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Abstract —Waves analysis using psychrometric chart, a method aiming to evaluate the rotary desiccant dehumidification, is presented
in this paper. The continuity and energy conservation equations for the transient coupled heat and mass transfer are established and
solved using a finite differential model. The locus of points of outlet air states along the rotational direction may be plotted as two
wave fronts and one breakthrough point for both dehumidification and regeneration processes. Thermal wave, concentration wave,
and middle zone point are explained in terms of the different characteristics of their own. The rules to improve the performance of
dehumidification according to the wave shape are proposed and some important parameters, such as heat capacity, adsorption heat,
rotation speed, regeneration temperature, thickness of the desiccant matrix and the desiccant isothermal shape, are discussed in
detail using psychrometric chart. It is demonstrated that the chart method is feasible and rapid in evaluating the performance of the

rotary dehumidifier. 0 2001 Editions scientifiques et médicales Elsevier SAS
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Nomenclature

B atmospheric pressure . . . . . ..

Cpa  specificheatofair . .. ... ...

Cpl specific heat of water . . . . . ..

Cpw  Specific heat of desiccant . . . . .

Cpv  specific heat of water vapor . . . .

Ctg latentheat of water .. ... ...

Cpz  specific heat of supporting
materials

Degi  effective diffusivity of desiccant

Y ratio of desiccant surface areato
volume . . ... .. ... ...

fs ratio of free flow area to section
area of rotary wheel

Ky  coefficient of mass convection

L thickness of the desiccant matrix .

m; mass flow of air per unit section
areaof rotary wheel . . . ... ..

My  desiccant mass per unit volume . .

* Correspondence and reprints.
E-mail address: yjdai @sh163.net (Y.J. Dai).
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Pa
Jkg~1k-1
Jkg~lk-1
Jkg~1.k-1
Jkg~lk-1

kg1

m2.s~1

m2.m~3

kg-m2.s71

kg-m2.s71

kg-m—3

Mz mass of supportive structure per
unitvolume ... .........
Ps saturationpressure . . . ... ...
0 adsorptionheat. . . . ... .. ..
r1 radius of the matrix axis. . . . . .
rp radius of therotary wheel . . . . .
RH relative humidity
t temperatureof air . . .. .. ...
T temperature . . ... .......
tw temperature of desiccant . . . . .
Tgp  dry bulb temperature of theair . .
Vdq velocity of dehumidification air
stream ...
Vr velocity of regeneration air
stream ...
w water content of desiccant
Y humidity ratio . . . ... ... ..
Yw humidity ratio near the wall of
desiccant . . ............
Greek symbols
o coefficient of heat transfer
0 density . .. ............
A thermal conductivity of desiccant

°C

K
°C
°C

m.s~1

e
kgwater-K9dsorbent

KOmoisture' kgari air

KOmoisture' kgari air

w-m—2.K-1
kg-m—3
w-m-1lk-1
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T time. ................ S
w rotationspeed . .. ... ... .. S
r, ¢, Z polar coordinates

YR angle of regeneration section

1. INTRODUCTION

Desiccant dehumidificationis advantageousin dealing
with latent load and improving indoor air quality (I1AQ),
because desi ccant adsorbs moisture directly and captures
the contamination of the air simultaneously. Desiccant
dehumidifier, running in open cycle and also character-
ized by no noise and convenience in maintenance, can be
driven by low grade heat sources, e.g., solar energy, waste
heat and natural gas.

To assess the performance of rotary desiccant dehu-
midifier for given operating conditions, lots of work on
simulation has to be carried out. Such work requires
methods that allow rapid and accurate evaluation of the
investigating results. Many mathematical models on the
rotary desiccant dehumidifier have been proposed in the
past decades. Maclaine-Crossdeveloped MOSHM X, afi-
nite difference computer program based on a detailed
numerical analysis [1]. DESSIM was written by Bar-
low where the dehumidifier was discretized and each
node was treated as a counter flow heat and mass ex-
changer in which both the heat and mass transfer are as-
sumed to be uncoupled [2]. Collier and Cohen devel oped
ET/DESSIM, which is more accurate by means of in-
corporating several improvementsover the DESSIM pro-
gram [3]. The research group of Worek also developed
amathematical model and made successin predicting the
performance and optimizing the operation parameters of
rotary desiccant wheels [4-6].

Macline-Cross and Banks developed two functions,
F1 and F», correlating psychrometric states with two
independent characteristic parameters[7]. Van den Bulck
et al. proposed a designing wave analysis method that
includesthe effects of “shocks’ based on F1 and F» chart
[8,9].

In China, Yu et al. have made effortsto completeanew
mathematical model concerning the complicated heat and
mass transfer in the rotary desiccant matrix [10]. These
models are helpful for predicting the performance and
evaluating the benefits of rotary desiccant wheel but are
not brief enough. Key problem is how to organize the
numerical results efficiently and give a definite conclu-
sion rapidly. Here a systematic analysis method is com-
pleted, aiming to evaluate the system performance effec-
tively, and to optimize the rotary desiccant dehumidifier.

The objective of this paper isto present the wave analysis
method using psychrometric chart and analyze the effects
of some parameters with a mathematical model in order
to improve the rotary desiccant dehumidification.

2. WAVES ANALYSIS USING
PSYCHROMETRIC CHART

If the air states at the outlet of the desiccant wheel
are plotted in the psychrometric chart, two wave shape
curves are obtained, the upper one is the record for re-
generation section and the lower is that for dehumid-
ification. A constant elapsed time exists between each
point plotted. In the dehumidification range, three parts
can be classified, namely, thermal wave, concentration
wave and middle zone condition or the MZ point that
exists between the two passing wavefronts. The ther-
mal wave, spreading from regeneration condition to a
point of minimum absolute humidity, is characterized by
short time period and is strongly dependent on the total
heat capacity. Corresponding to this process, the adsor-
bent with high temperature rotates out of the regenera-
tion section, the equilibrium water vapor pressure at the
desiccant surface is high, and the adsorbent hence can-
not adsorb water vapor effectively. The temperature of
the adsorbent experiences a stronger variation than wa-
ter content does. The position has been called the mid-
dle zone condition or the MZ point. The outlet air re-
mains at or near this condition for some time, and then
experiences the gradual breakthrough of the main con-
centration wave, which forms the locus of points that
connects this minimum absol ute humidity point with the
inlet air conditions. The concentration wave may last
a long time period, and is determined mainly by ther-
mal effects of adsorption. A condition identical to that
of the dehumidification process also exists for the re-
generation process. The first and fastest wavefront de-
scribes the locus of points that begin at the dehumidi-
fier inlet conditions and progresses quickly to a point of
maximum outlet humidity. The air remains at this con-
dition for a period of time and then experiences break-
through of the main concentration front, with the outlet
conditions gradually approaching the inlet regeneration
air conditions. The variations of water content for ad-
sorbent, both in dehumidification and regeneration, occur
mostly in this zonerather than in thermal wave controlled
area.

Psychrometric chart corresponding to the above two
wavefronts is shown in figure 1. The separated points
stand for outlet states of the air for both dehumidifi-
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Figure 1. Psychrometric waves chart.

cation and regeneration processes. The system perfor-
mance is dominated by the average outlet air condi-
tions that represent the time- or position-averaged ef-
fects of both the first and second waves associated with
the heat and mass transfer within the desiccant matrix.
The lower the absolute humidity, the higher the dehu-
midification capacity of the system will be. The higher
the temperature, the higher the preheating temperature
of the regeneration air. This reduces the amount of ex-
ternal thermal energy and thereby increases the ther-
mal COP. On the dehumidification side, moist air corre-
sponding to the thermal wave is in humid and hot con-
dition. The mean outlet temperature and humidity in-
crease with the decrease of the speed of therma wave
of MZ point and inlet regeneration air state. The most
advantageous thermodynamic conditions for optimal cy-
cle operation are the two MZ points associated with
both the dehumidification and regeneration processes.
Rules to optimize the performance of the dehumidifier
are:

e The faster the speed of the thermal wave and the
steeper the dop of the therma wave, the better the
performance of the dehumidifier will be.

e The concentration wave should be dow and smooth
and itslocus should be kept as close to the MZ point (the
thermal dynamic optimum) as possible.

e MZ point should be low and close to the right side in
the psychrometric chart for dehumidification, and high
and close to the | eft side for regeneration.

402

3. MATHEMATICAL MODEL AND
PSYCHROMETRIC CHART

3.1. Mathematical model

Four equations concerning water content balance and
energy conservation are used to describe the compli-
cated heat and mass transfer occurring in moisture ad-
sorption and regeneration. Assumptions to obtain equa-
tions (1)—(4) are given below:

o Effect of centrifugal force is neglected due to low
rotation speed of the rotary dehumidifier.

o No leakage takes place between dehumidification and
regeneration sections.

o Shell of the rotary dehumidifier satisfies the insulated
condition.

e No pressurelossaong Z direction.

e Heat and mass transfer in radius direction is not taken
into consideration.

e Desiccant is uniformly distributed in the matrix, fv,
fs are constant.

o |sotropic thermal conductivity and diffusivity.
Conservation of moisture for the processed air:
aY aY m; Y K
Wm0 Ky vy
ot dp  pifsdZ  pifs
Conservation of energy for the process air:
at ot ; Ot
- + w— + i _— = af‘\/
at 0  pifsdZ  pi fs(Cpa+YCpy)

(tw — 1)

@

Conservation of water content for the absorbent:
ow ow

AT
at g
2In(ra/r1) 9°W 32w]
— Duii (1 —
eff ( fs)[ 2-2 a2 T az2
Ky fv
= Y-V, 3
Mo ( w) ©)
Conservation of energy for the absorbent:
dtw dtw A1—fs)
TW oy W
0T B(p Mw(CpW + WCpI) + Mszz

[2|n(r2/r1) 92ty thwj|
r22 — r12 92 972
1

- My (Cow + WCpl) + MzCp;
[Jafv @t —tw) + Ky fu (Y — Yu) Q] (4)
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where Q stands for heat of adsorption.

In the above four equations, the air humidity ratio
near the wall of absorbent is unknown, therefore, three
auxiliary relations are needed:

0.622RH - Ps
_ QbR Fs 5
"~ B—RH-Ps ©)
3816.44

InPg=231964— —— " "* 6
S fw — 46.13 ©)

w RH
(7)

Wrmax R+ (1— R)RH

Here, B is the atmospheric pressure, Ps stands for the
saturation pressure of moisture at the wall temperature
of adsorbent. W/ Wi is relative adsorption rate, Winax
stands for the maximum adsorption rate of absorbent.
R, an important parameter which reflects the desiccant
isotherm shape, is called separation factor of adsorbent.
RH is the relative humidity of air. Seven unknowns are
involved in seven equations, so they al have definite
solutions.

Boundary conditions are:
e For regeneration section, if 27 — gr < ¢ < 27, then
Yin=Yo, tin=12.
e For dehumidification section, 0 < ¢ < 27 — ¢R, then
Yin=Y1,tin=11.

In addition, the periodic boundary conditions are
given as

YO,Z,1)=Y(2r, Z,7), 1(0,Z,1)=1(2%,Z,1)
W(O! Z!T)ZW(ZijZvT)v IW(Ovzvt)th(ZT[vat)

If thetransient problem istaken into consideration, the
initial conditions are also necessary:

e For desiccant, W(g, Z,0) = Wp, tw(e, Z,0) =1o.
e For dehumidification air stream, 0 < ¢ < 27 — ¢R,
Y(p,Z,00=Y1,t(p,Z,0)=11.

e For regeneration air stream, 27 — ¢r < ¢ < 27w,
Y(p,Z,0)=Y2, t(p, Z,0) =to.

Here, 11 and 2 denote the inlet air temperatures for de-
humidification section and regeneration section, respec-
tively, 7o and Yp stand for temperature and humidity ratio
at initial conditions, and Y7, Y» stand for inlet air humid-
ity for dehumidification and regeneration sections.

The reason that this model is preferable liesin that it
accounts for the effect of mass diffusion and heat diffu-
sion, the precision of governing equationsto describethe
physics of rotary dehumidifier is thus enhanced.

3.2. Numerical resolution

Equations (1)—(4), in which time and space variation
terms are included, can be discretized into finite dif-
ference eguation group. For space varying terms, two
kinds of difference schemes, one order upwind differ-
ence scheme for the convection terms and centra dif-
ference scheme for the diffusion terms, are adopted. For
time variation terms, different schemes are used accord-
ing to the variation of ¢, they are fully implicit, semi-
implicit (Crank—Nicholson) and explicit schemesrelative
to ¢ =1, 0.5, 0, respectively. Difference scheme should
satisfy the demands of computation. To compute steady
state, fully implicit scheme is recommended because of
its reliability of convergence. To investigate the dynamic
behavior of dehumidification device, explicit scheme,
typical time step method which does not need the iter-
ation process, is usualy employed. Owing to the con-
straints of stability, time step should be small enough, or
the divergence of solution cannot be avoided. In addition,
small time step is also humerically necessary for accu-
rate computation. Iterative computation have to be car-
ried out at afixed time period for semi-implicit scheme, a
proper mesh size should be specified to save computation
time.

3.3. Wave chart plotting

The psychrometric wave chart can be obtained by
numerical and experimental investigations on condition
that the outlet air states at different points of both
dehumidification and regeneration sides are known.

In this study, the chart was attained by numerical
method using the computation program developed from
the above model. To check the accuracy of the mathe-
matical model, regular density (RD) silica gel is chosen
as desiccant and several auxiliary equationsare appended
meanwhile. The calculation conditions of the base case
are listed in table I. Coefficients of heat and mass trans-
fer are given below [11]:

o Coefficient of mass transfer:
Ky = 0.704ih; Re~%% [kg-m™2.s7 (8)
o Coefficient of heat transfer:

o = 0.67Lir; Re O51C o [W-m™2K™1]  (9)
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TABLE |
Calculation conditions of the base case.
Parameter Value Parameter Value Parameter Value
Thickness L 0.2m Cow 921.0 kJkg 1K1 Tin 35°C
1 0.05m Cpz 921.0 kJkg~t.K~1 RHin 40%
r 0.25m X 0.14417 W-m~1.K1 Winax 0.4 kg-kg™?
fs 0.194 m2.m—2 D 2410 6 m2s1 o 5r-h1
v 1468.85 m2.m~3 Vg 286m-s1 0 equation (8)
My 720.06 kg-m—2 Vi 2.86m-s1
M, 720.06 kg-m~—3 ¥R 180°
@ T Shell r
.0 n .
Dehumidification l/ 0.014 Treg=95C
Scction
4 0.012
humid air
5 001}
to ambient < r
Regeneration E; 0.008 r
section z b
Figure 2. Coordination diagram of desiccant matrix. :§ 0.006 _
] ) o 0.004 |-
The adsorption heat of regular density silica gel ;
in kJ-kgy~e is calculated by Pesaran and Mills [12]: 0.002 [
—13400W + 3500, W <0.05 10 0 Do
= 0 2 4 6 8 10 12 14 16 18 20
—1400W + 2950, W > 0.05 Time(min)
The equilibriumisotherm is given as Figure 3. Dynamic behavior of RD silica gel at regeneration
temperature. 7 = 95 °C. Points, data from Collier et al. [13];
RH = 0.0078 — 0.05759W + 24.16554W2 line, simulated result.
— 124.78W3 4 204.226 W4 (11) 0014

The practical isotherm of the specified desiccant may
be analogous to the isotherm type characterized by a
fixed R in equation (7).

Looking at the three diffusion mechanismsfor adsorp-
tion of RD silicagel, namely, ordinary diffusion, Knuson
diffusion and surface diffusion, Pesaran thought that the
surface diffusion is dominant [12]. The surface diffusiv-
ity isgiven as

Ds = Do exp[—o.974-1o—3L} [m?-s71]

T +273.15
(12)

Do is 0.8:10°% m2.s71. © is the heat of adsorption (in
Jkg™h).

The transient numerical results are in good agreement
with those from Collier et a. [13]. Figures 3 and 4 show
the cases with regeneration temperature of 95 °C and
120 °C, respectively.
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Figure 4. Dynamic behavior of RD silica gel at regeneration
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4. ANALYSIS

Using thewaves analysisin psychrometric chart incor-
porating with numerical calculation, several parameters,
which have strong influence on the system performance,
are discussed. For each case, only the value of the dis-
cussed parameter varies while the other parameters are
kept constant.

4.1. Heat capacity

Figure 5 shows the effect of heat capacity clearly un-
der a given regeneration temperature. With the increase
of the heat capacity, the MZ point moves up for dehu-
midification but down towards left corner for regenera-
tion in the chart. In addition, thermal wave becomes slow
and occupies more time fraction during the whole rota-
tion period. The concentration wave becomes sharp and
the slopeis steeper. Asaresult, the average outlet humid-
ity and temperature rise in dehumidification and fall in
regeneration. Thisis beneficial to increase the preheating
temperature for the regeneration air in desiccant cooling
system and thus increase the system COR, but is unben-
eficial just from the point of view of dehumidification. It
is, therefore, reasonabl eto seek abal ance between adding
inert heat capacity material and choosing desiccant mate-
rials.

8.035 %
O
0.03 o
. (e}
£ 0.025 o
§ o —O- Cp=0.837kJ/kg.K
S 0.02 o —o— Cp=8.368kJ/kg.K
&
= 0.015 5000
E oooo o
1= - o
£ .01 %@% 0000000 o
O
0.005 0©
@ 1 1 1 1 1 |

3B 40 S8 60 780 82 98 108
T (°C)
db

Figure 5. Impact of heat capacity.

4.2. Adsorption heat

Here, two kinds of adsorption heat characteristic
relations instead of equation (10) are analyzed, namely,
constant adsorption heat and linear relationship that
adsorption heat decreases with the increase of adsorption
rate. It isobvious(figure 6) that the performancerefl ected
by the first curve (constant adsorption heat) is poor
and that of the second is better. Generally, the second
relation is more approximate to the practice. It is shown
in figure 6 that for regeneration the slope of concentration
wave becomes steeper and the MZ point climbs higher
as the adsorption heat decreases with the increase of
the adsorption rate. For dehumidification, the range of
variation for concentration wave becomes wider, the
slope becomes smooth and the MZ point also climbs
higher if the adsorption heat keeps constant.

Generally speaking, it is expected that the adsorption
heat drops with the increase of adsorption rate signifi-
cantly. Thus, the ideal wave shape is maintained so that
the reliability and the economic feasibility of the dehu-
midifier can be ensured. From the viewpoint of regen-
eration the heat to regenerate the desiccant can be used
efficiently because most of the heat is utilized in driving
water from the desiccant.

4.3. Maximum water content

The maximum water content is one of the most
important characteristics for desiccant materials.

0.035 [

0.03 [ N —o-constant
b N ——linear

9.025 F %p

0.02 |

8.015 — & o

0.01 [ S
r % e

0.005 [

Humidity ratio(kg/kg)

B 4 S0 60 79 8 99 100
T (°C)
db

Figure 6. Impact of adsorption heat.
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Figure 7. Impact of the maximum water content.

As shown in figure 7, when Wpgxvaried from 0.2 to
0.4 KQwater-KQdesiccant*, the thermal wave becomes slow
and occupies a longer time period fraction but changes
dightly in slope, the concentration wave hence variesin
asmaller range and becomes steep. The MZ point moves
down on the left for dehumidification and up on theright
for regeneration, which means that the overall perfor-
mance of the dehumidifier isimproved.

4.4, Rotation speed

The effect of rotation speed on the wave shape is
concluded as follows (figure 8):

e No effect on MZ point.

e Larger fraction of the time period for thermal wave
with increasing of rotation speed.

e Little changeof the slopes of both thermal and concen-
tration waves.

Figure 8 shows the wave shape variation caused by
changing rotation speed. There should be an optimum ro-
tation speed from the viewpoint of psychrometric waves
analysis. With regard to the optimum rotation speed, the
thermal wave becomes fast and the concentration wave
concentratesto a small range in the psychrometric chart.
Thus, good performance both for dehumidification and
regeneration processes can be ensured. The other impor-
tant aspect for increasing the rotation speed of the des-
iccant wheel is represented by increased adsorption rate
and decreased adsorption heat, also resulting to higher
outlet average temperature, lower average humidity in the
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dehumidification section, and lower average outlet tem-
perature, higher outlet average humidity in regeneration
section.

4.5. Regeneration temperature

As shown in figure 9, the rising of regeneration tem-
perature contributes mainly to the variation of the MZ
point, reflected by moving up on the right side for regen-
eration and down on the right side for dehumidification.
In the regeneration range there is little response on the

RD silica gel
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Figure 9. Impact of regeneration temperature.
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thermal wave to the change of regeneration temperature,
but the concentration wave shows strong dependence.
The higher the regeneration temperature, the larger range
the concentration wave will cover. It seems to be no ef-
fect on the slope of concentration wave. Usualy, higher
regeneration temperatureis necessary for deep dehumid-
ification, while much more heat has to be added to the
regeneration air which is unbeneficia to increase COP.
A balanced regeneration temperature should be specified
regarding COP and the dehumidification practice.

4.6. Thickness of the desiccant matrix

Thick desiccant matrix makesthe thermal wave spread
faster, the concentration wave at dehumidification be-
comes steeper and the locus of the concentration wave
points are concentrated more densely, asfigure 10 shows.
The MZ point movesdown alittle bit, whilethe outlet av-
erage temperature becomes higher and the humidity be-
comes lower. For regeneration, the MZ point movesup a
little bit, the outlet temperature drops imperceptible and
the humidity rises at the same time. The performance of
dehumidifier can be improved by increasing the thick-
ness of the adsorption bed bel ow the maximum allowable
thickness. In practice, the maximum allowabl e thickness
of the desiccant matrix is determined by pressure |osses.
Figure 10 shows that under the conditions given in this
paper, the wave fronts change significantly when the bed
thickness increases from 10 to 20 cm, while only slight
change occur if the thicknessis above 20 cm.

0.035

0.03 _ 5 —o-L=o1m
; g ——L=o02m

0.025 L é? —— L= 0.25Mm

0.02 [

0.915 |

Humidity ratio(kg/kg)

0.01 |

0.005 |

o b

T (°C)
db

Figure 10. Impact of matrix thickness.

4.7. Isotherm shape

To assess the effect of isotherm shape, equation (7)
is used instead of equilibrium equation (11) of RD silica
gel, but the other parameters are set in accordance with
tablel.

The desiccant isotherm shape is the most important
factor in determining the wave front shapes within the
desiccant matrix. This isotherm is described by equa
tion (7). Under two cases, setting the regeneration tem-
peratures at 78.2 and 120 °C, respectively, effects of the
separation factor of isotherm shape are discussed in the
following, which are shown in figures 11 and 12. Here R
variesfrom 0.01to 1.0.

In the case of regeneration at 78.2 °C, in regeneration
the MZ point moves down with decreasing R. Within the
range of R from 0.05 to 0.1 the MZ point reaches its
highest position, thereafter the MZ point begins to drop
and assumes its lowest point a R = 1.0. The influence
of isotherm shape on the thermal wave is concluded as
following, the smaller the value of R the steeper the
slope of the thermal wave front and the larger range of
concentration wave will be. The smaller the value of R,
the higher the MZ point and the faster the thermal wave
will be. For dehumidification, there exists a turnover
point approximately at R = 0.1 or 0.05 (slight difference
between them). Whether R increases or decreases apart
from that value, the MZ point will always move up.
The higher the MZ point, the faster the thermal wave
will become. The concentration wave is most densely

0.03

0.025

0.02

8.015

Humidity ratio (kg/kg)

0.01 |

0.005 = -
30 35 40 45 5@ 35 6@ 65 79 15 80

T (°C)
db

Figure 11. Impact of isotherm shape at low regeneration
temperature.
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Figure 12. Impact of isotherm shape at high regeneration
temperature.

distributed at R = 0.1 or 0.5, second densely at R = 0.05
or 1.0 and poorest at R = 0.01. The compromiseisotherm
shape, therefore, should be R = 0.1, it is called type 1M
[14].

In the case of regeneration at 120 °C the similar
analysisis conducted. It is found that the isotherm shape
should be R = 0.05.

Comparing the two cases with low and high regener-
ation temperature, we can conclude that the compromise
isotherm shape parameter to obtain the optimum perfor-
mance decreases with the increase of the regeneration
temperature.

5. CONCLUSIONS

The mathematical model presented in this paper is
capable to predict the performance of rotary desiccant
wheel. The numerical results are in good agreement with
those from [13]. The psychrometric waves chart analysis,
in combination with finite difference model or other
methods, enables rapid evaluation of the performance of
desiccant wheel and is of assistance to designing and
manufacturing. Only according to the criteria of ideal
wave shapes the merits and drawbacks of a given set of
operation parameters can be concluded properly.
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