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Abstract. This paper provides a comparison of two different methodologies for simulating the operation of desiccant
wheels. One methodology is a correlation based on a system of two non-linear algebraic equations for determining
the outlet states of the process (adsorption) and regeneration (desorption) streams, based on given inlet values and two
performance parameters. However, in several literature studies, these parameters are given in terms of the quality of
dehumidification provided ranging from high to low performance dehumidifiers. The other methodology, also seen in
some literature studies is based on solving a PDE system that stems from heat and mass balances applied to the process
streams and desiccant material in the wheel. Both methodologies are computationally implemented and simulation results
are carried out for comparison purposes. The results, while still preliminary, provide an indication that for optimum
thermal capacity ratios (which is directly related to the rotational speed), both formulations seem to agree; nevertheless,

this is not seen for other situations.
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1. INTRODUCTION

Rotary dehumidifiers, commonly found in the form of active desiccant wheels, are used in the so-called desiccant
cooling cycles, which employ air and water as the working fluids and require low-grade energy sources (Heidarine-
jad and Pasdarshahri, 2011; Noébrega and Brum, 2011; Panaras et al., 2011; Nébrega and Brum, 2012; Nébrega and
Sphaier, 2012, 2013; Sphaier and Nébrega, 2012). These devices can be computationally simulated by means of de-
tailed partial-differential equation (PDE) models (Sphaier and Worek, 2004, 2008, 2009; Simonson and Besant, 1997a,b).
These mathematical models can range from detailed multi-dimensional transport equations to simple one-dimensional
forms. Naturally, the increasing complexity of a model will require a greater amount of computational time. Regardless
of the simplicity of one-dimensional PDE models, when performing the simulation of an entire thermodynamic cycle
in which a desiccant wheel is employed, there is an even faster option. This alternative is based on using an algebraic
correlation — commonly known as the non-linear analogy method (Maclaine-Cross and Banks, 1972; Banks, 1985a,b)
— to simulate the behavior of the desiccant wheel. Although many recent studies (Nébrega and Brum, 2011; Panaras
et al., 2011; Nobrega and Brum, 2012; Nobrega and Sphaier, 2012, 2013; Sphaier and Nébrega, 2012) have been using
this cost-effective option, there is an apparent lack of comparative studies. As a matter of fact it seems unclear from the
literature to what extents of operating conditions could the simpler algebraic correlation be used. Under this scenario, the
purpose of the current study is to provide a comparative analysis between the more detailed PDEs models and the classical
algebraic correlation, in order to determine the range of application of the simpler approach. For completing this purpose,
numerical simulations of a one-dimensional PDE model is carried out for different operating conditions and compared to

the results obtained with the algebraic correlation.
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2. PROBLEM FORMULATION

The general problem considered in this study is that of a rotary exchanger, which periodically alternates between
different process streams. The rotary matrix is composed of numerous mini-channels through which the process streams
flow, transferring mass and energy to the channel’s walls, composed of a porous sorbent material. As mentioned, two
types of models for predicting the operation of desiccant wheels will be compared, a PDE model, based on heat and mass
energy balances, and a traditional non-linear algebraic correlation used by many investigations for wheel simulations

within a complete cooling cycle.
2.1 PDE model

The simplifying assumptions for the PDE model used for the simulation of desiccant wheels are available in several
sources, such as (Sphaier and Worek, 2004, 2008, 2009). With these assumptions, and considering a one-dimensional
formulation for the process streams and sorbent materials, the governing equations that result from simple mass and

energy balances are given by:

(a((;t/ + (—=1)% Uj ?;;) = Zp m Pa (Yf—Y), (1a)
¢ (%{H 1)% ‘;T) _ th (T;—T) + Zzhmpa@cw (Y; — V) (T; - T). (1b)
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These equations are valid for a general period j, in which the time variable varies from % ; to o ; + ¢;.

The ¢ parameter determines which medium is directly affected by the sensible heating term. If ¢ = 1 the sensible
heating is entirely delivered to the process stream; on the other hand, if ¢ = 0 it is entirely delivered to the sorbent felt.
Any other value will lead to a fraction of this effect being delivered to each of these media. A similar consideration is
done in (Simonson and Besant, 1997a, 1999); however, it is also considered that the latent fraction of the sorption heating
effect can be delivered partly to the felt and partly to the process stream.

In dimensionless form, the governing equations are given by:

oy oy .
Tj ot* + (_1)’}/] o+ = Ntu] (Yf Y )’ (23.)
or* - oT* . T *
X (Tj r +(=1)% %*) = N?w (Tf =T*) + NL, sen (YF = Y*) (TF = T7), (2b)
OV} ow* N
1-¢)Q = Wl (YF—Y* 2
i + (1= =~ 07 1) (20)
Xf atf = = C::,j (Tf -T ) + (1 - 90) C:L’j Cp (Yf -Y )(Tf -T ) + (1 - 6) Q2 Ot Xsor Lyap,ref
J J
(2d)
where the dimensionless variables are given by:
x dt T — T Y W
v L7 tj ’ Tmax - Tmin ’ Ymax ' Wmax ’ ( )
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and the dimensionless parameters are defined as:

O — Ps fs Wmax N . hm Ps L Nh o hh Ps L « _ Cpw Ymax 4
= #, tu,j Ta tu,j — 7'./47 Cp - T ( )
Pa Ymax Uj Ap Pa Cp,a Uj Ap Cp,a
.= o LA A e ol e e PaYiebiapre (g
Tty L Ayt AT A vap,ref AT py cs

where p, = (1 — €) ps.
The coefficients x and x s take into account variations in heat capacity due to the presence of moisture, in the airstream,

and in the sorbent material, respectively. These are given by:

x= L2 =14 vy, Xsor = 22 (6)
Pa Cp,a Cp,a Lvap,ref
“n = aal (ot (e (%))
= 20— €palcpatcpoYs)+ (L—€)pss (cs+ fs | Was+ (7
Xf Cs Db Cs Pb Pa (cp, o V) + ( ) Py f. 1 a1 ).,

The heat of sorption and the heat of wetting (in differential and integral forms) are commonly expressed in terms of the

heat of vaporization:

isor = (1 + esor) Zll)apa Z‘weii = —E€sor Z.vazoa with i'uap = ivap,ref + (Cp,v - Cls) (T - Tref) (8)
w 1 w
Aiwet = / iwet dW/ = _ivap ésor VV, Where éSOT'(W) = 7/ €sor dW (9)
0 w 0
Cpov — Cis) (T — Tre
Xsor = (]- + esor) (1 + ( L Z.l ) ( f)) (10)
vap,ref

In terms of the dimensionless variables the coefficient x and x s are reduced to:
*

* vk Vr * ok * * * *\ = *
X =1+¢Y", Xf:e§(1+cpr)+1+clSW — (¢, — c}) Esor WT, (11)

where ¢, and c};, are additional dimensionless parameters given by:

ko fs Wmaxcls * fs Wmaxcp,v — ¢ Vr Q(l—e), (12)

*
T

*
C C =
s Cs ’ v Cs P

An expression for eg,,-, and consequently €,,-, can be obtained from (San, 1993) for silica-gel and water:

esor = a exp(—bW™), W Esor = (1 - exp(—bW*)) (13)

S e

where a = 0.2843 and b = 10.28 Wi ax, Where Wi ax is the maximum water uptake in the desiccant.

A commonly used and simple isotherm is the separation-factor based relation:

(bf Wmax

:r+(177’)¢f’ (14

where 7 is the separation factor and ¢y is the relative humidity of air in the pore space, i.e. ¢y = ¢ (T, Yy). Forr = 1,
the isotherm is simplified to the so-called liner-type, which will be used for calculating the results presented in this work.

2.1.1 Boundary and periodicity conditions

For the process stream, the presence of first order spatial derivatives only require a single boundary condition for each

dependent variable. These are the inlet conditions of the two process streams. A counterflow arrangement is considered
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which leads to the following conditions:

and 7%(0,t) = 0, for adsorption period (15)
1

, for regeneration period (16)

These boundary conditions are applied repetitively, starting from an equilibrium condition, until a periodic regime
is attained. The value of the dimensionless concentration of both inlets is calculated considering an ambient condition
of 50% relative humidity and 25°C (considered as the minimum reference temperature). The value for the maximum
temperature corresponds to the regeneration temperature, which in this work will be considered as 70°C (typical for
silica-gel coated wheels).

2.1.2 Performance assessment
The dehumidification performance is usually assessed by calculating the dehumidification efficiency, defined as:

Yads,in - Yads,out

Ndw = 37 ; 7)

ads,in — Yads,out,ideal

where the over-bar denotes an outlet averaged value, which is calculated to account for the outlet air humidity (as well
as other properties) variation with the angular position of the wheel. This average can be easily translated into the

dimensionless time variable, such that:

1
Yads,out = / Yads,outdt* (18)
0

2.1.3 Notation simplification

In order to simplify the notation, the dimensional outlets of each process stream are described by numbers, such that:

Y1 = Yius ins 17 = Tas.ins (192)
Yy = Togsourr T3 = Togsouts (19b)
Y5 = Y.igin 15 = Ty ins (19¢)
Vi = Tegours  Ti = Tegour- (19d)

2.2 Algebraic formulation

An alternative, and much faster option for simulating desiccant wheels, is to use an algebraic correlation for deter-
mining the outlet states in terms of the inlet data. One such methodology stems from the analogy method developed
by (Maclaine-Cross and Banks, 1972; Banks, 1985a,b), which is base on the following equations for potentials 7:

m = (Fi(12,Y2) — Fi(Th, Y1) /(F1(T5, Ys) — 1 (Th, Yh)), (20)
e = (Fao(Ts,Y2) — Fo(T1,Y1)) /(F2(T3,Y3) — Fo(T1,Y1)), (21)

where the involved temperatures and humidity ratios have been described in Eqs. (19). The coefficients 7; and 7, depend

on the type of desiccant wheel and the functions F and F5 are defined in terms of temperature and absolute humidity as:

2865

F(T,Y) = T 2BI) +4.344Y 08624, (22)
T 4 273.15)149 o

RT,y) = LE2TA T ory00m9s 23)

6360
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These equations, together with global heat and mass balances across the desiccant wheel, allow the determination of

the outlet states once the inlet states are known. Typical values for 77; and 7 are given in Tab. 1. In the present analysis,

Table 1. Typical Values for ; and 2.

Wheel Type n N2
Good Performance (GPC) 0.08 0.8
Moderate Performance (MPC) 0.076 0.85
Poor Performance (PPC) 0.10 0.7

the values for a good performance wheel (GPC) and a poor performance wheel (PPC) will be analysed as limiting cases.

3. RESULTS AND DISCUSSION

The partial differential model given by Egs. (2) is solved using a finite-volumes scheme combined with the numerical

method of lines, as described in (Sphaier and Worek, 2008), which was implemented in the Wolfram Mathematica plat-

form. Table 2 lists the values adopted for the dimensionless and dimensional parameters used in the solution of the PDE

model.

Table 2. Values for parameters in PDE model.

Number of heat transfer units, NL‘% ;100

Number of mass transfer units, N, - 100
Fraction of sensible heat to stream, 0
Area ratio, Ay /A, 0.1
Felt porosity, € 0.3

The main problem in comparing the algebraic correlation with the PDE model is that there are many unknowns

that lead to the correlation. Because of this, two limiting cases of the correlation parameters were chosen, as mentioned

previously, and for the dimensionless parameters that are needed as input in the PDE model solution the following strategy

was used:

1. Since it is know that increasing the number of transfer units for heat and mass transfer generally leads to asymptot-

ically increasing dehumidification efficiency, values large enough to ensure that the results are independent on the

NTUs were chosen;

2. Material properties related to silica-gel, a common desiccant were adopted;

3. Balanced and symmetric wheels are considered, such that parameters that could assume different values for each

period are equal;

4. Since the operation period, and parameters that depend on it, can have a big influence on the wheel performance

characteristics, values that are close to the optimum value are analyzed.

Regarding the last point, the optimization is carried-out based on the value of C

and the other time-dependent

parameters (V; ; and 7;) are varied proportionally. With this in mind, the first results, displayed in Fig. 1, present the

variation of the dehumidification efficiency calculated for different Cj. ; values, and different regeneration temperatures.

As can be seen from these results, the dehumidification efficiency reaches a maximum for smaller values of the heat

*

capacity ratio C. ;,

and from there on it decreases almost linearly. These maximum values are obtained for C} ; = 0.10

for Tax = 75°C and C;EJ = 0.17 for Thhax = 120°C. Based on this initial analysis, the subsequent comparisons will
consider 0.1, 0.2 and 0.05 as the values of Cj,j.
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Figure 1. Variation of dehumidification efficiency with heat capacity ratio for different regeneration temperatures.

The next results present a comparative analysis of the outlet temperatures and humidity ratios for the process (adsorp-
tion) stream, 7 and Y5, and the regeneration stream, 7 and Y*, as well as the dehumidification efficiency. The analysis
is performed by varying the regeneration temperature, while keeping the remaining parameters fixed, for the PDE model
solution calculated with the three values of C7 ; mentioned previously, and comparing the results with those obtained with
the algebraic correlation, calculated for the two limiting cases of a good performance wheel (GPC) and poor performance
wheel (PPC). Figure 2 presents the variation of the dehumidification efficiency with the regeneration temperature for the

previously mentioned cases. As one can observe, for C7 ; = 0.2, the dehumidification efficiency calculated with the PDE

Tdw

- -~

I / -
0.8’ / = S~o

06"

0.4"
02" —=- Tomax = 120°C

. . . . I C*
0.2 0.4 0.6 0.8 1.0

r

Figure 2. Variation of dehumidification efficiency with regeneration temperature calculated with the algebraic correlation
(PPC and GPC) and the PDE model (for different Cj; ; values).

model yields values that stay within the two limiting cases calculated with the algebraic calculation. When looking into
the PDE solutions for the other heat capacity ratio cases, one notices that the case with C; ; = 0.1 gives higher dehu-
midification efficiencies for lower regeneration temperatures, as foreseen by the analysis presented in Fig. 1. As a mater
of fact, the dehumidification efficiencies values are higher than those predicted by the algebraic correlation for the good
performance wheel. Next, Fig. 3 presents similar comparative results for the outlet temperature of the process stream. As
can be seen, different than what was observed for the dehumidification efficiency, the outlet temperatures predicted by the
correlation are very similar for both limiting cases (poor performance wheel and good performance wheel). On the other

hand, the results calculated for the different capacity ratios with the PDE model span over a wider range. This could be
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Figure 3. Variation of process side outlet temperature with regeneration temperature calculated with the algebraic corre-
lation (PPC and GPC) and the PDE model (for different C;j values).

an indication of a problem with the algebraic correlation in correctly predicting the outlet temperatures. The next figure,
presents the results of the outlet humidity ratios of the process stream. As expected, since this outlet value is directly
related to the dehumidification efficiency, the results have the same tendency seen in Fig. 2.

Y — PPC
6

80 9 100 110 120 'ma

Figure 4. Variation of process side outlet humidity ratio with regeneration temperature calculated with the algebraic
correlation (PPC and GPC) and the PDE model (for different Cji_’ j values).

The two final figures (Figs. 5 and 6) present the outlet values (temperature and humidity ratio) of the regeneration
stream calculated with the different methodologies for different regeneration temperatures. As one can infer from the
presented results, the outlet humidity for almost all cases have the same tendency, and yield small variations. When
looking into the outlet temperature results (fig. 5), one notices, again, that the results calculated with the correlation for
the two limiting cases are very close to each other, and that the PDE solution case that approached better these cases is
the case with Cj ; = 0.1.

4. CONCLUSIONS

This paper presented a comparison between two different methodologies for predicting the operation of desiccant
wheels. A traditionally adopted methodology, based on an algebraic correlation developed in the 70-80s, and a partial

differential equations model, based on mass and energy balances for the desiccant material and adjacent channels. The
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Figure 5. Variation of regeneration side outlet temperature with regeneration temperature calculated with the algebraic
correlation (PPC and GPC) and the PDE model (for different C:’ j values).
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Figure 6. Variation of regeneration side outlet humidity ratio with regeneration temperature calculated with the algebraic
correlation (PPC and GPC) and the PDE model (for different Cj’ j values).

comparison of such models is not straightforward since there are many parameters that can influence the results calculated
with the PDE model, whereas the widely algebraic correlation has little room for modifications. Nevertheless, some
hypotheses were done in order to eliminate the influence of some parameters, by choosing common desiccant material
properties, and using large number of transfer units. With these considerations, an initial comparison of the two models
was carried out, and the results showed that for heat capacity ratios (which depend directly on the wheel rotational
speed) that approach the optimum values, the PDE model results and the algebraic correlation model present a reasonable
agreement; however, when away from the optimum values, the results present a divergent behavior. When comparing the
outlet values for both streams calculated with the two different methodologies, one notices a greater discrepancy for the
outlet temperatures than for the outlet humidities. While these are still the first comparative results calculated so far, one
could begin to suspect that the algebraic correlation could be well suited for predicting humidity values, while providing

incorrect values for the outlet temperatures.
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