
phase, this physic was us

Main interface inputgre shown in Table

“Inflow” and “Outflow” nodes were used |
order to express boundary conditic

Table 1: Data Inputdor “Transport in Concentrate

Species
Interface input Value
u V,
T from Heat Transfer in Porous
Media
p from Heat Transfer in Porous
Media
My, 0.018016 [kg/mol]
Ma 0.028964 [ kg/mol]
Dix Ds

3.4 Heat Transfer in Porous Medi:

Equation (12)during DPand equation (13)
duringRP were solved usil this physic.

“Temperature” and‘Outflow” nodes were
used to express associated boundary condi

Interfaceinputs are shown in the followir
Table 2.

Table 2: Data Inputdor “Heat Transfer in Porot

Media”
Interface input Value
u (l' gd)va
P P
Fluid type Moist Air
Vapor Mass Fraction w
90 &d
Ko 0
Po pdlA
Cop Cpd

3.5 Classical PDEs: Convectic-Diffusion
Equation

To solve Eq. (}, this physic was use“Mass
Fraction” was chosen as depe¢ent variable and
“Specific Dissipation Rte’ was chosen as
source term. Interfaceputs are shown in Tab
3.

Table 3: Data Inputdor “Convectior-Diffusion

Equation’
Interface input Value
c 0
B 0
f K(Me-M)
d, 1
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3.6 Initial values andBoundary Conditions

“Base-case” values of dgs and operation:
parameters were reportedin  Appendix.
Computations are carried on for a sufficier
large number of cycles in order to approac
cyclic steady state profile in both adsorption
regeneration processDehumidificatior phase
was chosen as “starting-point”.

When DP endedsimulatior was stopped and
last time values of all variablewere taken as

initial values for regeneration phs This
procedure has been iterated for ecycle.

4. Results

4.1 Comparison with literature mode

Figs. 4 and 5 show a comparison betw
moisture content and temperature of air lea'
the system during dehumidification a
regeneration phases calculated according tc
model developed herein andone derived from
literature [5].
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Figure 4. Moisture removed during adsorption a

regeneration proce.
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Figure 5. Outlet air temperature during adsorption
regeneration proce.
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Overall trend was the same; deviations betw
calculated data are mainly due to the fact

literature model [5] dae not take into accou
any variation of moist air properties w
temperature. Furthermore, literature model
referred to a single channel of the wh

4.2 Parametric study

Figs. 6 and 7repot temperature and
humiditytime profiles at the exit of e wheel for

the “base-case”.

Temperature, T [K]
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Time, t {s]

Figure 6. Air temperature time profiles at the exit
the wheel, “bas-case”.
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Figure 7. Air humidity time profiles at the exit of tf
wheel, “bas-case”.

Starting from basease values anchanging
one parameter at a timinfluence of process
parameters on afemperature T) and humidity
content H) of air at the exit of the wheewas
evaluated.

Figs. 8 and 9 show mean valuesT andH
as a function of the process/regeneration -
ratio.

Excerpt from the Proceedings of the 2013 COMSOL Conference in Rotterdam



W
<D
@

w
[=2)
o
e

355
e
350 L ]

345
340 L4
335
330

Average temperature [K]

02 03 04 05 06 07 08 09
Time ratio [-]
Figure 8. Time averagegroces:air temperature at
the exit of the wheel as a function
process/regeneration time ra
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Figure 9. Time averagegrocessair humidity at the
exit of the wheel as a function of process/regdimni
time ratio.

An optimun time ratio can clearly k
identified: if time ratio is equal to 0.4, a
minimum in H can be reach«. For time ratio
lower than 0.4,too short and less effecti
dehumidification phases took placon the oher
hand, longer time ratios leadtoo short and less
effective regeneration period.

Figs. 10 and 1show mean value (T andH
as a function of regeneration air tempera
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Figure 10. Time averageg@roces<air temperature at
the exit of the wheel as a function of regeneratimi
temperature.
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Figure 11 Time averagegroces:air humidity at the
exit of the wheel as a function of regeneratior
temperature
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As the regneration temperature incree the
amount of water vapor removed from the
stream increasedn fact, low regeneration a
temperature leads to higher relative humidity
consequently to higher capacity of desicc
material of keeping water. The result is a p
dehumidification capacity ue to the reduced
mass transfer between the wet air and
adsorbent layer.

Figs. 12 and 13how mean value (T andH
as a function of regeneration air humic

360
358
356
354 ®

352

350 ®

348

346 ®

344 +
0.000 0.002 0.004 0.006 0.008 0.010

Regeneration air humidity [kg/kg]
Figure 12. Time averageg@roces<air temperature at
the exit of the wheel as a function of regeneratioi
humidity.
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Figure 13. Time averagegroces<air humidity at the
exit of the wheel as a function of regeneratior
humidity.
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In this caseas the regeneration air humid
increases, dehumidification capacity of the wt
decreases.In fact, the lower is the inle
regeneration air humidity, the higher is -
dehumidfication capacity. This effect is due
higher mass transfer driving force during
regeneration period which leads to hig
moisture removal from the desiccant mat

Figs. 14 and 15how mean value (T andH
as a function of process air flc
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Figure 14. Time averagegrocessair temperature at

the exit of the wheel as a function of procesdlaw.
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Figure 15. Time averageg@rocesair humidity at the
exit of the wheel as a function of process air f
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Clearly, as the process air flow increases
dehumidification capacity of the wheel decre
as a consequence of smaller gas residence.

6. Conclusions

A one dimensional coupled heat and
transfer model, based ¢ime model developed
Ahmed et al. [2], combined with the classic
Linear Driving Force approximatic and taking
into account dependence of thermodynan
properties of moist aifrom temperature, was
implemented in COMSOL Multiphysic

A comparison witha literature model has
been carried out and good agreemenwere
achieved.

Different simulationshave been carried out
in order to investigate the effect of the variat
of operational parameters moisture content
and temperature of air leaving the sys
Numerical reslts show that there isn optimum
value of process-teegeneration time ral
beyond which adsorption/regeneration proc
becomes ineffective.

Fine tuningof the model with data obtaint
from an experimental facility located in t
“Universita degli Stud del Sannio” laborator
and operated undedifferent conditions i
ongoing.
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9. Appendix

Nomenclature

L: thickness of the wheel, m
P: atmospheric pressure,
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e: air void fraction -

&g silica gel fraction volume, -

A: multiplicative constant, -

@: air relative humidity, -

P saturation pressure,

w: air humidity ratio, gate/KOmoist ai

M: moisture content of silica gel,
KOwate/KGsilica ge

Me:  equilibrium moisture content of silica g
KQwate/KDsiiica ge

T, airtemperature,

V,: process air velocity, m/s

V,: regeneration air velocity, m/s

hs: heat of adsorption, kd/kg

D. surface diffusion coefficient, %/s

K: effective mass transfer coefficient,

R: gas constant, J/kgK

pq: silica gel density, kg/fh

Cpa: Specific heat of silica gel, J/k(

Cua: SPecific heat of moist air, J/k(

k,: thermal conductivity of moist air, W/nr
pa: Moist air density, kg/fh

M;,: initial moisture content of silica gel, yate/KGsiica
ae

Tamp: @mbient temperature,

T.eq: FEgENETation temperature

Wanp: @mbient humidity ratio, ge/KGmoist ai
W, o Fegeneration humidity ratioyae/KGmoist ai
r: average radius of the silica gel grair
toroc: Process time, s

treg: regeneration time, s

COMSOL Model Parameters

L=0.2m

P=1atm

e=0.€

&q = 0.7

A= 8/(1'8d)

pa = 720 kg/nd

Cpd = 921 J/kgk
r=10"m

Min = 5.17Gwate/Ksilica ae

COMSOL Model Input — “Base Case”

toroc = 144 s
teg =144 s
Wamp = 20 g/k¢
Wreg = 0 g/kg
Tamp =293 K
Treg = 353 K
V,=3 m/s
V,=3ms
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