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Abstract

Abstract of thesis entitled: ‘Numerical Simﬁlation of Heat and Mass Transfer in

Desiccant Coated Rotary Dehumidifiers’

Submitted by :  Zhang, Huan
For the degree of : Doctor of Philosophy

at The Hong Kong Polytechnic University in April, 2004

A numerical model that predicts the heat and moisture transfer during the
adsorption and desorption processes in a desiccant-coated, rotary dehumidifier has
been developed from fundamental principles. All the assumptions are explained.
The model is one-dimensional and transient, and includes all important parameters
that affect the performance of desiccant wheels. The influential parameters include
energy and mass storage in both the air and the matrix, convection, the axial
thermal conduction through both the desiccant and the support material, the axial
molecular diffusion within the desiccant coating, and the energy transfer between
the air stream and the matrix. No existing models of desiccant coated rotary
dehumidifiers include all the above-mentioned important parameters, but literature
review indicated a need to accurately model heat and mass transfer in a desiccant-
coated, rotary dehumidifier. The modél developed in this research can be used in
designing or optimizing the desiccant wheels, and in predicting the performance of

desiccant enhanced air-conditioning systems.
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The model was based on the four governing equations for coupled heat and mass
transfer in desiccant wheel. Discretization of the governing equations was
performed and all the dependent variables and properties were solved at the nodes.
The transient terms were solved using the implicit formulation. The numerical
solution scheme was fully implicit, with all dependent variables expressed in their
respective current time step values in the algebraic equations. The discretized
moisture conservation equations were solved using the Thomas algorithm, also
called the Tridiagonal Matrix Algorithm (TDMA), and the discretized energy
conservation equations were solved using the Tridiagonal Matrix Algorithm for

double variables.

For validation of the numerical model, its predictions were compared with
experimental data obtained with a test rig built in accordance with ASHRAE
Standard 139 - 1998, Standard Method of Testing for Rating Desiccant
Dehumidifiers Utilizing Heat for the Regeneration Process. The accuracy of the
simuitaneous heat and moisture transfer numerical model of desiccant coated rotary
dehumidifier developed in this study has been confirmed by the good agreement
with experimental data. The simulated moisture removal capacity agrees with the

test data within experimental uncertainty.

The effect of certain parameters on the predicted performance of a desiccant coated

rotary dehumidifier was studied. The parameters include regeneration air inlet
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temperature and humidity ratio, process air inlet temperature and humidity ratio,
and mass flow rate of process airstream. The optimal rotation speed was then
found. The variations in parameters of process and regeneration air with angular

position and with depth into the tubes are simulated.

The desiccant-coated rotary dehumidifier model developed in this thesis was also
applied to predict the performance of desiccant dehumidification and evaporative
cooling (DDEC) systems. A two-stage DDEC system using low-temperature heat
was proposed, and its performance was predicted. A comparison between a two-
stage system and a single-stage system was then made. The required regeneration
air inlet temperature of the two-stage DDEC system with intercooling was found to
be 35.0°C lower than of the single-stage system. The lowered regeneration
temperature will make it possible to utilize low-quality thermal energy such as

solar energy and waste heat.

Direct evaporative air coolers are components of DDEC systems. The theoretical
and experimental analysis of evaporative coolers filled with corrugated holed
aluminum foil fillers (CHAF fillers) is detailed in this thesis. The experimental
results show that the direct evaporative cooling cffectiveness 7, of the
evaporative air cooler using CHAF fillers was about 0.8, and the air flow
resistance was less than 200Pa for an air velocity of less than 3m/s. Therefore,

CHATF filler is a good pad material.
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temperature of regeneration air stream inlet condition (°C)

air temperature of the cold fluid entering thermal wheel (°C)
absolute temperature of desiccant or the temperature of the
moisture air in equilibrium with the desiccant solid phase (X)
desiccant temperature or the temperature of the moisture air in
equilibrium with the desiccant solid phase (°C), ¢, =T, - 273.16
temperature of air stream entering evaporative cooler (°C)

total energy transfer (AW )

wet bulb temperature of air stream entering evaporative cooler
°C)

air temperature of the hot fluid entering thermal wheel (°C)

air temperature of the hot fluid leaving thermal wheel (°C)
temperature of air stream leaving evaporative cooler (°C)
absolute temperature of ambient air (K)

filler volume in evaporative air cooler (m”)

face velocity of air in evaporative air cooler (m/s)

air velocity at process channel flow area (m/s)
face air velocity (m/s)
face velocity of process air (m/s)

face velocity of regeneration air (m/s)

rate of moisture inflow across the x face by convection (kgp0/5)

humidity ratio of air stream in process channel ( k11 0 /K8 dryare )
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humidity ratio of process air stream at inlet of a process channel
( kgﬁ,o /kgdljuir )

average humidity ratio over cross-section at the process air inlet

of desiccant wheel (kgy,0 /kguy air )

average humidity ratio over cross-section at the process air
outlet of desiccant wheel (kg , /%24, oir )

humidity ratio of regeneration air stream at inlet of a process
ChanI]CI (kgHZO /kgdry air )

average humidity ratio over cross-section at the regeneration air

inlet of desiccant wheel (kg 0 /484, air )

average humidity ratio over cross-section at the regeneration air
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air humidity ratio of the cold fluid entering thermal wheel
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air humidity ratio of the cold fluid leaving thermal wheel
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rate of moisture inflow across the x face by diffusion (kg , /5)

water content of desiccant solid phase (kg0 /K84, desiceant )
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humidity ratio of air in equilibrium with the desiccant solid
phase or moisture concentration of air in the pore channels of
desiccant felt (4g, , /kgay o )

maximum water content of the desiccant solid phase, for silica

.gel its value can be taken as 0.50kgy /484y esiccan (Jurinak

1982), for molecular sieve its value can be taken as

0.35kg ;.0 /8y stesiccas (Simonson and Besant 1997), and for the
simulations in this thesis its value is taken as
03542 1,0 /K8ty sescean

total water content of desiccant felt (kg ,, / Ky desiceons)
dehumidifying capacity per kg, . /s of the first desiccant
wheel (kg o /%84y o )

air humidity ratio of the hot fluid entering thermal wheel

(kgHzO/kgdry air )

air humidity ratio of the hot fluid leaving thermal wheel
(kgHzO/kgdry air )

humidity ratio of indoor air (kg .0 /424y ar )

humidity ratio of outdoor air (kg o /48uy u» }

humidity ratio of supply air (kg » /kg4r o )

dehumidifying capacity per kg, .. /s of the second desiccant

Wheel (kgHzO/kgdry air )
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total dehumidifying capacity per kg, ,./s of the DDEC

Sys':em (kgHzO /kgdry air )

actual process channel position (m)

X

Greek Symbols

vl heat transfer coefficient between air and water in evaporative air
cooler (kW /m*-K)

a, heat transfer coefficient between air and desiccant in desiccant
wheel (kW /m* - K)

a, mass transfer coefficient between air and desiccant in desiccant
wheel (m/s)

a, average volume heat transfer coefficient between air and water in
evaporative air cooler (kW /m*- K )

B. fractional area of regeneration zone, for the desiccant wheel
simulated for the sensitivity studies in this chapter is 0.25

£, desiccant felt porosity defined as the volume fraction of dry gel
occupied by air (dimensionless)

Nee saturation effectiveness of evaporative cooler (dimensionless)

., effectiveness of thermal wheel (dimensionless)

A thermal conductivity of air (kW /m- K )
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Pa

pa.o

Py

Pd

Pda

Pum

solid conductivity of the silica gel grain (kW /m- K)

thermal conductivity of support material, for aluminum its value

can be taken as 0.236 4#/m- K (Kreith and Black 1980)

Dynamic viscosity of air at average temperature ¢,, (N -s/m?)
Dynamic viscosity of air at wall temperature ¢,, (¥ -s/m*)
kinematic viscosity of air (m? / s)
air density in evaporative air cooler (kg/m’);
density of dry air in process channel (g, . / m*)
dry air density of outdoor air, its value can be taken as
1.1532 kg 4, a,,/m3
bulk density of desiccant wheel (kg/m,..,)
density of desiccant felt, for molecular sieve its value can be
taken as 350 &g u.icoom / Missiccans (Simonson and Besant 1997), for

RD silica gel its value can be taken as 1129 X yyuiccun / M fesiceans »
and for ID silica gel its value can be taken as
620 K8 1oviccors | Miresiccare (PESAran and Mills 1987a)
density of dry air in the pore channels of desiccant felt or density
of dry air in equilibrium with the desiccant solid phase
(kgdry air/m3 )

density of support material, for aluminum its value can be taken

as 2702kg/m’ (Kreith and Black 1980)
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pwa

density of moist air in process channel (kg i / m’)

actual time (5)

tprtuosity factor for intraparticle gas diffusion (dimensionless),
for regular density (RD) silica gel particles its value can be taken
as 2.8, and for intermediate density.(ID) silica gel particles its
value can be taken as 2.0.

process air flow period (s)

regeneration air flow period (s)

tortuosity  factor for intraparticle surface  diffusion

(dimentionless), for RD silica gel its value can be taken as 2.8,

“and for ID silica gel its value can be taken as 2.0 (Pesaran and

- Mills 1987a)
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Chapter 1 Introduction and Literature Review

Solid desiccants are generally used in pellét or granular form. However, to
minimize pressure drop and thus to increase the energy efficiency of moisture
separation, the adsorbents are sometimes formed into adsorbent sheets. A desiccant
wheel is a slowly rotatiﬁg cylindrical wheel with a honeycomb-like internal
structure, containing a large number of small parallel channels (also known as
tubes). The channels are separated by desiccant coated walls which are substrate
sheets (also known as support material} coated with solid desiccant sheets on both
sides. The solid desiccants may be silica gels or molecular sieves. The support
material could be any rigid nonhygroscopic material, such as ceramic fiber paper or
aluminum. A desiccant wheel is often divided into two separately sealed zones: a
dehumidifying (adsorption) zone and a regeneration (desorption) zone, through
which the regeneration and process air streams flow in opposite directions. In the
dehumidifying zone process air stream enters the tubes and transfers moisture to
the adsorbents, so that the air stream will leave the wheel at a dried state. In the
regeneration zone, the water molecules in the adsorbents are then transfe&ed to the
hot regeneration air i.e. desorption occurs. The desorption zone may be occupy up
to half of the wheel. Either the dried air or the humid atmospheric air (or a mixture
of the two) can be used for regeneratiﬁn. Figure 1.1 shows a schematic of a
desiccant wheel operating in a counterflow arrangement (Figure 1.1(a)), and shows

one of the flow tubes in detail (Figure 1.1(b)).
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Figure 1.1 Schematic of the desiccant wheel showing
(a) entire wheel
(b) side view of one of the tubes

To remove moisture from the supply air in conventional air-conditioning systems,
the required chilled water temperature is typically around 5-7 °C. Alternatively,
excessive high humidity may occur. Therefore, a lower evaporating temperature

is required and consequently the coefficient of performance, COP, of a



mechanical refrigerating system will be lower. In some cases the supply air is
overcooled, reheating used to compensate for this overcooling will waste a lot of
energy. When dehumidifying is performed by desiccants, the energy source in

desorption can be provided from low-level energy such as waste heat from

industries, hot air exhausted from refrigerators , solar collectors and so on. On

the other hand, mechanical cooling is required only for sensible heat removal
purposes, so a higher evaporating temperature is required and consequently the
coefficient of performance, COP, of a mechanical refrigerating system will be
higher. Therefore, desiccant wheels are regarded as energy-efficient as air

handling equipment.

Solid desiccants have long been used in dehumidification and cooling systems.
The application of desiccant dehumidification in a cooling system was first
proposed by Pennington (1955). Since that time, much research and many
experiments have been conducted on desiccant-based systems. L&f (1955) built
and tested an adsorption system that used solar-heated air for the regeneration
stream. Dunkle (1965) described an open-cycle desiccant cooling system with an
adiabatic rotary dehumidifier. Lunde (1975) showed that the performance of such a
system can be improved by introducing interstage cooling. The Institute of Gas
Technology developed a desiccant air-conditioning system using a molecular sieve

(Staats 1977). The system of AiResearch Manufacturing Co. used 3mm silica gel



particles as the desiccant material packed into a drum (Gunderson 1978).
Experimental results showed that the system, operating in a recirculation mode, has
a COP of 0.5, which is somewhat lower than the analytical predictions. A cross-
cooled, fixed-bed desiccant dehumidifier was built and tested by Mei (1979) and
Worek (1980). Workers at Exxon developed a new adiabatic dehumidifier design
by incorporating inert material which has been reported to improve the
performance of the system (Husky 1982). Investigators at American Solar King
used the Exxon dehumidifier design and developed a desiccant cooling system

operating in the ventilation mode with a COP = 1.0 (Venhuizen 1984).

The primary component of a solid-desiccant cooling system is the dehumidifier,
which is the most difficult component to simulate, and the simulation of the
desiccant wheel is the most time-consuming portion of all solid-desiccant cooling
system simulation programs. The subject of heat and mass transfer in rotary

desiccant dehumidifiers has been studied extensively over a period of many years.

There is an accepted set of equations that describe the heat and mass transfer in
rotary regenerators (e.g., Maclaine — Cross (1972), Kays and Crawford (1980),
Jurinak (1982), Van den Bulck (1987), Farooq and Ruthven (1991), Chau and
Worek (1995)). The methods that have been used to solve these equations can be
classified as direct numerical solution, analogy between heat and mass transfer and

heat transfer, and analogy to counter flow exchangers.



Linearized solutions for the adiabatic dehumidifier were given by Banks et al.
(1970) using the analogy method. Maclaine-Cross and Banks (1972) predict the
exit fluid temperature and humidity of a desiccant dehumidifier wheel using the
analogy between the heat and mass transfer processes, and presented a method to
solve the coupled heat and mass transfer problem by analogy with heat transfer for
any number of components. The method involves transforming the coupled
equations into a number of equation sets in which each set describes only one of the
characteristic potentials for heat and mass transfer and is of the same form as the
equation for heat transfer alone. This allows the solution for sensible rotary heat
exchangers to be used to solve each characteristic potential and hence the
temperature and moisture content in the air. Banks (1972) and Close and Banks
(1972) used the same analogy for heat and mass transfer in fluid flow through a
porous medium, assuming thermodynamic. equilibrium. They were able to predict
the main features of an experiment with a silica gel dryer. However, as pointed out
by Banks (1985a), this method contains two significant errors which fortuitously
cancel each other out and give acceptable results for a silica gel desiccant. This
canceling of errors cannot be guaranteed for other desiccants and operating
conditions. Banks (1985b) presented a nonlinear analogy that was deemed to be
more accurate for other desiccants than the linear analogy of Maclaine-Cross and
Banks (1972), but this nonlinear model reduced only one of the two significant

errors and had, in fact, higher errors for a silica gel dehumidifier than the linear



model. The main advantage of using the analogy between heat and mass transfer is
that it reduces the computation time necessary to find a solution. With the further
development of computers and numerical techniques, this advantage has become
less important. As a result, more recent studies have usually solved the coupled

heat and mass transfer equations numerically.

Barlow (1982) proposed a pseudo-steady state model and incorporated this model
in the DESSIM program, in which a discrete section of dehumidifier was considered
as a steady state heat and mass transfer exchanger. The pseudo-steady state model
for the heat and mass transfer in the desiccant wheel was modified by Collier et al.
(1986) in a later version of the program (i.e., Modified DESSIM). The difference
between the approach used by Maclaine-Cross and Banks (1972) and that used by
Barlow (1982) and Collier et al. (1986) is that Maclaine-Cross and Banks' method
used a heat transfer analogy solution for the entire desiccant wheel and Collier et al.
(1986) used a heat and mass exchanger analogy solution to divide the desiccant

wheel into discrete elements.

Also, other investigators have performed the heat and mass transfer analysis of a
desiccant dehumidifier. Adiabatic dehumidification of moist air was studied, both
numerically and experimentally, by Bullock and Threlkeld (1966). Roy and
Gidaspow (1972) analyzed a cross-flow regenerator using Green's functions.

Mathiprakasam (1979) predicted the performances of a cross-flow, fixed-bed



dehumidifier and an adiabatic dehumidifier using an explicit finite-difference
method. Linearized solutions for the adiabatic dehumidifier were given by
Mathiprakasam and Lavan (1980) using Laplace transforms. Jurinak (1982)
simulated an open-cycle, solid-desiccant cooling system using a finite-difference
method for the desiccant wheel. A comparison of several numerical solutions was

presented.

Van den Bulck et al. (1985) used a wave theory to model a rotary dehumidifier
with infinite transfer coefficients. The result, combined with the solutions of finite
transfer coefficients, established the effectiveness correlation of the desiccant
wheel. For a given cooling load, Van den Bulck et al. (1986) found an optimum
value of regeneration air mass flowrate and wheel rotational speed. The results
were presented in a map as a function of several operating conditions. Van den
Bulck et al. (1987, 1988) also performed a second-law analysis of a rotary solid-
desiccant dehumidifier and simulated compact regenerative dehumidifiers. In 1990,
a test procedure for estimating the overall heat and mass transfer coefficient of
compact dehumidifier matrices was proposed by Van den Bulck and Klein (1990).
The test procedure considers the nonlinear character of the conservation equation.
A comparison between several experimental test and theoretical analysis was

performed.



Charoensupaya and Worek (1988) also solved the goveming equations of an
adiabatic dehumidifier using an explicit finite-difference method, which was
incorporated in the UIC-Ventl program, and parametrically studied the
performance of open-cycle desiccant cooling systems. In their model, the

derivation assumes that there is no axial heat conduction and mass diffusion in the

desiccant wall.

In all of the finite-difference methods cited above, explicit finite-difference
methods were used. Zheng and Worek (1993) presented an implicit numerical
model, which solved heat and mass transfer in adiabatic rotary dehumidifiers.
They did extensive work on the numerical model to improve the speed of the
simulation. Using the implicit method allowed the numerical scheme to be
unconditionally stable and allowed more rapid simulation of desiccant systems.
However, the accumulations of energy and moisture in the air stream, and axial
heat conduction and mass diffusion in the desiccant wall are negligible in their
model. Some results obtained from their numerical model are compared with
results from other models but not with expeﬁmental measurements. In a
subsequent paper, Zheng et al. (1993) used this numerical model to show the effect
of wheel speed, type and amount of desiccant and size of the dehumidifier on the
performance of adiabatic dehumidifiers. Zheng and Worek (1993) assumed that
the energy of phase change is delivered to the matrix, while Collier et al. (1986)

assumed that the energy of phase change is delivered to the air. The literature



review did not discuss the effect of the energy of phase change on the performance
of a desiccant dehumidifier. Since all models include simplifying assumptions, it is
necessary to study the correctness and significance of these assumptions.

Furthermore, experimental validation was not completed before a model is used for

other applications.

San and Hsiau (1994) established a one-dimensional transient heat and mass

transfer model of rotary heat and mass regenerator, in which axial solid heat

conduction and mass diffusions are considered but the storage terms ?1 and g{
1, !,

are negligible (7 is temperature of air, and ¥ is humidity ratio of air). Their work
investigated the effect of the axial heat conduction and mass diffusion on the
performance of a solid desiccant wheel. It was found that the axial solid diffusion

effect is necessary to consider in the model of solid desiccant wheel.

A computationally simple model was developed by Stiesch et al. (1995) to provide
performance estimates for commercially available rotary enthalpy and sensible heat
exchangers as a function of matrix design and matrix properties. These properties
include the two air inlet states, air flow rates and matrix rotation speed. The model
incorporates experimental measurements of the adsorption isotherm of the matrix
material together with other relevant properties to enable estimation of the annual

(heating and cooling) energy savings which result from the use of rotary enthalpy



and sensible heat exchangers in different climates. The model neglects axial heat
conduction through the matrix and the axial molecular diffusion and capillary

motion of moisture within the desiccant coating.

Simonson and Besant (1997) developed a numerical model for heat and moisture
transfer in rotary energy exchangers, also known as enthalpy wheels or desiccant
coated energy wheels. The model includes axial heat conduction through the
support material, but neglects axial heat conduction through the desiccant and the
axial molecular diffusion and capillary motion of moisture within the desiccant
coating. Simonson and Besant (1997) considered the distribution of the heat of
sorption between the desiccant and the air. The energy equations for the air and
matrix include energy storage, convection, conduction through the support material

and energy associated with phase change and are, respectively

aTg aTg "
pg'cpg'Ag'Tat—'*'U'pg'Cpg'Ag'a—m'had'n+h'P'(Tg_Tm)=0
(1.1}
and
Mo, vc (T
pm 'Cpm.Am‘ af _m'hau"( _r?)_m'cpw-( g_Tm)-h-p‘(]:;_Tm)
0 oT,
= a(k,u Ay T-axg-) (1.2)

where p, - density of total gas phase (air and water vapor) (kg/m*);

¢, - specific heat of total gas phase (air and water vapor) (k//kg - K );



A - cross — sectional area of gas (m?);
T, - temperature of gas ( K);
t-time (5);
U - mean airflow velocity in tube (m/ s);
x - axial coordinate (m );
m' - rate of phase change per unit length (kg/m-s);
h,s - heat of sorption (adsorption and desorption) (kJ/ kg );
n - fraction of the phase change energy that enters the air;
h - convective heat transfer coefficient (kW /m* - K );
p - perimeter of each tube (m);
T, - temprature of matrix (including support material, desiccant and
moisture) { K);
p,, - density of of matrix (including support material, desiccant and
moisture) (kg/m’ );
¢,» - specific heat of matrix (including support material,desiccant and
moisture) (kJ/kg - K);
A,, - cross-sectional area of matrix (including support material,desiccant and
moisture) (m?);

¢ - specific heat of liquid water (k//kg - K );

k, - thermal conductivity of support material (kJ/kg - K );



A, - cross — sectional area of support material (m°)

There are two errors in the energy equations for the air and matrix developed by

Simonson and Besant (1997)

a. In Equation 1.1 the air gains the energy associated with mass transfer

m" h,;-n, and in Equation 1.2 the matrix gains the energy associated with

mass transfer ni'-had (A=) +m" ¢ (T, —T,). In fact, it is impossible

that both the air and matrix gain energy due to mass transfer. During
adsorption the air loses the energy and the matrix gains the energy due to

mass transfer. During desorption the result is the opposite.

b. The energy gain of the air associated with mass transfer should be equat to

the energy loss of the matrix associated with mass transfer, but in equation
(1.1) the energy gain of the air is ﬁz'-had -n7 and in equation (1.2) the energy

gain of the matrix is nf-had A1 =1)+m" Cp (T, =T,). Therefore, it is an

error not only in mathematical signs but also in value.

Simonson and Besant (1997) simulated the effect of the fraction of the energy
associated with phase change on predicted performance, but the results can’t be

used due to the errors in the energy equations.



Altﬁough the fundamental physics and surface chemistry of desiccant drying and
energy exchange are similar, according to Banks (1985a) the appropriate methods
for modeling a regenerative dehumidifier and those for a regenerative energy
exchanger may not be the same because the operating conditions are significantly
different. As pointed out by Simonson and Besant (1997), desiccant dryers, which
use high temperatures to desorb moisture from the wheel, have somewhat different
sorption characteristics than energy wheels which operate over a small temperature
range. The model developed by Simonson and Besant {1997) was compared with
experiments for cold supply air and hot regeneration air inlet conditions of -20°C
and 50% rh and 26°C and 40% rh, respectively.  The operating condition is

significantly different from that of desiccant dehumidifier.

Stépanek et al. (1998) developed a mathematical model of a desiccant rotor. They
assumed thermal equilibrium between the fluid and the solid phase (i.e., the
temperature of the gas phase is equal to that of the solid phase), so that they arrived
at only three partial differential equations. The correctness and significance of the

assumption was not studied in their paper.

In the models developed by Cejudo et al. (2002) and Zhang et al. (2003), the

derivation assumes that there is no axial heat conduction and mass diffusion in the

desiccant wall.
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In the model developed by Niu and Zhang (2002), the axial thermal conduction and
water molecular diffusion through desiccant are considered, but the accumulations
of energy in the support material and the axial thermal conduction through the

support material are negligible.

The studies cited above developed a theory of regenerative dehumidifiers to the
point where this theory has been applied to predict the performance of air-
conditioning systems. For example, Nimmo et al. (1993) and Rengarajan and
Nimmo (1993) used the desiccant wheel numerical model developed by Collier
(1988) to show the advantage of using a desiccant wheel together with
conventional air conditioning systems. They compared DEAC (Desiccant
Enhanced Air Conditioner) to other air conditioning options and found that for a
warm humid climate (e.g., Miami) the DEAV had the best performance in energy
use, comfort and capital cost. The DEAC system provided the same comfort while

using 10% less energy than a current high efficiency air conditioner.

Meckler (1995) introduced a desiccant preconditioning module that can supply dry
air to two or more conventional air-conditioning units. Simulation results
presented in the paper show that preconditioning ventilation air using desiccant
dryers can reduce the required installed air chilling capacity by 30% in the United
States. This new system results in improved indoor air quality at a lower cost

because temperature and humidity are controlled independently.
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The authors (1998, 1999) proposed a two-stage desiccant cooling system with
intercooling. They used the analogy method presented by Banks et al. (1970) to
show that much lower regeneration temperature will be required as compared with
a single-stage desiccant cooling system, which makes low quality thermal energy
utilization possible. Tl'he energy system analysis using exergy method shows the

exergy of a two-stage system is 6 percent less than the exergy of a single-stage

system.

A collection of studies by ASHRAE (1992) shows that the inclusion of desiccant
dehumidifiers in HAVC systems for large and small office buildings and special
applications such as supermarkets, ice rinks, and storage rooms has proven to be
effective. The benefits include reduced capital and operating costs together with

improved building performance.

The above literature review indicates a need for more research on the desiccant
dehumidifiers. The purpose of this thesis is to develop a numerical model for heat
and mass transfer in a desiccant coated rotary dehumidifier. This model is intended
to be used in designing or optimizing the desiccant wheels and in predicting the
performance of desiccant enhanced air-conditioning system, and therefore this
model must include all important parameters that affect the performance of

desiccant wheels. The model must be complete and accurate, without being overly



complex, in order to facilitate design and optimization. In this thesis, the model
includes energy and mass storage in both air and matrix, convection, the axial
thermal conduction through both desiccant and the support material, the axial water
molecular diffusion within the desiccant coating and the energy transfer between
the air stream and the matrix. So far, no reports have been found on the model of a
desiceant coated rotary dehumidifier including all important parameters mentioned
above. The governing equations and assumptions used to develop the numerical

model for desiccant wheel are presented in detail.

The numerical model of a desiccant wheel solves the simultaneous heat and
moisture transfer in one tube as it rotates around the axis of the wheel. The

analysis is based on the following assumptions.

a. Within each tube shown in Figure 1(b), there are no gradiénts in radial
temperature or moisture content of the air, so the heat and mass transfer
process can be modeled using the bulk mean temperatures and moisture
concentrations of the air. This assumption simplifies the analysis'in the air,
because it avoids the problem of determining the radial temperature and
moisture concentration distributions in each tube and simplifies the problem

to one-dimensional in space for each bulk fluid variable.



b. In each tube shown in Figure 1(b), there are no radial temperature or
moisture content gradients within the thickness of the matrix, because the
transport of heat and mass from the air stream to the desiccant is controlled
by the gas-side film resistance. This assumption is valid if the heat and
mass transfer Biot numbers are less than 0.1 (Incropera and Dewitt 1996).
Both the heat é.nd mass ﬁansfer Biot numbers are less than 0.1 for this
problem because the extremely thin-walled tubes that make up the wheel
are coated with a thin layer of desiccant. This means that the matrix
behaves like a heat-exchanger fin with negligible temperature (and moisture
content) differences in the radial direction, but with significant temperature

(and moisture content) differences in the axial direction.

c. The axial (x direction) heat conduction and water vapor molecular diffusion
in the air are negligible, because the flux, or advection of heat and water
vapor in air, is much larger than the axial conduction and molecular
diffusion for a wheel under normal operating conditions. The Peclet
number for typical operations is in the order of 100, whereas fluid axial heat
conduction is generally neglected for Pe>50 and can be neglected for Pe>10

in this specific application (Shah and London 1978).

d. Hysteresis in the sorption isotherm is assumed negligible.



e. The pressure drop across the desiccant wheel does not result in a significant
change in the absolute pressure or air density. The pressure drop due to skin
friction is negligible compared to atmospheric pressure and thus changes in

air pressure within the desiccant wheel will not influence the other properties.

f. The inlet air conditi.ons are uniform radially (r direction), but may vary with
time {or rotational angle). Air leakage from the hot side to the cold side, or
vice versa, is negligible or zero, but carryover, due to rotation of the air mass
within the wheel matrix, is included in the analysis. On the other hand, the
tubes that make up the desiccant wheel are identical, i.e. made of the same
material and of the same configuration. Therefore, only one of the tubes in

the matrix needs to be analyzed.
g. Al tubes are assumed to be adiabatic.

The mathematical model of desiccant coated rotary dehumidifier is developed
subject to the equilibrium relation of the desiccant material, the heat of adsorption,
thermal conduction and moisture diffusion through desiccant material, the heat and
mass transfer coefficient, the specific heat capacity, and the other desiccant

properties, which are detailed in Chapter 2.



In Chapter 3, the four governing equations for coupled heat and mass transfer in

desiccant coated rotary dehumidifier are presented based on above assumptions.

In Chapter 4, the discretization of the governing equations is performed and all the

dependent variables and properties are solved at the nodes.

In chapter 5, the test rig built for validation of the numerical model is detailed, and
the accuracy of the simultaneous heat and moisture transfer numerical model of
desiccant coated rotary dehumidifier, developed in this thesis, is confirmed using

experimental data.

In chapter 6, the effect of certain parameters on the predicted performance of a
desiccant coated rotary dehumidifier is studied, and a recommendation for the
optimal rotation speed is given. The variations in parameters of process and

regeneration air with angular position and with depth into the tubes are simulated.

In chapter 7, the numerical model of desiccant-coated, rotary dehumidifier
developed in this thesis is applied in prediction of the performance of the desiccant
dehumidification and evaporative cooling (DDEC) systems. A two-stage DDEC
system using low-temperature heat was proposed, and its performance is predicted.

And then a two-stage DDEC system is compared with a single-stage system.
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Direct evaporative air coolers are also the components of the DDEC systems. The
theoretical and experimental analysis of evaporative coolers filled with corrugated

holed aluminum foil fillers is detaiied in chapter 7.

Chapter 8 summaries the main achievements of the work reported in this thesis and

give some recommendations for future research in the related area.
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Chapter 2 Desiccant Properties and

Heat and Mass Transfer Coefficients

Desiccant dehumidification is accomplished by adsorption of water molecules
present in moist air on the surface and in the pore of the desiccant material. The
water molecules do not condense on the surface; rather, they form a solution with
the desiccant material. Adsorption is unlike condensation that occurs over a range

of temperatures at a fixed pressure.

Water molecules adsorbed in the desiccant material get activated when temperature
rises by feeding the heated regeneration air so that the adsorption force gets

weakened and water molecules get out from the desiccant material.

There is an equilibrium layer of moist air in contact with desiccant, shown in
Figure 2.1. The temperature of the equilibrium layer is equal to the temperature of
the desiccant surface. The isotherm determines the relations between the moisture
content of desiccant and the relative humidity of moist air in the equilibrium layer

at a given temperature.

The heat of adsorption is the amount of heat that is liberated by the phase change of
the water from vapor phase to the adsorbed phase. The heat of adsorption can be

thought of as two parts: the heat of condensation, and the differential heat of
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adso’rption (i.e. the adsorption potential energy). The heat of condensation is the
energy release associated with the change in phase from vapor to liquid for pure
water. The differential heat of adsorption is the energy release associated with the
combining of the liquid water and desiccant into a single phase and is usually small

compared to the heat of condensation.

impermeable & adiabatic surface
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—* e ' Wa ° . the desiccant solid phase
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7

impermeable & adiabatic surface

Figure 2.1 Equilibrium layer of motst air in contact with desiccant

Desiccant dehumidifies air and is regenerated through heat and mass transfer
processes between the air in the equilibrium layer and air passed through the
channel of desiccant wheel. Moist air passes through a desiccant wheel and is dried
during the processing period. During adsorption, the dehumidification processes
raise the temperature of the process air. The desiccant is heated to a relatively high

temperature in order to drive off the water, and this process is referred to as

regeneration.
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The mathematical model of desiccant wheel is developed subject to the equilibrium
relation of the desiccant material, the heat of adsorption, thermal conduction and
moisture diffusion through desiccant material, the heat and mass transfer

coefficient, the specific heat capacity, and the other desiccant properties.

2.1  Isotherm Shape

A single-sited Dubinin isotherm equation and the adsorption potential theory
(Polanyi 1932; Dubinin 1975) are used to describe the isotherm shapes. The
adsorption potential theory is valid for microporous adsorbents; that is, adsorbents
with pore diameters less than about 20 A. The single-sited Dubinin isotherm form,

which is the most basic form, is used to minimize the number of parameters to

consider, and is as follows:
A n
Wa = Wamax 'exp{_(E] } (kgHzo/kgdry desr'ccam) (2 1)

where w, - water content of desiccant solid phase (kgu.o /k. desicean );

Wimx - Maximum water content of the desiccant solid phase

(kgHIO/kgdry desiccant )J
A - adsorption potential energy or the differential molar work of adsorption
&/ / kg0l

E - characteristic free energy of adsorption (k//kg . o)
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The temperature of the moisture air in equilibrium with the desiccant material is
equal to the desiccant temperature ¢,. The adsorption potential energy A is

equivalent to the differential Gibb's free energy of adsorption for an ideal gas and is
defined as follows:

A=-R-T,-InRH, (kJfkg,,) 2.2)
where R - gas constant of water vapor, its value can be taken as 0.45164//kgy - K ;
T, - absolute temperature of desiccant or the temperature of the moisture air

1r; equilibrium with the destccant solid (K);
RH, i relative humidity of the moisture air in equilibrium with the
desiccant solid phase (dimensionless), defined by

Mda = Puda| Pus da : (2.3)
Pua. - Water vapor pressure of moisture air in equilibrium with the

desiccant solid' phase (pa);

Pusaa - Water vapor pressure of saturated moisture air in equilibrium with
the desiccant solid pt;asc (pa)

The relation between the p, ,, and humidity ratio of the moisture air in equilibrium

with the desiccant solid phase w,, is

Wy = 062198 — P G kg, ) (2.4)

toial da ~ pw_da
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whe-re Proat 4o - total pressure of moisture air in equilibrium with the desiccant solid
phase, its value can be taken as 101325 ( pa)

Pus.aa 18 @ function of T, only.

0Py =C/Ty+co+c T+, T} +¢,, -T2 +¢,-InT, 2.5)
where ¢; - -5800.2206

¢, - 1.3914993

o - -0.048640239

¢, - 0.000041764768

¢, - -0.000000014452093

¢, - 6.5459673

The parameters w,,,, , £, and n are determined from isotherm data. A maximum
moisture content of 0.50kg,.; /524y, desiccam 1S ChoSeN to represent silica gel (Jurinak
1982), and 0.35kgy , kg4, @cm is chosen to represent molecular sieve (Simonson

and Besant 1997).

Different isotherm shapes are obtained by varying the characteristic free energy of
adsorption £ in the Dubinin isotherm equation with a value of » of unity. An n of
unity and a high value of £ produce the Brunauer type I isotherm shape, and an » of

unity and a low value of £ produce the Brunauer type III isotherm shape. The
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shapes of these curves and the effect of E are shown in Figures 2.2 and 2.3 with
desiccant moisture content plotted versus relative humidity and adsorption potential
energy respectively. The type I isotherm shape is like that of molecular sieves.
The characteristic free energy of adsorption of type I materials, £, 1is

200kJ/kgy o . The linear isotherm is like that of silica gel, its characteristic free

energy, kK

linear ?

is 1004//kg,, and its n is unity. The type III isotherm shape is like

that of graphitized carbon. The characteristic free energy of adsorption of type III

materials, Epy, is 50k//kg; o (Polanyi 1932; Dubinin 1975).

E = 100,000 J/g

Desiccant moisture content
(kg/kg)

Relative humidity

Figure 2.2 Effect of E on the isotherm shapes for a range of temperatures
and n=1
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Figure 2.3 Effect of E on the isotherm shapes for n=1

From Figure 2.2 or Equations 2.1 and 2.2, it is known that the humidity ratio of air
in equilibrium with the desiccant material, w,, increases as (1) the water content of
the desiccant material, w,, increases and (2) the temperature of the desiccant, 7,,

increases. Figure 2.3 shows that the temperature variation seen in Figure 2.2 is

correlated using the adsorption potential energy.

Equations 2.1 and 2.2 are valid for microporous adsorbents. Substituting Equation

2.2 into 2.1 with a value of » of unity, the water content of desiccant solid phase

w, can be expressed as

RT,
wd = wdmax ' RHda £ (kgh',o/kgdw desiccan.r) (26)
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Equilibrium isotherms also were obtained by fitting fourth — degree polynomials to
the manufacturer's data for regular density (RD) and intermediate density (ID)
silica gel (Pesaran and Mills 1987a,b):

for RD silica gel

RH,, =0.0078 - 0.05759 - w,, +24.16554 - w,” ~124.478 - w +204.226 - w’

2.7)
for ID silica gel

RH, =1.235-w, +267.99-w,” —=3170.7-w,’ +10087.16 - w’
Wa <0.07 (kgﬁzo/kgdry desiccanr) (283)

RH ,, =0.3316 +3.18-w, w; >0.07 (kg o/ u sesiccam)  (2.8D)

2.2 Heat of Sorption (Adsorption and Desorption)

The heat of sorption is the heat that is liberated or absorbed during the
adsorption/desorption process. The nature of the adsorption process dictates that
the heat of sorption is not constant over the entire range of desiccant loadings. The
very first molecules that attach themselves to the surface of a desiccant are bonded
by the strongest forces. These molecules will, therefore, have the highest
adsorption potential energy or the differential molar work of adsorption. As the
available sites for bonding fill, i.e., the desiccant loading increases, the less

energetic sites become occupied. As the desiccant approaches saturation
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conditions, the binding energies approach simple condensation. The heats of
sorption will then be the highest at zero water loading and lowest (i.e., heat of
condensation for water) at the maximum water loading. The rate at which this
energy changes with water loading will vary depending upon the material (Mei et al

1992).

According to the Clausius-Clapeyron equation, the isosteric heat of adsorption, ¢,
is defined by: (Park 1992)*

ol
n Pw,dal _ a (29)
aTd lwd R Td

Therefore, the isosteric heat of adsorption depends on the loading per unit mass of
dry desiccant, and temperature and water vapor pressure of moisture air in
equilibrium with the desiccant material. From Equation 2.3 the water vapor

pressure of moisture air in equilibrium with the desiccant solid phase p, ,, can be

expressed as:

Inp,.,=RH, +Inp,, , (2.10)
The water vapor pressure of saturated moisture air in equilibrium with the desiccant

material p, . is a function of temperature of desiccant 7, only. Substituting
Equation 2.2 into 2.10, Inp, , can be expressed as a function of adsorption

potential energy and temperature as follows:
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+Inp,, . (2.11)

lnpw,da =_R'T
d

Since 4 = A(w,) as shown in Equation 2.1, the lefthand side of Equation 2.9 can
be obtained

ol ol dl
zﬁ“’"’"g R A:r2 ' I;’;w{ R A:ﬂ * I;;J.,,,d,, (.12
d |, “La d lw, L d

Substituting Equations 2.12 into Equation 2.9, the isosteric heat of adsorption can

be expressed as a function of adsorption potential energy and temperature as

follows:

dlnp,,
g, =A+R-T] -Tﬁ (kI/kg ) ©(2.13)

d
According to the Clausius-Clapeyron equation, the heat of vaporization of water at

the temperature Ty, h, , is defined by (Walas 1985):
he =R ¥ —d—-— (k]/kgﬁzo) (2.14)
d

Therefore, the second term of Equation 2.13 is the heat of vaporization of water,
and the isosteric heat of adsorption is the sum of the adsorption potential energy
and the condensation heat of water.

g =A+h, (kI/kg, ) (2.15)

Substituting Equation 2.5 into Equation 2.14, the heat of vaporization of water 4 "

can be obtained
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hy=R-(=cs+c, T, +c T) +2-¢,-T) +3-¢,-T)) (kfkgy,)
(2.16)
Substituting Equations 2.2 and 2.16 into 'Equation 2.15, the isosteric heat of
adsorption can be expressed as
Gy =R-(-T, MRH, — ¢y + ¢y T, 40 Tf +2-¢, - T) +3-¢, - T})
(kJ/kgyo)  (2.17)
Equation 2.17 is valid for microporous adsorbents. For RD silica gel, the heat of
adsorption is (Pesaran and Mills 1987)
gy =—-12400-w, +3500 (RJfkgypo) Wy <005 (kg0 /MCur, desiccan) (2-182)

Ia = -1400- Wy + 2950 (k‘]/kgHIO) Wy > 0.05 (kgHZO /kga‘ry desi(;canl) (2 18b)

and for ID silica gel is

g = -300- Wy +2095 (U/kgﬁlo) Wy <0.15 (kgHZO/kgdw de.riccam) (2193)

G = 2050 (U/kgHJO) Wy > 0.15 (kgHIO /kgdry desiccam) (2 19b)

2.3 Moisture Diffusion (Majumdar 1998, Pesaran 1987)

Water molecules can diffuse through a porous medium by either ordinary diffusion,
Knudsen diffusion or surface diffusion or, sometimes, combinations of them,
depending on the pore size and pressure. Water molecules move through pores by

ordinary diffusion, Knudsen diffusion and surface diffusion, while adsorption takes
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place on the pore walls. The adsorption — desorption process is assumed to be

rapid with respect to diffusion, and thus the local vapor concentration w,, and the
local water content of desiccant solid phase w, are in equilibrium. The

temperature of local vapor-air mixture is equal to the desiccant temperature 7, .

2.3.1 Ordinary Diffusion

If the pores are much larger than the mean free path of the vapor, then the
molecules collide with each other more frequently than with the pore walls, and
ordinary molecular diffusion, as described by Fick's law, is assumed to be the
controlling factor. The ordinary diffusion coefficient is calculated based on the
kinetic theory of gases and for a water vapor-air mixture the ordinary diffusion

coefficient is given by

Tl.ﬁSS
Dy par =1.735%107° -~ —  (m?[s) (2.20)
P

where p’ - total pressure of air in the pore channels of desiccant felt (atm)

Assuming the diffusional path is equivalent to a cylindrical and isothermal tube of

radius a, the water diffusion rate of one pore due to ordinary diffusion, mo , through
the pore in the axial direction x is

Py Wy, )

o (kg0 /5 - poTe) (2.2

o 2
m, =—-7-a 'DH,o,m-r '
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where w,, - moisture concentration of air in the pore channels of desiccant felt

(kgH:O/kgdpy air )!
Pa - density of dry air in the pore channels of desiccant felt (4g,,, ., / m’);

x - actual process channel position (m) ;

a - pore radius (m)
Regular density (RD) silica gel has a microporous structure with an average pore
radius of 11A while intermediate density (ID) silica gel is a macroporous material
and has an average pore radius of 68A. (Note that the H — O bond length in a water
vapor molecule is 0.958A with a bond angle of 104.45° and the distance between

“the two H atoms is 1.515A.)

Equation 2.21 is, strictly speaking, valid only for long, uniform radius capillaries,
and should be modified for application to real porous media. Accounting for the

increase in diffusional length due to tortuous paths of real pores, the water diffusion

rate of one pore due to ordinary diffusion, r}ao,f , through the pore in the axial
direction x can be expressed as

Mor =—7-a° -M-%gx—lv—‘-’“—) (kgy,0 /5 - pore) (2.22)
T

4

where 7, - tortuosity factor for intraparticle gas diffusion (dimensionless).
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For regular density (RD) silica gel particles the value of tortuosity factor 7, can be

taken as 2.8, and for intermediate density (ID) silica gel particles its value can be

taken as 2.0.

The water diffusion rate per m2 of the area normal to the direction of flux due to

ordinary diffusion, M,, is

&

Mo=—"—mor (kgyp/s-m?) (2.23)
T-a

where ¢, - desiccant felt porosity defined as the volume fraction of dry gel

P

. occupted by air (dimensionless)

Substituting Equation 2.22 into Equation 2.23, the water diffusion rate per m? of

the area normal to the direction of flux due to ordinary diffusion, Mo , can be

expressed as

. £ D ) .
Mo =— 14 THzova”' . a(pd;xwda) (kgHZO/S .mz) (224)

£

where ¢, - Dy o /7, is defined as the effective ordinary diffusion, Dy g 4,

£
DHZO,air,e = ;_i DHZO,ar‘r (m Z/S) (225)
&g

and M., can be expressed as

o .
-m(ﬂ‘f&l"ﬂl (kgyo/s - m?) (2.26)

M, =- Hy0air e
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2.3.2 Knudsen Diffusion

Knudsen diffusion is encountered in the limit of large Knudsen number ( Kn=1/a,

Where A is the mean free path and a is the pore radius), i.e. in smaller pores and
low pressure. When water is diffusing through a medium of smaller-size pores,
and/or the vapor densify is very low, gas molecules collide more frequently with
the walls than with each other and the resistance to diffusion along the pore is
primarily due to molecular collisions with the walls. Assuming the diffusional path
is equivalent to a long circular tube of radius a, and the two ends are maintained at
different pressures, a Fick's law type expression can be obtained for this type of
flow if a Knudsen diffusion coefficient is-defined based on kinetic theory. For
water vapor diffusion in straight cylindrical pores of radius a, a dimensional

equation for Knudsen diffusion coefficient is

7\
Dy =97-a-[M—dJ (m*[s) (2.27)

where M, - molecular mass of water, its value can be taken as 18 (kg/kmol)

The water diffusion rate of one pore due to Knudsen diffusion, my , through the

pore in the axial direction x is

fiﬁk’ R a2 . DK _a(’%dea). (kgﬁzo/s.pore) (228)
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Accounting for the increase in diffusional length due to tortuous paths of real pores,

the water diffusion rate of one pore due to Knudsen diffusion, m «.r, through the
pore in the axial direction x can be obtained by an equation similar to Equation
2.22.

Mys=-1-a° -%-L”G’Exi-@ (kgy.o/s - pore) (2.29)

£

The water diffusion rate per m? of the area normal to the direction of flux due to

Knudsen diffusion, My , through the pore in the axial direction x is

£

Mg = —2 ‘mie (kgyofs-m?) (2.30)

Substituting Equation 2.29 into Equation 2.30, the water diffusion rate per m’ of

the area normal to the direction of flux due to Knudsen diffusion, M x, can be

expressed as

: g, D .
MK - _ P X . a(pdaaxwda) (kgHIO/S _mZ) (2’31)
T

g

where ¢, - D /7, is defined as the effective Knudsen diffusion, Dy,

Dyo==L-Dy (m'/s) 232)

4

and Mg , can be expressed as
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Mg = -Dx,;-é(i“‘é—xm (kgh0 /s~m2) (2.33)

2.3.3 Combined Ordinary Diffusion and Knudsen Diffusion

Table 2.1 Comparison of Knudsen and ordinary diffusion coefficients in water

vapor-air mixtures for various values of pore radius (7 "=313.15K,

p‘=Iatm)

G(A) Dy m,0 (mz/ ) Dyoar (m 2/ s) ED'K'M‘

H,0.air

11 4.45% 107 2.79x107 . 0.0159
68 2.75x 10 2.79%x 107 - 0.099
100 4.04x 10 2.79x 107 0.145
200 8.08x 10°¢ 2.79x 107 0.290
1000 4.04x 107 2.79x 107 1.450

Table 2.1 compares Knudsen and ordinary diffusion coefficient in water vapor-air
mixtures for various values of pore radius. Note that combined ordinary diffusion

and Knudsen diffusion may be approximately represented by assuming additive

parallel resistance, that is

-1
Do_x=[ : +LJ (m*/s) (2.34)

DHIO,air DK
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The combined ordinary and Knudsen diffusion rate of one pore, l’;"o,K , through the

pore in the axial direction x is

O(Pus " Wis)

Py (kg0 /s - pore) (2.35)

' 2
mox =-m-a D .-

Accounting for the increase in diffusional length due to tortuous paths of real pores,

the combined ordinary and Knudsen diffusion rate of one pore, Moks, through the

pore in the axial direction x can be expressed as

. D .
Mok =—7-a° -—ﬁa’i--aL‘%Q (kgy o /s pore) (2.36)
T

g

The water diffusion rate per m of the area normal to the direction of flux due to

combined ordinary and Knudsen diffusion, Mok, through the pore in the axial

direction x is

Ma,x= i 'ﬂ;To,K.r (kgﬂzo/s-mz) (2.37)

:r-az

Substituting Equation 2.36 into Equation 2.37, the water diffusion rate per m? of

the area normal to the direction of flux due to combined ordinary and Knudsen
diffusion, M 0.k » Can be expressed as

: .D .
Moy =22 Do 0P daaxw““) (kg0 /s m?) (2.38)
T

£
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where ¢, D,y /7, is defined as the effective diffusion coefficient combined

ordinary and Knudsen diffusion, D,

£
Da,K,e =r_P_ oK (m2/S) (239)

4
and M, x , can be expressed as

Mok =Dy, 228 28) (g, [5-m) (240)

In Table 1 Knudsen diffusion is dominant for pore sizes smaller than about 200 A,

because the resistance to Knudsen diffusion, DL , i1s much higher than the
» _

, for pore sizes smaller than about 200 A.

resistance to ordinary diffusion,
Ha0 ,air

Since most of the pores of silica gel are less than 100 A, it is clear that ordinary
diffusion can be ignored in usual silica gel applications, but in the model developed

in this thesis combined ordinary diffusion and Knudsen diffusion coefficient,

-1

1 . .

D,y = L (m?/s), is used to accurately represent any- desiccant
DH,O,aJ’r ‘DK

material. The model developed in this thesis can be applied to simulate any
desiccant coated rotary dehumidifiers besides silica gel coated rotary dehumidifiers,

if other desiccant properties are used in the model.
2.3.4 Surface Diffusion
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Surface diffusion is the transport of adsorbed molecules on the pore surface. A
number of models representing the possible mechanisms for movement of adsorbed
molecules on surfaces are available. These are the hydrodynamic model, the
mechanistic hopping model and Fick's law model. In the Fick's law model, the
surface diffusion rate of one pore is assumed to be proportional to the surface

concentration gradient and expressed as

“ aC‘!.
ms==2-w-a-D, - . (kgy o [ - pore) (2.41)

where D, - surface diffusion coefficient (m?/s)

C, — surface concentration (kg,, , /m> , defined by
Hy0 surface area

=

C,==% 2.42
5 (242)
Sg — specific surface area of pore, for RD silica gel its value can be taken as

7.8%10° M2 e area /%8y dosiceans » @0 for ID silica gel its value can be

taken as 3.4x10°m2, oo area /K8ury desicoan (P€Saran and Mills 1987a)

Substituting Equation 2.42 into Equation 2.41, the surface diffusion rate of one

pore can be expressed as

: D, ow
ms =—2-71'-a-ls_—c‘:--?"r (kgH:O/s-pore) (2.43)
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The surface diffusion coefficient D, was estimated experimentally by various

investigators (Gilliland et al., 1974; Sladek et al., 1974; Kruckles, 1973; Pesaran et
al. 1987, Lu et al., 1991). Kruckles (1973) studied the surface diffusion of water
through isothermal (RD) silica gel particles. He considered the submonolayer
concentration range {concentrations up to about half of the saturation loading of
silica gel particles), and proposed that the mechanism of surface diffusion was that
of the activated hopping of molecules in a random walk process. He proposed a
formula with several parameters based on a combined mathematical model and
experimental data. Since the theoretical estimation of these parameters was
difficult, _they were calculated by a nonlinear least squares fit between the
mathematical model and experimental data at 40°C. The resulting formula for the
surface diffusion coefficient can be extrapolated to other temperatures using the
assumption of Arrhenius type behavior:

tanh(0.265 %1072 %J
or

Wy
or
(m’fs)  (@44)

D,=1.287x10'8-exp[—sn.so-—’;ﬂij- 1+3112-w, -

d

where r - radial coordinate in a particle (m)
This formula shows a decrease .of D; with increasing w,;. However, it requires
considerable computational effort and is only valid for RD gels at low

concentrations.
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Lu et al. (1991) obtained apparent solid-side diffusivity by matching the analytical
solution to the experimental data and showed the dependence of surface diffusivity

on the particle size and moisture content.

A simpler formula which can be used for both RD and ID silica gel at both high
and low concentrations was therefore sought. Sladek et al. (1974) proposed a
simpler correlation for silica gel, which is valid for both low and high surface
coverages. They assumed a mechanistic hopping model with the assumption that
the jumping frequency is a function of surface concentration (through the heat of

adsorption) and obtained the following expression for the surface diffusion

coefficient

D, =D, -exp[— E—;%J (mzfs) (2.45)
Ay

They later correlated some available data on surface diffusion of various adsorbates
into different adsorbents (not H,O - silica gel system) with this equation and found
that D, should be set at 1.6x10°¢ m?/s and ap=0.45/b where b is obtained from the
type of adsorption bond. For silica gel, b is unity so the surface diffusivity

becomes

D =D, exp[—- 0.974x107° ‘j{—’] (m%/s) (2.46)

d
where an approximation to D, 1$

Dy =1.6x107  (m%/[s) (2.47)
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However, D, can be obtained by matching the experimental and theoretical results

of the transient response of packed bed of silica gel (Pesaran and Mills 1987 b).

A comparison of Knudsen and surface diffusion rates in pores shows that surface
diffusion dominates in a pore with RD gel characteristics, whereas both are

important for a pore with ID gel characteristics (Pesaran and Mills 1987 a).

Equation 2.43 given above is valid for smooth surfaces, and should be modified to
account for the rough walls of the porous media. Accounting for the increase in
diffusional length due to tortuous paths of real pores, the surface diffusion rate of
one pore can be expressed as

. 2.m-a D, ow
m“-_-_S—-?-F“' (kg0 /5 - pore) (2.48)

14

where r, - tortuosity factor for intraparticle surface diffusion (dimentionless), for

RD silica gel its value can be taken as 2.8, and for ID silica gel its

value can be taken as 2.0 (Pesaran and Mills 1987a)

and D, [z, is defined as the effective surface diffusion coefficient, D,,

p b (2.49)

thus m, ., can be expressed as
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ﬂ"!s,r -_2ma D, - g (kg0 /s - pore) (2.50)

The water diffusion rate per m’ of the area normal to the direction of flux due to

surface diffusion, M, , through the pore in the axial direction x is

M= mee (kgyofs-m?) (2.51)
n-Qa

Substituting Equation 2.50 into Equation 2.51, the water diffusion rate per m” of

the area normal to the direction of flux due to surface diffusion, M s, can be

expressed as

: 2.¢ ow
Msz—a-S: Dy, - E?xd (fcgﬁzo/s-mz) (2.52)

£, . . . o
where £ is the density of desiccant felt p,, for molecular sieve its value can
a .
g

be taken as 350 kg yiccan / M oesiceans (Simonson and Besant 1997), for RD silica gel its
value can be taken as 1129kg yuoom / Mossicean » a0d for ID silica gel its value can be

taken as 620 &g . ieum / Mpsiccam (P€Saran and Mills 1987a).

N 2-g, . . -

Substituting p, = S” into Equation 2.52, M can be expressed as
a .

4

5.8

: ow
Ms:”pd'D ?d (kngo/S'mz) (253)
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2.3.5 Total Moisture Diffusion Rate

If surface diffusion of the adsorbed layer is important, along with molecular and
Knudsen diffusion, while adsorption takes place on the pore walls. Since ordinary,
Knudsen and surface diffusion are parallel processes, they are additive if the
interactions between them afe ignored. Adding the contributions to the mass
diffusion, then the total mass diffusion rate per m? of the area normal to the

direction of flux can be obtained

M=Mox+Ms (kgyo/s-m?) (2.54)

Substituting Equations 2.40 and 2.53 into Equation 2.54, the total mass diffusion

rate per m” of the area normal to the direction of flux can be expressed

Me-D, APaMe)pp B g fmts)  @59)

Equation 2.55 can be applied to any combination of ordinary, Knudsen and surface
diffusion. Since ordinary diffusion can be ignored in usual silica gel applications,

the mass diffusion rate per m* of the area normal to the direction of flux can be

expressed as

M=-D,, -de“ax—i"”—) —p,-D,, -%”:—d (kgpp /- 5) (2.56)
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As surface diffusion dominates in a pore with RD silica gel characteristics, the

mass diffusion rate per m’ of the area normal to the direction of flux can be

expressed as

: ow
M=-p,-D,, -de— (J’tgHzC,/m2 -§) (2.57)

2.4 Thermal Conductivity (Gurgel and Kliippel 1996)
The thermal conductivity of silica gel was investigated by Gurgel and Kliippel
(1996) and found to vary linearly with the water content of the silica gel. The

thermal conductivity of silica gel was measured by steady - state procedures, using

silica gel with different loads, w,, in the range 0.0-0.3kgy o k84, desicean » UNeT

water vapor in chemical equilibrium with the sorbent, and under humid air at 100

kPa total pressure,

The total water content of desiccant felt is given by

P
Wy totat = Wy + Ep ) —pﬂ "Wy (kgHZO /kgdry desr’ccanr) (258)
d

The solid conductivity of the silica gel grain A, is a function of the water
concentration in the silica gel w, .

A, ={0.966-w, +0.683)x107° {(kW/m-K) (2.59)
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2.5 Enthalpy of Desiccant

The enthalpy of air in process channel is

ha =Cpq Lyt W, 'hva (k‘]/kga’ry air) (260)

where ¢, - specific heat of dry air in process channel at constant pressure

pa
(k']/kgdn: air K3

1, - temperature of air stream in process channel (°C);

w, - humidity ratio of air stream in process channel (kg ., /48 sair )3

h,, - enthalpy of water vapor in process channel (k//kgy 5 vopr )

B = Hgo + st (/R85 o) (2.61)

hy

o - heat of vaporization of water at 0°C ; its value can be taken as

2501.6k//kgy 0 5

¢ e - Specific heat of water vapor in process channel at constant pressure

(k‘]/kgH,_O vapor K)

The enthalpy of air in the pore channels of desiccant felt is
Pag = Copta "ty + W * Aoy (U/kgdry air) (2.62)
where ¢, - specific heat of dry air in the pore channels of desiccant felt at

constant pressure (k//kg , K );
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h,;, - emnapy of water vapor in the pore channels of desiccant felt

b =Ry +Cpss ty (R /RG1 0 super) (2.63a)
or k‘z = éE +CPW 'td (kj/kgh’zo vapor) (263b)

€ pvas = SP2CIAC heat of water vapor in the pore channels of desiccant felt at
CORSIRM pressure (&//kgy o vopor K );
hy, - heat of vaporization of water (kIfkgy 0 );
¢ - Speciic heat of water liquid in the pore channels of desiccant felt at

CONSIHIE pressure, its value can be taken as 419/ kgy o g - K

Substtuting Equation 2.61 into Equation 2.60, the enthalpy of air in process

channe] can be expressad as

h, = Cpeo.— ¥, U’go +vaa 'ra) (k']/kgdry ar’r) (264)

a

Substituting Equanin 2.63a into Equation 2.62, the enthalpy of air in the pore
channels of desicza= 21 can be expressed as

Pig =Cpze ©. =¥ (g +Cpugy 14) (k.]/kgd,j, air) (2.65)
The enthalpy of &= 3=siccant solid phase 4, is a function of desiccant temperature
1; and moisture = of the desiccant solid w,

hy=cpi-v. % (U/kgdry desiceant ) (266)
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where ¢, - specific heat of desiccant, for silica gel its value can be taken as
1.0kJ/k8 4, desicean - K (Jurinak 1982) or 0.98 Kk, desicoam * K
(Gurgel and Kliippel 1996), and for molecular sieve its value can be
taken as 0.615kJ/Kg,,, suecms - K (Simonson and Besant 1997)
h, - enthalpy of water molecules in the adsorbed phase (kIfkgn0)
The enthalpy of water molecules in the adsorbed phase 4, equals the enthalpy of
water molecules in vapor phaée minus the heat of adsorption.
he =gy 4 (R[kg10) | (267)
Equation 2.67 léan be applied to any adsorbent. Substituting Equation 2.63a into
Equation 2.67, the enthalpy of water molecules in adsorbed phase A4, for any

adsorbent can be expressed as

he=hpo+Cou 1y =00 (K fhgyo0) (2.68a)

For microporous adsorbents, substituting Equations 2;15 and 2.63b into Equation

2.67 the enthalpy of water molecules in the adsorbed phase 4, can be expressed
b=ty =4 (kI fkgy o)  (2.68b)
Substituting Equations 2.68a and 2.68b into Equation 2.66 respectively, the

enthalpy of the desiccant solid phase 4, can be expressed as
hd =cylytwy, '(hjg,o * € puda ty _q.ﬂ) (U/kgdqz desiccam) - (2693)

for any adsorbent
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and hy=cq-tyg+Wy (Cpy ty—A) (U/kgdq: desiccant ) (2.69b)

for microporous adsorbents,

The enthalpy of the desiccant felt #, is
hy =&, '%‘h fhd (H/kgdry desiccant ) _ (2.70)

Substituting Equations 2.65 and 2.69a into Equation 2.70, the enthalpy of the

desiccant felt 4, can be expressed as

P
hf =£p'ﬁ‘[cpda'td +wda'(hfg‘0 +cpvdatd)]
tCq g tWy '(hfg,() + € pyea Ly _Q.ﬂ) (U/kgdry a’esiccanr) (271)

2-¢
Substituting p, = S” into Equation 2.71, the enthalpy of the desiccant felt 4,
a .
4

can be expressed as

a-s_-p
hf =—--—-g2—da-.[cm Ay Wy, '(hfg.o + € pvda 'Id)]

FCq by +Wy '(hfg,l] +vada g _er) (k‘]/kgdry de.siccam) (272)

2.6 Heat and Mass Transfer Coefficient

Modeling the heat and moisture transfer coefficient is one of the most important

parts of the model.

50



The following relation holds for Re <50 (Incropera and Dewitt 1996)*:

1

Nu=0.13- (Re. Pr- %—)5 (ELyo Q2.73)
ak 'de

where Nu - Nusselt number, Nu = p :

a

a, - heat transfer coefficient (kW /m* - K );
A, - thermal conductivity of air (kW /m- K );

v, d,

Re - Reynolds number, Re = ;
v

a

v, - air velocity at process channel flow area (m/s)

v, - kinematic viscosity of air (m?/s);

Pr - Prandtl number, Pr = Yo ;
a

a, - thermal diffusivity of air (m?/s);
#, - Dynamic viscosity of air at average temperature ¢, (N - s/m?);

4, - Dynamic viscosity of air at wall temperature ¢, (N -s/m?)

I, - process channel length (m )

d, - equivalent diameter (m )
When the cross-sectional area of a channel is not circular, the appropriate
dimension to use in place of the channel diameter is the hydraulic diameter defined

by the relation
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d =4 cross—sect:onc.zl area, 4-r, (m) (2.74)
wetted perimeter r

v

The mass transfer coefficient &, can be obtained from the relation (Zhang, 1993)

2
a, =% 1l (m/s)

(2.75)
pra : pwa

where ¢, - specific heat of moist air in process channel at constant pressure
(Kfkgdry air-K)
Coma =Cpg + W, "Cpug -(2.76)
P, - density of moist air in process channel (kg o /")

pwa':pa-(l-l-wa)

(2.77)
Le - Lewis number
a
Le=—™* (2.78)
DH;O,alr,c
a,, - thermal diffusivity of moist air (m?/s)
a,=4a,+w, a, (2.79)

a, - thermal diffusivity of vapor (m?/s)

Dy 6 4ir - Ordinary diffusion coefficient for a water vapor-air mixture in

process channel (m?/s)

1.5685
Diypare =1.735x10° -2 (m?/s) (2.80)

total .a

B o - total pressure of moisture air in process channel (atm)
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Chapter 3 Governing Equations for Modeling Desiccant Wheel

Based on the assumptions in Chapter 1, a one-dimensional transient heat and mass
transfer model of desiccaﬁt coated rotary dehumidifier, including energy and mass
storage in both air and matrix, convection, the axial thermal conduction through
* both desiccant and the support material, the axial molecular diffusion within the
desiccant coating and the energy transfer between the air stream and the matrix, is
developed. The governing equations for coupled heat and moisture transfer in

desiccant wheel are now presented for one tube.
3.1 Conservation of Moisture

':-{- 3.1.1 Control Volume

impermeable & adiabatic surface

air stream Wa=mow, ._,.45 4,-a, -(p,,,.;l:-_;u-.;:)_-;;}_ﬂ: W.a oW, dx
e puva e e N
= e

Figure 3.1 Schematic showing a moisture balance on an elemental
volume dx long :
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Consider a differential element dx fixed in one of the tubes of which the desiccant

wheel consists, as shown in Figure 3.1. Two control volumes 4, -dx (m’) and

A, -dx (m°) are used for the moisture conservation equations. A4 , (m?) is the free
flow area of each tube, and A, (m°) is the cross-sectional area of desiccant in each

tube.

3.1.2 Conservation of Moisture on Air Stream

Moisture Storage

The rate at which moisture is stored in the control volume 4, -dx (m3) 15
Np, -w
A,.—(Egr—a).dx I G.1)

where 7 - actual time (s);

x - actual process channel position (m)

Moisture Inflow

Moisture can cross the control volume boundaries by the axial convection. The

rate of moisture inflow across the x face by convection is

Wa =r}:a-wa *8u.0/5) (3.2)
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where m, - mass flow rate of dry air in each tube (kgay air [5)

mq =Af 'fa (kgdry air/s) ' (33)
£, - flux density of dry air at process channel flow area (kg,, . / s-m?)
Substituting Equation 3.3 into 3.2 the rate of moisture inflow across the x face by
convection can be expressed as
Wa=As fuWa (kguo/s) (3.4)

The rate of moisture outflow across the x+dx face by convection is

AW, |
Wat e cdx (kgy0/9) 3.5)
The net rate of inflow is found by subtracting the outflow from the inflow

W

5 & Ko /9) ‘ (3.6)

* Substituting Equation 3.4 into Equation 3.6 the net rate of inflow can be obtained

as

N | .
8.: -dx (kgff,o/s) (3.7

~A; Lo

Moisture Transfer

The rate of moisture transfer between the air stream and the desiccant 1s

Ay Py Wag = Py W,) 0 (kg 0]5) (3.8)
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where A4, - heat transfer surface area per unit length in each tube (m?*/m);

Moisture Conservation Equation

The rate at which moisture is stored in the control volume 4, -dx (m’) equals the

net rate of inflow of moisture across the control volume boundary by the axial
convection, plus the rate of moisture transfer between the air stream and the
desiccant. Substituting all the preceding terms in the statement of conservation of
moisture and dividing by the dx gives the equation of moisture conservation on air

stream,

Hp, ow,
AI-%‘Q=—AI-L,- o T4 @ (Pa Wag = P W) (3.9)

Divide throughout by the cross-sectional area of each tube 4, (m°),

» ow, A
A or A e et e e = P ) (3.10)

where 4, /4, which is the ratio of the free flow area to the face area of a desiccant

wheel, can be expressed as r, (m?*/m?); and (4, -1.)/(4, -1.) which is the ratio of

the heat transfer surface area to the wheel volume, can be expressed as r,

2 3 .
(mdesl'ccam / mwhee! ) ] thus,

rﬂ.M:-yg.fa.w".;.rﬂ.am-(pda-wda—pa-wa) (3.11)
ot ox
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3.1.3 Conservation of Moisture on Desiccant

Moisture Storage

The moisture stored in the control volume 4, - dx () includes the moisture stored
on the surface and in the pore of the desiccant felt material. The rate at which

moisture is stored is:

(o, - ow
Ad-gp-(Ldgrl’ﬂl-a&JrAd-pd-a—:.dx (kg4.0/5) (3.12)

Moisture Inflow

‘Moisture can be transferred into the control volume by diffusion. The rate of

moisture inflow across the x face by diffusion is
W =A, M (kg0 /5) (3.13)

Substituting Equation 2.55 into Equation 3.13, the rate of moisture inflow across

the x face by diffusion can be expressed as

' N Pu ¥, ow
Wimdy- D, 2L8Me)gpp, P g, 009 G149

and the rate of outflow across the x+dx face is

L
ox

rdx (kgyofs) (3.15)
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The net rate of inflow for the two faces is

_GWd

™ vdx (kgyo/s) (3.16)

Substituting Equation 3.14 into Equation 3.16 the net rate of inflow for the two

faces can be obtained as

a[Do,K.,-——-—a(”gw“)] oD, 222
A4 'dx"'Ad'Pd'“"‘—‘ax—"dx (kgHIO/s)

d o
(3.17)

Moisture Conservation Equation

The rate at which moisture is stored in the cohtrol volume A, -dx (m’) equals the
net rate of inflow for the two faces by diffusion, minus the rate of moisture transfer
between the air stream and the desiccant. Substituting all the preceding terms in
the statement of conservation of moisture and dividing by the dx gives the equation

of moisture conservation on desiccant,

o "Wy, )
A, (p‘gr B+ AP, :
0 ‘W
a[Doxe (p“"ax “")} a(Dw-a—awxi)
gAd. ax +Ad.pd..—ax_._.-_.-
—Ah-am.(pda‘wda_pa'wa) (318)

Divide throughout by the cross-sectional area of each tube 4; (m?)
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a(pda W) Ay ow,
.E .—....-.——+_._. . —
F or A P or

5 5

B |

a[DoK'e.a(Pda‘Wda)] aD _awd)

A, WK a]: Ad 1.e ax

—_ — - +—-—-pd»—-——--_-—
A Ox A ox

X

A .
—j’--am-(pda-wda—pa-wa) (3.19)

5

where (4, -1.)/(4, -1.) which is the fraction of the desicéant in the wheel, can be

3 3 .
expressed as f:r (mdesiccam /mwheel )’ thus!

Py Waa) ow,
. .——-——+ . —u
L N e
15} W
_ aI:Do.K_e .(.p__dgx;ie.),} a(D,, é_w_i)
_.:f.. - +fde__
Y ox Y ox -
_rsv'am'(pda'wda_pa°wa) . (320)

3.2  Conservation of Energy
3.2.1 Control Volume

Two control volumes 4, -dx (m’) and (A, + A,) dx (m’) are used for the energy

conservation equations, as shown in Figure 3.2. 4, (m?) is the cross-sectional

“area of support material in each tube.

59



impermeable & adiabatic surface

0Hn
///// Haot dx
. . R aal ‘_(‘l—‘-‘“ﬂ “'*‘)‘4‘1‘%9\"“‘ B gt e e Tt "‘“"‘ “:I),...‘ .
Homoty Ay 32 v, SRS M At S RO ] Hos e
""""""""" FForafontor o1 .
air stream Ho=mah, _,:4‘%'(»00"%—_Pdu'wd)"h'df'fl.'q,'(‘r‘a)‘d’d LI
— | For desorption o

148,00, W~ W hr A0 (1Y

Py

iy an SRR
G D A e b
Ftgesieoany, e e

x+dx

Figure 3.2 Schematic showing an energy balance on an elemental volume dx long

3.2.2 Conservation of Energy on Air Stream

Energy Storage

The rate at which energy is stored in the control volume 4, -dx (m’) is

4, A te) g ) (3:21)

Energy Inflow

Energy can flow into the control volume by convection. The convection across the

x face per unit time is
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Hao=mah, (kW) (3.22)
Substituting Equation 3.3 into 3.22, the rate of energy inflow across the x face by

convection per unit time can be expressed as

Ho=A,-f,-h, (kW) (3.23)

and the convection out across the x+dx face is

Hat 2o i oy (3.24)
ox
The net rate of inflow for the two faces is

aHa '
- tdr (k) (3.25)

Substituting Equation 3.23 into 3.25 the net rate of inflow for the two faces can be

expressed as

-Af-fa-%-dx ) (3.26)

Energy Transfer

Zheng and Worek (1993) assumed that the heat of sorption is delivered to the
matrix, while Collier et al. (1986) assumed that the heat of sorption is delivered to
the air. Simonson and Besant (1997) considered the distribution of the heat of
sorption between the desiccant and the air. The correctness and significance of

these assumptions needs to be investigated.
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In fact, during adsorption the water vapor in process channel enters the air layer in
equilibrium with the desiccant solid phase and the process air loses the enthalpy of
water vapor h,,. For the process air, the rate of energy transfer due to heat and
moisture transfer between the matrix and the air stream is described by

A e (D, W, = Pa Wi) By dX— Ay, -(t,—1,)-dx  (KW) (3.27a)

During desorption the water vapor leaves the air layer in equilibrium with the
desiccant solid phase and the regeneration air gains the enthalpy of water vapor
h . For the regeneration air, the rate of energy transfer due to heat and moisture

transfer between the matrix and the air stream is described by

Ay QP Wo = Py Wao) Py = Ay -ty (8, —1,)-dx (kW) (3.27b)

Energy Conservation Equation

The rate at which energy is stored in the control volume 4, -dx (m®) equals the net

rate of inflow of energy across the control volume boundary by. the axial
convection, minus the rate of energy transfer between the air stream and the
desiccant. Substituting all the preceding terms in the statement of conservation of
energy and dividing by the dx gives the equation of energy conservation on air

stream, the energy conservation equations are:
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oh
) a_Ah'am'(pa'wa_pda'wda)'hva

+Ah ", ‘(td _[a)

and

oh,
ox

+4,a,-,-1,)
for adsorption and desorption respectively.

Divide throughout by the cross-sectional area of each tube A, (m°).

ap, h) oh
. - B AN —a . . . - . -h
ra‘ 51‘ f’a f;; a ’jw am (pa wa pda wda) va

+rsv 'ah '(td _ta)
Ao, oh
r . (pa a)z-'ra'f;"_a_'r_w'am'(pg'wa_pda.wdﬂ)'h"d"

¢ ot Ox

+’t€v.ah‘(td_ta)

3.2.3 Conservation of Energy on Matrix

Energy Storage

The rate at which energy is stored in the desiccant volume 4, -ax (mj) is

oh
Ay py-—tde (W)

— 4,00, (P W= Paa Wi Ay,

(3.28a)

(3.28b)

(3.29a)

(3.29b)

(3.30)
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The rate at which energy is stored in the support material volume 4 -dx (m’) is
oty
A,,,-pm-cm-a—-dx (kW) (3.31)
T .

where p,, - density of support material, for aluminum its value can be taken as

2702kg/m* - (Kreith and Black 1980);

¢,, - specific heat of support material, for aluminum its value can be taken

as 0.896kJ/kg - K (Kreith and Black 1980);
When a desiccant wheel is made of ceramic fiber paper as a substratum, the low

density (normally 190kg/m®) and low specific heat (normally 0.8%//kg-K ) of

ceramic fiber paper give low heat storage.

The rate of the whole energy storage in the control volume (4, + 4,,)-dx per unit

time thus

oh ot
Ad-pd-a—:-dx+Am-pm-cm-a—:-dx kW) (3.32)

Energy Inflow

Energy can be transferred into the desiccant volume 4, -dx by heat conduction and
moisture diffusion. The rate of energy inflow across the x face by heat conduction

and moisture diffusion is
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o,

Hd:—ﬂ.d'Ad'—é;'FAd'Mo,K'hvda‘FAd'Ms'hs (kW)

(3.33)

Substituting Equations 2.40 and 2.53 into Equation 3.33 the rate of energy inflow

across the x face by heat conduction and moisture diffusion can be expressed as

; ot
Hi=-4,-4 e—d _
d (AR P
ow
- d'pd.hs.Ds,eEJ (kW)

The rate of outflow across the x+dx face is

Hd+6Hd
o

‘dx (kW)
The net rate of inflow for the two faces is

6Hd
- -dx (RW
o (kW)

Ad s hvda . DO‘K.E . a(pda ) wda)

(3.34)

(3.35)

(3.36)

Substituting Equation 3.34 into Equation 3.36 the net rate of inflow for the two

faces can be expressed as

9 Pia War)

o, -2 6[00_,(,,, Ao,
Ad . ___i -dx + Ad .
Ox
a(Ds‘e .h.r %)
+ APy dx (kW)

ox

(3.37)
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Energy can be transferred into the support material volume 4, -dx by heat
conduction. The temperature of support material is equal to the desiccant

temperature f,. The rate of energy inflow across the x face by heat conduction is

: ot
Hm=-4_-A -—% (kW 3.38
mAn (kW) (3.38)

where 4, - thermal conductivity of support material, for aluminum and ceramic
fiber paper their values can be taken as 0.2364W/m-K (Kreith and

Black 1980) and 0.015x107* kW /m- K

The rate of outflow across the x+dx face is

f'f,.,+a;"x’" dx (kW) (3.39)

The net rate of inflow for the two faces is

-dx (kW) (3.40)

_9Hn
ox
Substituting Equation 3.38 into Equation 3.40 the net rate of inflow for the two
faces can be expressed as

A, A

m m

Oty g ew 3.41
Ly (3.41)

The sum for desiccant and support material can be written
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ot
O gora %)
A g B e

3} W
a[Do,K,e ' hvda __gﬁdaax_;ﬁ):l a(Ds,e .h.!‘ %)
+4 ~de+ A, py

s pw pw -dx (kW)

(3.42)

Energy Conservation Equation

The rate at which energy is stored in the control volume (4, + 4,,) dx (m’) equals
the net rate of inflow of energy across the control volume boundary by the axial
heat conduction and moisture diffusion, plus the rate of energy transfer between the
air stream and the matrix. Substituting all the preceding terms in the statement of
conservation of energy and dividing by the dx gives the equation of energy

conservation on matrix, the energy conservation equations are

oh or
Ad pd'_#"'Am m m'"a":'_
o H P " Waa
aZt a(ldad) a[DDKe hvda' pdaax . )}
=Am R,m' 2d+Ad +Ad'
o ox ox
a(D,'e-h,-%)
+Ad‘pd" ax +Ah'am‘(pa‘wa_pda'wda)'hva
— A, -, —1,) (3.43a)
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and

ch ot
Ad'pd'_é?f""dm “PmCn a_:_

&'t
=Am‘/1m'aid_+Ad. axax ;- ax
oD, ,-h,-2)
+A;py o Ox Ay @ (P W, = Py Was) Py, X
-A -, (t,—-t,) dx (3.43b)

for adsorption and desorption respectively.

Divide throughout by the cross-sectional area of each tube 4, (m°). 4, /4, is the

ratio of the cross-sectional area of support material to the face area of a desiccant

wheel, can be expressed as r,, (m2/m?) (r, +f, +r, =1).

oh ot
fv'pd'_a"f“"rm'Pm'cm'a_:
at N Psy* W)
1 a2td a(’?'d ‘ gd) aliDo,K,c-' hvda ) _R%;—“ﬁ_}
- . . + . + . L
m m 6x2 .f;' ax .fv ax
o, h,- 24y
+.f;pd ax X +rs\"am'(pa'wa_pda.wda).hva
—rsv'ah'(td _ta) (3443)
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—r,a, (t,~t) (3.44b)

3.3  Summary of the Governing Equations

The governing equations will now be summarized. Conservation of moisture on air

Stream:

, 0paWo) _

ow
a ar —ra'fa' axa +rsv’am'(pda'wda_pa'wa) (3'11)

Conservation of moisture on matrix:

Lo - Waa) o,
. co——ldn das o . [t
f; gp 31‘ f; pd af
5} W
al:Dﬂ_K‘e . (pdgx da):| a(Dse . awd)
=/ Hfy Py O
’ & ' ox
_’jsv'am.(pda'wda_pa'wa) (320)
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Conservation of energy on air stream:

%, -M=~ra 1 s T Oy (0 Wo = Pay Wg,) B,
or
-y (0, =1,) (3.292)
for adsorption and
r, ,6(_95;-1:9):_& *fa '%-m 0y (D0 Wy~ Pag Waa) Py
+rya, - (t—1,) (3.29h)

for desorption.

Conservation of energy on matrix

ahf Oty
fv'pd'_é";_+rm'pm'cm'¥
iy (A, - %) 6[D0,K.e Ao %}
=y A .44 fF. + 1.
rm m axz j; ax .f;r ax
a(D,, - hs'%)
+f;'pd" ax +’}v.am.(pa'wa_pdn'wda)'hva
“’jcv'ah'(td_ta) (3443')

for adsorption and
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oh ot

i d

. -_+r . -c W —
fv )Cd or - m PumCm or

, 5 |
+ £,

=’m‘lm'zé+ﬁ'T - ox
&(D,,h, .%) ,
Py = (0 Wo = Pata Waa) P
—ry (g —t) © (3.44b)
for desorptton.:

34  Boundary and Initial Conditions

The above governing equations are subject to the following boundary and initial

conditions.

The required boundary conditions for the problem are the process and regeneration

air stream inlet conditions. These conditions can generally vary with time on both

the process and regeneration sides of the desiccant wheel for any integer (#, ):
Regeneration air side [», - (z, +7,)Sv<n (1, +7,} +7,)]:
w,(7,0)=w,, ,(7) | - (3.45)
1,(2,0) = Lo rin(T) (3.46)

where 7, - regeneration air flow period (s);
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7, - process air flow period (s);

a,r.in

humidity ratio of regeneration air stream inlet condition

(kgHZO/kgdry air )5

t.rwn - temperature of regeneration air stream inlet condition (°C)

Process air side [n, -(z, +7,) +7, < T< (r, +D(z, +7,)]:

wa (T! lc) = wa,p,ln (T) (3.47)
t(r.l)=1, ,.,(7) (3.48)
where w, .. - humidity ratio of process air stream inlet condition ( kg 1,0/ *€ry air );

!, pn - temperature of process air stream inlet condition (°C)

Because time is a continuous variable from 7=0 to 7 =(z, + T, )t t=n(r, +1,),

the periodic boundary conditions are inherently included in the formulation.

The end surfaces of the matrix at the air flow entrance and exit from the wheel
make up less than 0.1% of the total heat and mass transfer area of the matrix. The
heat transfer through the ends will therefore be negligible compared to the heat
transfer within the tube. Hence, the boundary conditions for the matrix are chosen

to be moisture-tight and adiabatic. Mathematically this is,
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Ml g (3.49)
x=0
ow,
ki1 S 3.50
., 0 (3.50)
oh
I =0 (3.51)
axJ::O
oh
and —L =0 (3.52)
ax xa=l

It should be noted that the initial conditions for the problem are not critical because
the desired solution is the quasi-steady-state solution for a desiccant wheel rotating

at constant speed with constant inlet condition for both the hot and cold air flows.
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Chapter 4 Numerical Scheme

The discretization .of the governing equations is performed based on the control
volume shown in Figure 4.1. All the dependent variables and proiaerties are solved
at the nodes. The transient terms are solved using the implicit formulation. The
numetical soluﬁon scheme is fully implicit for all of the dependent variables in that
the most updated value is Aused in each algebraic equation. The discretized
equations of moisture conservation are solved using the Thomas algorithm, also
called the Tridiagonal Matrix Algorithm (TDMA), and the discretized equations of
energy conservation are solved using the Tridiagonal.Matrix Algorithm for double

variables.

impermeable & adiabatic surface
P ALl

\\\\\\\\\\\\_. TR

| _i desiccant '.'; ' é- _ E'. -------- %_"
? ////’WW%W/ ////////////// [

1 2 i-1 i i+1 n-1 n

Figure 4.1 Discretization of energy and moisture conservation equations
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The governing equations were discretized using a central — difference formula, for

the derivatives Mo in Equation 3.11, % in Equation 3.29,
ox , Ox
(o, w
a[DalK-e ) %} 6(DS,¢ ’ %) 62‘ a(ld ' ‘%
and & _in Equation 3.20, and --£, ox
Ox Ox ax? x

0(ps W)
al:Do'K,e ) hvda ) dgx & jl 6(D‘,'e 'h, %)
: , and " 7 T Equation 3.44 at the point (k,

Ox

i}, where k is the time step index and i is the position step index.

I
a;vxa - wﬂ' f;-A‘:a i-] (4-1)
hk ) _hk )
2 et 6

k x X k k k
= D Pas i1 Wao in =2 Pas i Was i ¥ Par ict" Waa i 43
=L ke i sz (')

a[ D, .. hy M]

ox

ox
k k k 3 k k

Paz iv1 Waa i+1_2'pda i Wao it Par it Wan -

S Dy, Hy Pl - e 44
oW,
a(Ds_e. ax) ‘ wj HI—Z'W“; ,-+W§ iel
= se i 2 (45)
ox Ax
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ow,
a(Ds,e'hs'_ax._) Wz ,.+,—2-w§ ,-+W:r i-1

=Dk -'hk . - 46
a e s 1 sz ( )
azt; _ta f+1—2"§2:+’5 i1 (4.7)
o Ax
ot,
a(;bdlax)—lk fi =207+l i 4.8
— A Al “8

The governing equations were discretized using a downwind — difference scheme,

0(p, - h,)

for the derivatives UG in Equation 3.11, —=2—2~ in Equation 3.29,
or or
. . . Oh 3 .
LICPR) and 24 in Equation 3.20, and —~ and %4 ip Equation 3.44 at the
or or ot or
point (k, i).
a(pa'wa) p: i.w: i—p:—z'.wak_}f
or At (4.9)
o(p, - h, R RN
(par - At (4.10)
Pus* Waa) pja i 'Wﬁa i _p;a_lr' 'wja—li
or At @11)
ko kel
Zd _ Wi fArWd i (4.12)
dh, H: R
e “
ko _ k-l
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4.1  Solution of Moisture Conservation Equation on Air Stream

The discretized moisture conservation equation for air (Equation 3.11) can be

approximated in finite-difference form as

k k . k-1 k-1
pa i wa i_pa ¥ wa [
3 At
3 k
w -Ww, .
_ o I+l a -t k k k k k
—‘“F'a'f;' 2. Ax +rsv'aml'(pdaf'wdai_paf'wa r)
(=2, 3 - n-1) (4.15)
and
k k=1 k-1
Pa nWan=FPa n W
“ At
.4 (.4
w — W
_ an a n-l k k k 3 k
=1 f:.r Ax +rn,a, n.(pd'a' 0 Wi n = FPs W n)

(4.16)

where n is the number of nodes.

The boundary condition equations 3.45 and 3.47 at point (k, 1) can be written as

koo Lk
- wa,p,in

w

a ]

(adsorption) and w' , =w! (desorption) (4.17)

a,r.in
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The coefficient matrix of the discretized equations A is tridiagonal, because its only

nonzero elements are on the main diagonal or immediately above or below that

diagonal. That is, the elements a; of the matrix satisfy

a; =0 | whenever |i- j|>1 (4.18)

It is convenient to use the notation 5, for the elements of the diagonal, ¢, for the

superdiagonal, and g, for the subdiagonal. In detail set

(4.19)

a;, =4, b =a, Ci =04

With the notation just introduced, such a system of discretized equations will be of

the form
k k —
by w, +e W, , =d,
k P &
Gy Wy +by-w, s+ W, , =d,
k & & _
ay W, 2+by-w, ytc3-w, =d,
& & k
a; W, +bi Wy s HCi-W, iy = dn (420)
k k P
Q. "W, a1t b,,..] Wa pt T "W, 4 =dn—l
k P
a,-w, n—l"'bn'wa n=dn
where q, =0 (4.21)
(4.22)

b =1
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¢, =0 (4.23)

d=w,,, (adsorption) d,=w! ,  (desorption) (4.24)
r -

TaSe 122, 3, o n-1) (42

a; 2. Ax (1 » 3! > R ) ( 5)

ra'pj i

b,= +rsv'a:r i'pgi (i=2 3, - n—l) (4'26)
At

o (=2, 3 - n-l) (427)
. k—l.. *—1.

d=l2Pe ity f gk b wE (=2 3, - n-l) (4.28)

At

r .

a =—-—2-a 429

: - (4.29)

r, -,Ok r.-f.

b=l eteyy gh Lot 4.30

n AT Ax ’:!'V m n pa n ( )

¢ =0 4.31)

k-1 k-1
dn=ra paAn w, “rat pb wh (4.32)
T

Applying Equation 4.20 for i =2 (the first interior point) yields

a ¢ d
PR b;‘wf 1_i'wj 3""5“22‘ (4.33)
Since w! |, is known, Equation 4.33 is effectively a relation between w’ , and

ws 3. Next, applying Equation 4.20 for i =3 yields a relation between w/ ,, w* ;,

and w; ,. However, utilizing Equation 4.33 to eliminate w* ,, this relation
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becomes effectively one between w* , and w! ,. This process continues all the
way until n~1. Applying Equation 4.20 for i =n-1 yields

L UV S S R (4.34)
bn—l bn—l b

Since a relation between w' _, and w' ,_, exists from the earlier application of

Equation 4.20 for i =r-2, Equation 4.34 is, effectively, a relation between w} ,_,

and wt Further, since information on w® , is provided by Equation 4.15,

a n*

Equation 4.34 can be solved for the value of w , and w! ,. With w% ,_, known,

a process of back substitution can be initiated to obtain w! , , from w! ., w

from wt ,,...w" , from w* , and w! , from w! ;.

The discussion above describes the basic principles of the Thomas algorithm. In
term of programming, at each point a relation of the type

wo =P Wy i+ 0, (4.35)
needs to be constructed during the forward marching process from (i=2) to
(i=n-1). Equation 4.35 connects the humidity ratio of air stream w, of two
sequential grid points. Written for point i -1, Equation 4.35 reads

who =P, w0 (4.36)

Combining Equations 4.36 and 4.20 to eliminate w! ,, yields, after some

rearranging,
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Y S R S /5 E R U N R N (K Y))
a;- P +b a-P+b

Note that Equation 4.37 is identical to Equation 4.35 with

C:

= 438

, a;- P +b ( )
_di—a -0

0= (4.39)

To start the calculation process, applying Equations 4.38 and 4.39 for i =1 yields

__a
e (4.40)
o =%

0= (4.41)

Next, Equations 4.38 and 4.39 should be used to obtain 7, and @, fori =2, 3, -, n.
Since ¢, =0, applying Equation 4.38 vields P, =0, and then applying Equation
4.35 yields w* , =0, . Finally, Equation 4.35 needs to be employed for i=n-1, n-2,

-+, 3, 2, to yield the humidity ratio of air stream w, at all interior points.

4.2  Solution of Moisture Conservation Equation on Desiccant

The discretized moisture conservation equation for desiccant (Equation 3.20) can

be approximated in finite-difference form as
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k k k k X k

k Par it Wiz 0 =2 Paa i Wao i ¥ Paa i-1Waa ina
::f;'Do,K,e i’ 2
Ax

x k K
Wy i —2 Wy W

+f;.pd.D:e l'- sz
—ryah AP W —pE W) (=2, 3, - n-1) (442)

Utilizing the boundary conditions %“’—' =0 (3.49) and %’ =0 (3.50), the
x=0 x=f,

discretized boundary condition equations of moisture conservation on desiccant can

be expressed as

k & k-1 k-1 k k-1
Par v Waa 1 7 Pas 1 " Wao Wa 1 —Wa
f;.gp. +f;.pd.—._.-__
2-At 2-At
k k k k
—r.pt Paa 2" Was 2~ Pas 1" Waa
_j:;' oKe 17 2
Ax
x k k k k k k
k Wy 2—Wa Ty Qu 1 (Pag 1 Wiz 1= Pa \ Wa 1)
D 4.43
+fv'pd" se | ' sz - 5 (' )
k k k-1 k- k k-1
and c pdanwdan_pdanwdan+fp Wy o "Wy,
d
Lo 2 AT ' 2-At
k & k k
— _Dk .pda n Wi n " P a-1 " Wz n-i
- .fv o Ke n AxZ
P k k k k k
f.op D,& Wag n =Wy o +F'_w'a'm n'(roa n'Wan=Pdz n Wda n)
“Jv Fd Y n’

Ax? 2
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The Equations 4.42, 4.43 and 4.44 can be written in the following form:

k k k
a Wy i tbowy jteowy y=d;
where the coefficients are all known and are defined as

. -p, - DE
blzfv pd+fv Pa Vs

2-At Ax?
1y Pa Dy,
o=
Ax
k x k-l g k-1
_ Paa 1" Was 1= Paa 1" Wag 1, o Pa Wi
d=~f ¢, +
2-At 2-At
k k k k
+f,-DF Paa 2 Wag 27 Pda 17 Waa
v o, K,e 1 sz
k k k k k
I, VPaa \ Wag 1 =P W, 1)
2
. Pa Dy
a,.=-%—-i (-2 3
: 2 v’ 'Dckei
b,-=f" Pa 1, sz p (=2 3,
At Ax
ep. . DY
TP Pt (=2 3

(4.45)

(4.46)

(4.47)

(4.48)

(4.49)

o =1 (4.50)

oy n—1) (4.51)

<y n=1) (4.52)
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k k=1 k-l k-1
P i Wae i = Paa iWaa :+fv'Pd'Wa' i
AT AT
P & k P k k
X Pia in ' War 1 =2 Pay " Waa 1+ P i-1 " Waa i
+fD .
v o, Ke | sz

_rsv'am :(pja i'wza i_p: i.w: r') (i=2! 33 T n_l) (4'53)

.p,-Df
=t e (4.54)
. .p,-D*
bhz'g':d+fv pzxz se n (4.55)
At
=0 (4.56)
d =—f.g p;" "'wja n_pdjfcr_ln'wﬁz;ln+ﬂ'pd'W§—L
’ Cr 2-At 2. At
O A T A
-f;’ ’ o,Ke n sz
k 4 k x r
¥ . . _ oW
L (Pa v Wa n=Pia 0 Vs n) 4.57)
2
At each point a relation of the type
W:; i=ﬂ.w:’ i+1 +QI (458)

needs to be constructed according to the eariler discussion on the solusion of w,,

finally to yield the water content of desiccant solid phase w, at all points.
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43  Discretization of Energy Conservation Equations on Air Stream

The discretized energy conservation equations on air stream (Equations 3.29) can

be approximated in finite-difference form as

Rl L

a’ ] AT
A i l_hir i1 k k & k K %
=y f ———r -, P, W, — -wh YR
a f; 2'Ax sV moi (pa pdai da ) va
+ryah (g =ty ) ‘ (=2 3, - n-1) (4.59a)

for adsorption;

Pr i H = pa T he

ra. i a |
- AT
. hk i ;_hk -1 k k k ' k k k
=—) - .L.:...—a._‘_—_r .a . W . —_ W . -h .
. aft; 2Ax ¢ ml(pal a I pdal dar) vda i
wr,ak @k )y (i=2, 3, - n-1) (4.59b)
for desorption,
ph LR =Pk
r -
‘ At
hk "hk 1 k k k k k
=—p  f .2 @y gt Wk —ph wh 'hfan
a -f;l Ax W m n (pa pd d )
*ry a1 ) | | (4.60a)

for adsorption, and
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Ponte =P b

rﬂ
AT
By =k,
=_ra'f;""-———t_rsv'a; n'(p: n'w: n_p:i"a n'w:’a n)hfda n
Ax
+ryay Gt ) (4.60b)

for desorption.

Substituting Equations 2.60, 2.61 and 2.63a into Equations 4.59 and 4.60, the

discretized energy conservation equations on air stream can be expressed as

k k k k k k-1 1.k-1
r_pk .cpa i'ta r'+wa r"(hfg,ﬂ-'-cpva r"ta 1‘)_ra'pa i'ha i
L At At
k k x k k
_ cpa i+l .ta i+1 + Wa i1’ (hfg,o + cpva i+l 'ta r‘+|)
=—r .f; . e
k k k k k
+ Coa -1 8g it Wy 1 '(hfg,o +Cpy ity 1a1)
oo 2-Ax

K k k k k k k
o Gy, f'(pa iYW i TP i Waa i)‘(hfg,o"'cpva i i)

Jv.a: i.(tg i—t: i) (i':zs 3) ) n—l) (4~61a)

for adsorption,
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k k
. Ch it

k .II:
pa i "a i
ra.pa i’

k-1 k-1
pva i ar‘)_ra'pai“hai
At At

k
+w, ~(hf&o +c

k k k
r::l' i+l + W, i+l (hfg,ﬂ +c

2-Ax

k

k
¢ pva i+l 'ta 1‘+l)

=-r.f"]. pa_ i+l

k k k k k
f Cpa i1 Ap it W '(h_ﬁ;,ﬂ +Chm iata iz1)
a

2-Ax

k ko ook k k k k
_rsv.am f'(pa i'wa i_pda I'wda i)'(hfg,o-l-cpvda i'td' l)

+ryay (g 15 ) (=2, 3, -, n-1) (4.61b)

for desorption,

k k k k k k-1 k-1
r _pk _cpa "'ta n+wa n'(hfg,0+cpva n.ta n)_ra'pa n.ha n
“eres At At
k k k k £
_ c_m n -ta n+wa n'(hfg_0+cpm n'ta n)
=-r, .f; . -
k k k k k
cpa n-1 'ra n-1 + Wa n-1" (hfg,() + vaa n-1 'ta n-l)
+r,-f, -

k .t

k k k k k k
_r.w'am n'(pa n‘wa n_pda n.wd.'a n).(hjg.0+cpva n ‘a n)

SR AT (PR W) (4.62a)

for adsorption, and

87



k k I 4 k k k-1 k-1
k cpa n.ta n+wa n'(hfg,0+cpva n'ta n)_ra'pa n'ha n

r-p .
“ren At AT
k k k k k
- Cpa n'ta n+wa n'(hfg,0+cpw1 n'ta n)
=t Ja Ax
k k k k k
+ cpa n-1 'ta n-1 +wa n-1 (hng +cpva n-1 'Ia n—l)
oo Ax

_rsv'am n'(pa n'w: n_pja n'w;a n)‘(h_@,0+c;vda n'tg rr)
+rtty (5w =te ) (4.62b)

for desorption.

The boundary condition equations 3.46 and 3.48 at point (k, 1) can be written as

te v =ty pim (4.63)
and tf =t , (4.64)

4.4  Discretization of Energy Conservation Equations on Matrix

The discretized energy conservation equation on matrix (Equations 3.44) can be

approximated in finite-difference form as
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k k-1 k k-1
h r'_hf i td i—la
Tt P C

fv'pd AT AT

k k
_z'td ity
Axl

k
t, .
=y i fy+ Ay or,)-

& & k k k k
+ D X Paa i1 ' Wag it =2 Py 1" Wae i+ Py i-1Waa i1
f;r Bt Ke i vda i

sz

x k &
Wa i —2:W; twy g

+fv'pd"D:,e i'h:r" Ax

k k k k k k P P k
+r,-a, (o, ;-w, i =P Wi ) H, et ALY W (AP M

(i=2, 3, -, n~1) (4.652)
for adsorption, and

_pkl k k-1

i :+r p,c _Idi_tdi
At moom . AT

hk
fv'pd'

k k k
Ly 1 — 20+t
k d i+l d i d i1
=(Ay ;S +An Tn)

Ax?

k k & k k k

+f.D X Pa i ' Wiz in =2 Paa i Waz i+ Pra icWas i1
Lo Doge i b v
k & k
Wy g —2w, +w
k k d i+l d i d -1

+fv'pd'D.f,e i'hs i° sz

k k X k k k k k k
+r.w.am i.(pa f.wa inpda f.wda J).hvda i_r.w.ah f'(td i_[a i)

(=2, 3, - n-1) (4.65b)

for desorption.
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Oh oh
Utilizing the boundary conditions Ef—{ =0 (3.51) and gf =0 (3.52), the
=0 x=/

c

discretized boundary condition equations of energy conservation on matrixcan be

expressed as

hk _hk*l tt _tk—l
/1 S 1 d 1l d 1
. — L 4r . O —
fv Pd 2. AT m FPm Cm 2.Ar
k k
td 27
=(‘z"¢:' l'fv+lm'rm). sz

k k k .
Paz 2 Wao 2™ Paa l'wf;a 1
T AX?

- k k
+f;'D0,X,e l.hvda 1’

K &
Wg 2~ Wa

k k
+fv'pd'Ds_e l'hs 17 sz
k k k k k k k k k
To @n 1'(pa 1'Wa 1 = Paa 1" Wao l)'hva I_rsv.ah l'(td I_ta l)

2 2

(4.662)

for adsorption,
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' P AT th =157
fv'pd‘_f—_{'—""r Py Cg

2.At mo 2-At
. k k
ty 2=t
= vt Ay hy) T

% k k k
+ 7D B Pus 2 Waa 27 P 1 Wan
.f;r o K,e 1 vdg 1 sz

X k
' Wo . —W

k k d 2" Wa 1
+fo Ps D5 g b | —

d " s, Ar?

k k k k & k % & k
+'}v'am B W 1 P 1 W ) P b Tt Gy vty )

2 ' 2
(4.66b)
for desorption,

- Bk gkl g gk

. [ n " d n d n

Pyl Py Cyg —

f pd 2AT it pm m 2.A1
k k
td nta po
= (4 n'fv+’1‘m'rm)'_-_£'£x_'2—n_'
: k ' k Sk
DE Lpt Puas n Wiz n " Pz n-1 " Wia n-i
—f;' o.Ke n hda n’ - AxZ
k k
Wi n = Wa na
_fv'pd'Dsk,e n'h: "__TL
k k k k k & k k k
+r.\'v-am n'(pa n'wa n_pda n-wda n)h n_r.'.'u‘ah n.(td "—ta n)
2 2
(4.67a)

for adsorptidn and
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(4.67b)

for desorpﬁon.

Substituting Equations 2.61, 2.63a, 2.68a and 2.71 into Equations 4.65, 4.66 and

4.67 the discretized energy conservation equations on matrixcan be expressed as
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K X : i i
k C pia p oy Wy r'(hfg,0+cpvda i ta i)
f-v‘gp.pda i’ At
Carty 1 tWh (hf30+cpvda i -45 )
+fv'pd AT
kl k k-1
f Pa- h Ly i —la
+" Py C T
AT AT

k k k
Ly i =285 ity i

k
=(A' r"fv+ﬂ'm'rm)' AxZ

ko k Lk
Woo iV Pas it Waz im1

k
+ £, D, aKe i (hfg,0+cpvda il 1)

k k
+fv pd s i (hfg0+cpvd'a ila i~ 9 r')'

k k & k 4 L4
+’:sv'am i'(pa I°wa r'_pda J'wda i)'(hfg,0+cpva f'ra

k k k
—r O i'(td l'—ta 1‘)

for adsorption,

k
Wa sl

P P k
K ) Pio ist Wi i1 =2 Pl 7

AxZ

& k
=2-wy Wy

(=

sz

k

3,

)

n-1) (4.682)
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k k & k k
cpda J"td Wy, f'(hfg,o+cpvda i'td i

&
.f‘v'gp.pda i’

At
i £ k k k
Ca'ly j+Wy i'(hfg,0+cyvda it =4y )
+/.Pa AT
k-1 L 4 k-1
fv'pd'hf:‘ i =t
_.._.__—+rm .pm .cm —
At At

k k k
a wmm 2ty ity

— 1k
-(A r"fv+‘1m'rm) sz

k k k
+.fv'Do,K,e i.(hfg,0+cpvda i'td' J')

k k & & k
P int Waa i1 =2 Par i Waa 1+ P

&
i1 " Wiz iy

sz

k k k k
+/, paD;, i (Mo +Cpua it i s

&

k k k k
+rsv-am i'(pa f‘wa f"_pda i-“}da i).(hjj;,o-'-cpvda i't

k k k
=T Oy i'([d i~ i)

for desorption,

k

% &
)_Wd i —2 W Wy

i

Axl

(i=2, 3,

k
d

)

o n=1) (4.68b)
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Lk Tk k ! 3
f.e, o Coda 10 1t Wa (Mot Coan 108 1)
Ve et 2.Atr

i * x 1 X
Cqlg 1 +Wy 1‘(hfg,o e 1 1a 1~y 1)

+f . .
fo pa 2 Az

. _hk—l tk —tk_]
_fu Pa fl""'m'Pm'cm'dl d 1
2-At 2-At

k
— (A 2 ty 2 =14 |
_( ” 1.f;+ m.rm).T

k k k k
Tk k x Piz 2" Waa 27 Puaa 1" Waa 1
+ o Do 17 gotCo 1782 1) 3
! ‘ Ax
: k X
: wh o —w
: k k k k d 2~ Wi
+fv'pd'D.r,e 1'(hj:g,0+cpvda 1% 179 l)' 3
. Ax
- k X k k k x k
- _I_rsv'am 1P W 1m P 1 W 1)‘(hfg,o+cpm Lt 1)
| 2

K ook Lk
Foor@y 1 {tg 115 )

_ S . |  (4.69)

for adsorption,
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i P i K s
Cota 1°8d 1 Wag 1 (P o+Coa 17 0a 1)
2-Ar

fv'sp'p:’a 17

I i ¥ x k
Cata \+Wy 1 (go+Cps 170 1= qa 1)

+fv'pd. ZAT
P P k-l
ﬂ'Pd'hfl by 1~y
_—'+rm'pm'cm'—
2-At 2-At
" k
ta 274
= (4 1'fv+-1m"m)'—""zx2—
% W k k
% k k Par 2 Wiy 2~ Paa 1" Waa
+ 1Dk, l'(hfg,o"'cpvda 1 la ) Ax?
k k
k Wa 2 = Wa
+fv'pd'D.f.e 1‘(hfg,o+cfwda 1"5 1~ G l)‘T—

x k k k k k k
T O (00 "W |~ Paa 1 Was |)‘(hfg_u+cpvda v la 1)
2

+

ryaf 1-(;5 1= la 1) (4.69b)

for desorption,
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X £ K X &
Cpda n'ta ntWaa n Pgo+Cods n'la n)

k
V-E . .
f P Pda n 2. A1

¥ * K k !
Caly n¥Wa w(PpotCou nla n=—9s a)

+f . .
fv Pa 2.AT
k- k-1
_f;'pd'h 1n+r P -cC .I;n_tdn
2-Ar momm 2LAT

k k
i n—Td na

=_(‘2'¢ki n 'fv+A'rn 'rm)'

Ax?
k K k k
_ ’Dk ’h + k 'fk .pdan wda n_pda n—l‘wdr n-1
f; 0,K.e n (fg.D cpvda I | n) 2
Ax
k k
Wag n—™Wg pa

k k k k
_fv'pd'Ds,e n'(hfg,0+cpvcia ntd n—9s n)'

5¥

k k x [ 4 k k k
T @y n'(pa n Wan " Pdz n Waa n)'(hfg,0+cpva » n)

+

k

» k . * —
rsv ah n (;d " ta n) (4.70a)

for adsorption, and !
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k k 3 k 4
cpda nla ntWe n'(hjg,0+cpvda nta n)

&
E .
fv P Pda n 2.Ar

1 E E k t
Cata ntWa ahpotConm nla n=495 o)

+f . .
fv pd 2AT
k-1 k k-1
f;'pd'hf n bi vt w
___5_+rm.pm.cm.__.—._
‘AT 2-At
k k
! -
k d d n-
=_(‘;Ld n’fv+2'm'rm)'_ﬁ_
k k k
P Yok X Pas n Wiz n = Puaa n-t " Waa n-1
_fv'Do,K.e n'(hjiz,0+cpvda nla ) - Ax? . .

i k k 4
_fv'pd'D.t,e n'(hj'gv,0+cpvda n'la n=qg n)T

k k k k k k k
Vo "y n'(pa n'wa n_pda n'wda n)'(hjg,0+cpdva n.ta’ n)
2

-+

k k k
Fyp "y n'(rd n g n)
2

for desorption.

4.5  Solution of Energy Conservation Equations

The discretized equations of energy conservation were solved using the Tridiagonal

Matrix Algorithm for double variables. The Equations 4.61 to 4.64, and 4.68 to

4.70 can be written in the following form:

a -1t =b t* +c,--t£f ,-_,+d,+e,--l§ i

a i i ta i+l
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for energy conservation equations on air stream, and
k k k k
Aoty =Bty +City i+ D +E 1, (4.72)

for energy conservation equations on matrix

where the coefficients are all known and are defined as

4 =1 (4.73)
b =0 (4.74)
¢ =0 (4.75)
d=t;,, (adsorption) d, =t , (desorption) (4.76)
& =0 “.77)
AR

' At At

* x x x i k i
O (P W i P i W f)'cpva i Ty

(adsorption) (4.78a)

i k k k k
r - Y X . W C i
a = a paA: pa J+ra Pa i Aa R '+rsv_a: ;
T T
(desorption)  (4.78b)
k k k
et y .o f. 1 Coe
b=l J;A,’: m_tata sz; pra_is1 (4.79)
k k K
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k ¥ £l k-1 k
Fa'Pg ("W, ' h ra'paf'ha:_"a‘fa‘wa 1+l'hfg.o

d, == £0 4
At At 2-Ax
ra'.ﬁ'w:.f-l By o k k k P &
+ 2~Ax _r.rv'am i"(pa i.wa i‘—'pd'a i'wda I)'hfg,o
(4.81)
e=r,-a , (adsorption)  (4.82a)
€ ="r, a,’,‘, r(p: f'w: i"p:a r"w:b i)'c;vda f+’}v'a: i
(desorption) (4.82b)
k k k k k k
an=ra'pa n'cpa n +ra'pa n.wa n.cpva n +ra-f;1.cpa n
At At Ax
k k
ra'f::r'wa n C va n k k
+ Ax £ +rsv'af'r n'(p: n'“/a‘ n_pja n " Wag n)'cpva n
+r,-a (adsorption) (4.83a)
P k k k k &
anzra.pa n'cpan_}_ra'pa n'wa n'cpvan+ra-f;1-cpan
At At Ax :
fa So Wo o Cpa .
+ . tr,-a, , (desorption) (4.83b)
b, =0 ' (4.84)
k K k
r-f ¢ r.-f -w -C
C,,= a j:;r pa n-l + a .f; a n-l pva n-l (485)
Ax
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k P k-1 gkl k
12 Pa n W n'hfg.o +ra'pa n'ha ) __ra'j::'wa n.hfg-o

d =--=
AT AT Ax
’a'f;'wg h-l'hfg,o kg k « k k
* Ax =l -(pa n ' Wa n " Paa n VWa H)-hfg,o
(4.86)
e, =r, ar, (adsorption) (4.87a)
k k k k k k k
€, =~V o Py Wa o= Pas n Wiz 1) Cpuda n T X 1

(desorption) (4.87b)

y =fv'£p'p5.a l'c:da l+fv'£p'p;a 1‘W§a I‘C;m 1+fv'Pa"Cd
! 2-Ac 2-Ar 2.At

j:f'pd'-w; Ic;va'a |+r,,,'pm-cm_i_(’1:' I'fv+2'm'rm)
2-Ar 2-Ar Ax?

k k
. o* .D e Ma 27 Wa
-1 P oKe 1 Cpvda 1° Ax

& k .
”ﬂ'Pd'Ds,e t"Covaa 1° Ax? 2

(adsorption) (4.88a)
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X i k £ k
=f.,'€p‘.0da £ € pda 1+f..‘«‘-'p'Pda 1" Wao 1" Cpuda 1+fv'Pd'Cd

4
2Ar 2-At 2-Ar
+fv'pd"w§ Ic:’vda |+F‘,,,'P,,,'C,,,+(’1¢*i I'fv+’lm'rm)
2-Ar 2-At Ax?
£ k
k X k War 2 = Wag 1
-1 Pa I'Do..'c.e 1" Covda 1'T
woo—wt o al
k k d 2 d 1 v | 3R]
=L Pa Do o Al + 5
k k ¥ k & k
roo e W~ -w . C .
. m 1 (pa 1 a |2 pda 1 de 1) pwda 1 (desorptlon) (4.88b)
k. LA,
gl o) (4.89)
C =0 (4.90)
D z_fv'ap'pza 1'W§a |'hfg,o —fp .wj I'(hfg,o_q:r 1)
! 2.A1 v Fd 2-At

k-1 k-1
hf 1 rm'pm'cm'ta’ |

+
2-At 2-At

+f Par

% X k I
Pa 2" Waar 27 Paa 1 " War 1

&
+ .fv 'Do,x,e 1 'hfg,o '

Ax’
x K
Wh o, =W
k k 4 2~ Wa
+fv'pd'Ds,e I'(hfg.ﬁ-q” l)' sz
k k k & k
o @ 1 (Pg \ "W\ = Paa 1" Waa 1 -h

.0 4.91)
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k ko k k k- k k
_r ‘&, l‘(pa 1’ Wa 1" Pa 1" Waa l).cpva I+rsv.ah 1

2 2

(adsorption) (4.92a)

k
Fo & .
E, =_L5_"__'_ , (adsorption) (4.92b)
k k k k &
4 =f:a‘3p'Pda i ' Cpda :+fv'£p'pda i "Waa i ' Cpvda i+fv‘Pd‘cd
' AT At At
pywh ot 24 - f,+4,-r,)
+fv P wdfcpvdaf+rm‘pm'cm+ g i S F Ay
At At Ax?
! k k k k k &
D x Paa 151" Wiz in =2 Paz i Waa it Pan i1 Waa in1
—_.fv. 0, K e i'cpvda i’ AxZ
k & &
w, . —2-W, . +w, .
. k k d i+l d i d i-1 k
_f;'pd.Ds,c r"cpvda i sz Ty

(adsorption) (4.93a)

ke ok k k k
=f;'5p':0da 1" C pida i+f;r'£p'pda i Waa i Cpua J+f:.'Pd'cd

4
_ , Ar At : At
fopg-wh et 2-(A% A
v P2 Wa i Couda 1t Ty P Cm (Ag i fo+A, 1)
+ + + 3
At At Ax
: X k k k k k
Dt & Paz i1 Waa 11— 2 Paz + Waz i Paa i-1* Wao iz
-t oKe i Couda i° Ax
k k &
k k Wy =2 Wy +W o k
_j:r'pd'Ds,e i-cpvda i = sz tr, &,
“rsv-a:r i'(p: i'w: i_pjd i'w:ra i)'cﬁvda i~ (desorption) (4.93b)
A fAA ey
sz( d i fd:x2 m :m) (4.94)
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Ay S 44,1
L= = (4.95)

D = fv 'Ep p:’a i 'wckia i 'hfg'o —w:’ i '(hfg,D _q:l ﬁ) fv Py ‘h}..ll
i= = _fv' d’ +
At At At

k-1
rm .pm 'cm 'rd i
At

: k k k * k x
Lot LDk h Pa i Wiz in =2 Pao i Waa 1+ Pas 12" Wt i
+fo Pa i Doge i hgo A

k k P
Wy =2 W +W,

+f; ‘pd 'D.f,e i'(hfg,o_q:: I).

AxZ
+ G (P W = P War )P (4.96)
Ei=rsv'a:r t'(P: i'w: i"‘p:ra :'wja r‘)'c;krm f+rsv'a: ‘
(adsorption) (4.97a)
E =r,-af, (desorption). (4.97b)
B A R S R S T
i 2-Ar 2-Ar 2-Ar

2-Ar 2-Ar Ax?
k 4 k k
Dk k Pia n War v~ Paa n-1"Wiaa o
+j:r Loke n 'vada ' sz
k K k
p.. D k Wa n Wi na Py,
+f;v pd se n 'vada n sz 2

(adsorption) (4.98a)
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k k k x k
A =fv'£p'pda n'cpda n+fv'£p'pda n "W H'CPVda H+fv'pd'cd

n

2-Ar 2-Ar 2-At
k k k
+fv'pd'wd n '€ pda n+_rm'P,,,'C,,, +(’1d' n'f;+'{m'rm)
2-Ar 2-At Ax?
k k k k
Dk k pda " 'wdn n —pd.'a n-1" wda n-1
+f;' o,K,e n'cpvda n’

sz

k k
n wd n-1 rsv 'ah n
Ax? 2

k k k k & k
Foo ' O n'(pa n Wa n"-pda n " Wia n)'cpvda n

2

(desorption) (4.98b)
B, =0 (4.99)

(’:['z n 'fv+j'm 'rm)

(4.100)

& -
D =_fv'£p'pda n'w;a n‘hfg,ﬂ_j;'pd'wj n'(h_fg,o—q;' n)+f;v'pd'hk In

n

2-Ar 2-At 2-At
k-1 k k k k
rm.pm.cm‘td n Dk h pda n Wea n—pda n-l " Wiz a1
+ -/ oKe n o’ 3
2-At Ax
k k
& r Wi n ™ Wa n
_fv‘pd'D:,e n'(hjjg,ﬁ—q.ﬂ n)T_
k k k k k
+rsv'am n'(pa n Wa n " Pda n Wa n)'hjj;,o (4101)
2
k k X k k k s
E _rsv'am n'(pa n W n"—pda n Wi n)'cpva n Tow "
" 2 T

(adsorption) (4.102a)
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E <l %h (desorption) {(4.102b)

At each point the relations of the type

k
a

o =pith gt (4.103)
and t ‘-=PP;--I§ i+1+Qi+Rf"r: ; (4.104)

need to be constructed during the forward marching process from (i=2) to

(i=n-1). Written for point i -1, equations 4.103 and 4.104 read

o =pat g (4.105)
and 5 =PP_-t* ,+0Q_, +R_ 5 (4.106)
Combining Equations 4.105 and 4.106 to eliminate ; ,, yields, after some
rearranging,

1
I: il =1—‘(Pf-| 'I: itra PP "5 i+ g+ O) (4.107)
—rg Ry

i —]

Substituting Equation 4.107 into Equation 4.71 yields, after some rearranging,

- b (1=t Riy) . .I+Ci'(qi—|+rf—l'Qf—l)"'df'(l_’}—l'Rr‘—l)
a i+
Coa(l-ng R pn C a;-(I-1 - Ri)=¢i - piny
+e,--(l—r-_,-R,-_,)+c,.-r;-_,'P}}_,_’5 i (4108)

a;-(1-r_-R,)-c; pi

Note that Equation 4.108 is identical to Equation 4.103 with

_ bi-(1=r_ R y) 4.109
b a,(1-rny-Ri)—c - pi ( )
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g, = i (G +1y Qi) +d, - (1-ry - Riy) (4.110)
‘ al‘.'(l_ri-l Ri)=¢ - pigy

ri=8,'(]"’r;_|'R,'_l)*'cj'rf—l"PPf-—l (4111)
a; '(l-?',-_| 'R;_l)'_cf "Pia

Combining Equations 4.105 and 4.106 to eliminate 1; ., yields, after some

rearranging,
(4.112)

| .
‘j -1= (PP, ": it Ry P Ay QL+ R i)
, 1-r R

Substituting Equation 4.112 into Equation 4.72 yields, after some rearranging,

B-(-r, &) Py

g i+l

k

=
' 4-(-r,-R.)-C-PE,

C! ‘(Qf-l + Ri—l ) ‘L’—l) + Di ' (1 /=N Rr‘—l)
A-(U-r_-R.)-C-PF,

E (l-r R.)+Ci- Ry piy -t: ; ' (4.113)
A (-7, R,}-C;- PR,
Note that Equation 4.113 is identical to Equation 4.104 with
PP - B (1-ry-Riy) (4.114)
A -(I-r - R y)-C,- PR,
0, = Ci (@ + R g)+ D (-1 Ry) (4.115)
A -(-r-R,)-C, PR,

(4.116)

R = E (I-ry R )+Ci- R piy
! A (=ry R D-C;- PP
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To start the calculation process, applying Equations 4.109, 4.110, 4.111, 4.114,

4.115, and 4.116 for i =1 yields

and R =—

4.117)

(4.118)

(4.119)

(4.120)

(4.121)

(4.122)

Next, Equations 4.109, 4.110, 4,111, 4,114, 4.115, and 4.116 should be used to

obtain Pis G5 T PPia Qi: and Rr‘ for i=2, 3, -, n

Since b, =0 and B, =0,

applying Equations 4.109 and 4.114 yields p, =0 and PP, =0, and then applying

Equations 4.103 and 4.104 yields

k
a h

k
=Qn+rn'lu’ n

L4 k
and la n=Qn+Rn'ta n

Combining Equations 4.123 and 4.124 yields

k _Qn+rn'Qn
ta an 1 R
—rn. n

(4.123)

(4.124)

(4.125)
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e _OntR, g, (4.126)

Finally, Equations 4.103 and 4.104 need to be employed for i=n—1,n-2,-.3,2,1 to
yield the temperature of air stream in process channel ¢, and the matrix
temperature or the temperature of the moisture air in equilibrium with the solid

phase 1, at all interior points.

4.6  Steps Used to Solve the Numerical Problem

The steps used to solve the numerical problem are as follows:

a. Estimatethe ¢,, 7,, w,,and w,,.

b. Calculate the properties p,, pu> Cps €pir s Aos Hys Hys Vas Prycpy,
Cpas» and g, , the heat and mass transfer coefficient a, and «, , the
thermal conductivity of desiccant ,, and diffusion coefficient D, ., and

D,, needed in the discretized equations, which depend on ¢, 1,, w,

respectively.
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c. Solve the w,, w,, t,, t,, and w,, fields with the moisture and energy
conservation equations on both air stream and matrix and equilibrium

isotherm equation.
d. Return to step 2 and iterate until a converged solution is reached.

e. Increment time, return to step 2 and iterate until a quasi-steady solution is

obtained.

Trial and error established that the order of solution in step 3 seemed to give the

most rapid convergence of the equations. There are two variables w, and w,, in
the moisture conservation equation on air stream, three variables w,, wyand wy, in
the moisture conservation equation on desiccant, four variables w,, 1,, t,, and w,,
in the energy conservation equation on air stream, and five variables w,, w,, ¢,,
t;,and w,, in the energy conservation equation on matrix. w,, depends on w, and
t, according equilibrium isotherm equation. To start the calculation process, w,, is
estimated, and w, is solved with the moisture conservation equation on air stream.
Next, w, is solved with the moisture conservation equation on desiccant, and then
two energy conservation equations need to be employed to solve r, and ¢, .

Finally, w,, is solved, utilizing equilibrium isotherm equation.
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The transient solution is solved until quasi - steady state is reached. Even though
the most important result is the quasi — steady solution, the model must be time
accurate because the quasi ~ steady solution is a transient solution that varies
periodically. The numerical solution is time accurate because time is only
incremented when a converged solution is reached. The residuals of the governing
equations are low because the central — difference formula and the Tridiagonal
Matrix Algorithm are used. As a result, the convergence criteria are based on the
dependent variables change from iteration to iteration. The following is satisfied

for each dependent variable:

wh  —wl <107 (4.127)
te 1 —1s <01 (4.128)
b —1h <01 (4.129)
Wi, —wh, <107 | (4.130)

K k! k! ko’ H
where w, ., t; ., t; , and w} ', are estimated values.

Quasi-steady state can be determined using the periodicity of the desiccant wheel.
This means that the dependent variable changes from revolution to revolution of
the desiccant wheel are all zero (or, negligible). The quasi-steady conditions are
defined when:

—wh <107 (4.131)

k
wai
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wh —wh <107 (4.132)
TN PR (4.133)
b -6 J|<01 (4.134)
wh - wh, |s107 (4.135)

where wi |, wh [, ¢ [, 1% 7 and w!, °, are values of last revolution of the wheel.

a i d irrtg i td
Therefore, if Equations 4.131 to 4.135 are satisfied, the solution is deemed to be the

quasi-steady solution.

The numbers of nodes have no effect on the simulation results in case of
convergence, but when the numbers of nodes are little, the equations can not
converge under some design and operation conditions. In the model developed in
the thesis, n=100, so that the equations can converge under any design and

operating conditions.

The time step for the model is

Ar=2% (4.136)

vC
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Chapter 5. Validation of the Numerical Model

‘Some numerical models and theoretical studies of desiccant wheels were reported,
but few models and studies were validated by experiments. The purpose of this

chapter is to validate the numerical model by comparisons with experimental data.

5.1 Test Rig and Test Method

!
The test rig was built in accordance with ASHRAE Standard 139 - 1998, Standard
Method of Testing for Rating Desiccant Dehumidifiers Utilizing Heat for the

Regeneration Process.

- 5.1.1 Test Loop

A test loop is illustrated in Figure 5.1. It employs a Pitot tube traverse arrangement
(Figures 5.2 and 5.3) on the inlet and outlet of the dehumidifier test unit, plus
necessary temperature and humidity — measuring stations, and pressure-measuring

stations using static - pressure taps (Figure 5.4).
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16D 8D
|- 08D 0.4D DIA.
s (';.'D C% ) — 1722, LLELLLIL LIS T IS IS AL LA TS e D
/ s 777 22Tl rrZeZzed. — T
\ T
0.5 D RAD
HEAD SHALL BE FREE
FROM NICKS AND BURRS

ALL DIMENSIONS SHALL
BE WUITHIN 12%.

8 HOLES-0.13 D, NOT TO EXCEED 0.04 IN.
DIA. EQUALITY SPACED AND FREE FROM
BURRS. HOLE DEPTH SHALL NOT BE LESS
THAN THE HOLE DIAMETER.

NOTE

STATIC PRESSURE  Surface finish shall be 32 micro-in. (0.8mm)) or better. The static orifices
may not exceed 0.04 in. (Imm) in diameter. The minimum Pitot tube
stem diameter recognized under this Standard shall be 0.10 in.(2.5mm).
In no case shall the stemn diameter excoed 1/30 of the test duct diameter.

FENNNSNNNNANY

TOTAL PRESSURE

A. Pitot-static tube with spherical head

ALL OTHER DIMENSIONS ARE THE SAME % v Y v
AS FOR SPHERE HEAD PITOT-STATIC - — bl —
TUBES D D D D

0.000 | 0.500 | 1.602 | 0314
A 0237 | 0496 | 1.657 | 0.295

8 0336 | 0494 | 1.698 | 0279
0474 | 0487 | 1.730 | 0266

0.622 | 0477 | 1.762 | 0.250

T 0.741 | 0.468 | 1.796 | 0231
| | 0936 | 0449 | 1.830 | 0211

|l _ 1.025 | 0.436 | 1.858 | 0.192
1134 | 0420 | 1.875 | 0.176

/ V. T 1228 | 0404 | 1.888 | 0.163
1313 | 0388 | 1.900 }0.147

02DDIA 139 | 0371 (1910 1 0.I3]

1.442 0.357 | 1918 0.118
1.538 0333 | 1921 0.100

1.570 | 0.323

B. Alternate Pitot-Static Tube with Ellipsoidal Head

Figure 5.2 Pitot-static tube
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ALL PITOT POSITIONS
40.0025 D RELATIVE TO
INSIDE DUCT WALLS.

DIS THE AVERGE OF FOUR MEASUREMENTS AT TAAVERSE PLANE AT 45°
ANGLES MEASURED TO ACCURACY OF 0.2% D.TRAVERSE.DUCT SHALL BE ROUND
WITHIN 0.5% D AT TRAVERSE PLANE AND FOR A DISTANCE OF 0.5 D ON EITHER
OF SIDE TRAVERSE PLANE.

- Figure 5.3 Traverse points in a round duct

SURFACE SHALL BE SMOOTH
AND FREE FROM IRREGULARITIES
WITHIN 20 D OF HOLE. EPGE
. OF HOLE SHALL BE SQUARE
"AND FREE FROM BURRS. '

D=0.06IN.PREFERRED

D=0.125IN.MAX.

2- A LA LA N LS LN/ ANAR NN NA RN A
' 27\ 74 '
]

2.5D

/]

_..I e 2 D MIN

TO MANOMETER

A 0.06 IN. HOLE IS THE MAXIMUM SIZE WHICH
WILL ALLOW SPACE FOR SMOOTH SURFACE 20 D
FROM THE HOLE WHEN INSTALLED 1.5 IN. FROM A
. PARTITION,SUCH AS IN FIGURES 13,14

Figﬁre 5.4 Static pressure tap
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The process air is passed by a fan through a conditioner including a cooling coil, a
duct heater having a power of 0 - 2kW, and a humidifier having steam production
of 1.5-5.0kg/h that adjust the temperature and moisture content of the inlet air

conditions. Process air then passes through a flow straightener and airflow

measuring station.

Regeneration air is passed through a flow straightener and airflow measuring
station. And then regeneration air passes through a duct heater having a power of 0

- 9kW where it is heated to the test temperature.

5.1.2 Temperature and Relative Humidity Measuring

For the purpose of measuring the temperature and the humidity on the inlet and
outlet of the dehumidifier test unit, duct detectors having an accuracy of £ 0.3°C
for air dry — bulb temperature and + 1% RH for relative humidity are used. The
smallest scale division is 0.1°C and £ 0.1% RH. The measuring ranges are -20°C

to +180°C for temperature and 0 to 100%RH for relative humidity.

The detector acquires the temperature with the aid of a thin — film measuring
element whose electrical resistance changes in function of the temperature of the
ambient air. The change in resistance is converted to 4 to 20 mA signals in

correspondence with the temperature range —20 to +180°C.
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The detector senses the relative humidity with the help of a capacitive humidity
measuring element whose electrical capacity changes in function of the relative
humidity of the ambient air. An electronic measuring circuit converts the detector's

signal to a continuous 4 to 20 mA output signals, corresponding to 0 to 100%

relative humidity.

For the purpose of measuring airflow rates, temperature readings are required in
order to calculate air density and dependent properties such as specific heat. For
these purposes, dry-bulb thermometers and transducers are used. Accuracy is
+0.23°C from 0°C to 80°C and +0.45°C from -43°C to 97°C. The smallest scale
division is +0.1°C. These temperature-measuring stations are uniformly located

downstream of the Pitot traverse at each flow-measuring station.

5.1.3 Differential Pressure Measurements

The differential pressures between entering and leaving locations of equal airstream
velocity, on each circuit of the dehumidifier test unit are determined. All pressure-
measuring instruments are in accordance with ASHRAE Standard 41.3 - 1989,

Standard Method for Pressure Measurement.,

Pressure measurements were made with electronic micromanometer having an

accuracy of £ 1% of the reading (£ one digit). The smallest scale division of the
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electronic pressure transducer is 0.01Pa. Differential pressure measurements can

be obtained from 0.025Pa to 14946Pa,

The static pressure taps are illustrated in Figure 5.4. They consist of 6.0 mm (0.25
in.) diameter nipples soldered to the outer plenum walls and centered over 1.0 mm
(0.04 in.) holes through the plenum walls. The edges of these holes are free of

burrs and other surface irregularities.

The static pressure taps, four taps with manifold, are equally spaced around the
perimeter of the ducts (Figure 5.5). The electronic micromanometer has one side
connected to four externally manifolded pressure taps in the inlet plenum. The
other side of the manometer is connected to four externally manifolded pressure
taps in the discharge plenum. The inlet and outlet duct connections have cross-
sectional dimentions equal to the duct flanges of the test unit enclosure. The

diameters of the inlet and outlet plenums are 150mm.

Figure 5.5 Typical plenum static pressure measurement
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Pressure tap plenums of the inltet and outlet are used to determine the air friction

loss of the désiccanf dehumidifier test unit.
5.1.4 Airflow Rate Measurements

All airflow measurements were made in accordance with ASHRAE Standard 41.2
— 1987 RA 92, Standard Methods for Laboratory Airflow Measurement.

Flow rate shall be calculated from measurements of velocity obtained by a Pitot
traverse in conjunction with an electronic michmanometer. A pattern of
measuring points accurately located on each of several diameters of equal angular
spacing constitute_s a measuring station (Figure 5.3). The electronic
" micromanometer automatically corrects for density variations due to local
temperature and barometric jnessﬁre. Velocity ranges are 0.127 —152.4m/s using a
pitot tube in conjunétion with the electroﬁic micromanometer. Accuracy is + 3% of

reading +0.0254m/s. The following are also noted:

a. The proper weighting of the readings taken across any given diameter,
properly established, permits taking the arithmetic average of the readings
of a traverse to determine the average velocity of the airstream (i.e. the
averége velocity is the arithmetic mean of the individual velocities). Best

results occur when between 80% and 90% of the velocity measurements are
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within 10% of the maximum velocity. The least acceptable result occurs if

more than 75% of the velocity measurements exceed 10% of the maximum.

. The flow streams should be perpendicular to the traverse plane. The angle
between the ﬂow stream and the traverse plane can be measured at a
specific test poiﬁt by tilting the nose of the Pitot tube so as to obtain a
maximum pressure reading at that point. Variations from this flow
condition resulting from swirl or other mass flow turbulence shall be
acceptable when the angle between the flow stream and the traverse plane is

greater than 80° at any point of measurement.

. In making the traverse for that diameter, the nose of the Pitot tube must be
maintained parallel to the duct wall and pointed against the flow of the

airstream.

. The length of the test duct, within one-half a duct diameter on each side of
the traverse plane, is round within 0.5% of duct diameter as found by the
average of four diameter measurements at 45° increments and the area of

the duct then calculated by this result. The measurements shall be accurate

within 0.2%.
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e. Use the log — linear pattern, employing 4 diameters 60° apart and 6 points

per diameter, for a total of 24 points per test (see Figure 5.3).

f. Note the required accuracy of Pitot positions from inside the duct walls and
the maximum diameter of the Pitot head to avoid the necessity for

correction of readings next to the duct wall.
3.1.5 Straighteners

Function of Straighteners

Straighteners are effective in producing a virtually uniform velocity of flow across
the airstream. They eliminate eddies and the rotation of the airstream produced by

the change in direction due to the test-unit configuration and/or the fan.

NOTE: Al Dimensions shall be within +0.005D

except y which shall not exceed 0.005D, le—— 0.45D —
Ty
DUCT // '\\
/ \
D
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o !
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Figure 5.6 Flow straightener
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Application of Straighteners

Straighteners are illustrated in Figure 5.6 The thickness of the straightener
elements does not exceed 0.005D. The downstream plane of the straighteners is
located between 5 and 5.25 duct diameters (D) upstream of the plane of the airflow

measuring station, D is the inside diameter of the circular cross-sectional duct.

5.1.6 Plenum and Duct Sections

Plenum and duct sections are sealed to prevent air leakage, particularly at the
connections to the dehumidifier test unit, and are insulated to prevent heat leakage

between the dehumidifier test unit and the temperature-measuring instruments.

5.1.7 Method of Test

The test duct, measuring equipment, and desiccant dehumidifier test unit are
operated until steady — state conditions have been maintained for at least 15
minutes. During any test, inlet temperature, humidity, and flow rate variations

were less than +0.5°C, + 1%rh, and +0.5%, respectively.
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Airflow rates are determined at each of the four measurement stations as shown in
Figure 5.1. The process and regeneration airflow rates are varied as required by

means of two dampers.
5.2 Test Data and Calculations
5.2.1 Desiccant Wheel Test Unit

Desiccant wheel test unit is shown in Figure 5.7. Plane strips and corrugated strips
of ceramic fiber paper were first stacked alternately with heat — resistant adhesive
and rolled up into a honeycomb wheel with high .voidage, thus forming a vast
number of axial air channels running parallel through the structure, as show in
Figure 5.8. A typical channel pitch is P(3.2)x H(1.8)mm, and a wali thickness is

0.2mm.

Figure 5.7 Desiccant wheel test unit
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Figure5.8 The honeycomb of the desiccant

The ceramic wheel was then impregnated with aqueous sodium silicate solution.
Silica gel was synthesized in the voids of the ceramic fiber sheet of the wheel
matrix by treating with acidic solutions. The desiccant wheel was completed by

rinsing, drying, heating and finishing.

The desiccant wheel test unit is divided into quadrants (three quadrants for supply
flow and one quadrant for the exhaust) and the air flowed through opposite
quadrants. The crossover leakage between the two air streams was measured by
tracer gas (SF¢) tests. The test results show that the leakage driven by the
differential pressure between the two air streams is usually less than 2% and always

less than 4% of the flow rate. Table 5.1 shows the information on desiccant wheel

test unit.
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Table 5.1 Information on Desiccant Wheel Test Unit

Description Value

Wheel parameters:

1. wheel diameter 0.305 m
2. wheel deep /. 0.203 m
3. rotation speed s | 32 rph
4. channel pitch 3.2mmx1.8mm
5. wall thickness 0.2mm
6. ratio of the desiccant surface area to the wheel volume r,, ~ 4800m2,, .../ M pee
7. ratio of the free flow area to the face area of a desiccant wheel r, 0.9
8. ratio of the cross-sectional area of suppoﬁ

material to the face area of a desiccant wheel 7, . 0.03
9. volume fraction of the desiccant in the wheel £ 0.07 1, eoons | Mopes
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Desiccant properties (metal silicate)

10. maximum water content of the desiccant

solid phase Wd max 0.35 kgHIO/kgdr:y desiccant

0.00912-T, -2.2
kg H,0 / kg dry desiccant

11. adsorption isotherm w,=w, . -RH,
12. heat of sorption 4, =-300-w, +2095 kJ/kg, ,
w, <015 kgy o / K8ury desiccant

q, =2050 kJ/kg, ,

Wy > 0.15 kgHzo/kgdry desiccant

13. pore radius of desiccant a 68x107'%m

14. tortuosity factor for intraparticle gas diffusion z, : 2
15. specific surface area of pore of desiccant §, ~ 3.4x 10° Mace area / K ry  desiccant
16. tortuosity factor for intraparticle surface diffusion 7, 2

17. specific heat of desiccant ¢y 2.8kJ/ KSary desiccant * K

Support material properties (ceramic fiber paper)
18. density of ceramic fiber paper p,, 190kg /m®

19. specific heat of ceramic fiber paper ¢, 0.8%J/kg-K
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5.2.2 Data Record

Expe_rirrients were carried out using the honeycomb rotor dehumidifier mentioned
above. Operating parameters studied were 1) flow rate of process air, 2) flow rate
of regeneration air,_3) humidity of process feed air, 4) temperature of process feed
air, 5) temperature of regeneration air and 6) humidity of regeneration air. Their
influences on the humidity and the air temperatufe were measured at the outlet of
the process zone (0°< ¢ <270°). The angle ¢ is taken from the starting point of the
process zone. The test data were recorded for airflow measurement as shown in
Table 5.2. The single point of performance data described in Table 5.3 were
‘replicated over a ﬁumber of regeneration air inlet conditions at which the test unit

- was tested. Appendix indicates the data recorded for each regeneration air inlet

temperature.
5.2.3 Test Data Calcﬁlations
The following calculations were performed and included with Appendix.

Moisture Removal Capacity (MRC)

The moisture removal capacity of the test unit is calculated in kilograms per second

as follows:

128



MRC = Ma,p,in ' (‘;’a,p,fn - ;Va,p,our) (kghrzo /S) (5 1)

where MRC - moisture removal capacity (kgq,0/5);
M p» - total mass flow rate of process air inlet (kgy, . /s);

Wa,pun - average humidity ratio over cross-section at the process air inlet of

desiccant wheel (kgy o /kgay ar );

Wa,pou - average humidity ratio over cross-section at the process air outlet

of desiccant wheel (kg0 /kgu, o )

Total Energy Transfer (TET)

The total energy transfer is:

TET = Mapm-(Ropoi = hapm) (k) (5.2)

where TET - total energy transfer { kW );

hepin - average enthalpy over cross-section at the process air inlet of

desiccant wheel (kJ/kg,,, . )

hapoa - average enthalpy over cross-section at the process air outlet of

desiccant wheel (kJ/kg,, .. )
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Regeneration Energy (RE)

The regeneration energy is defined as follows:

where

RE= M""J."’ ' (Cpa,hea'zer,our ) ta,hea!er,om - cpa,hear:er,in : ta,.hearer,in) (kW) (53)

RE - regeneration energy (W ),

M ar.in - total mass flow rate of regeneration air inlet( kg, ,, /5);

1, peaerin - temperature of the regeneration air stream at the inlet of the
: heater (°C);
Lo heater. o ~ t€mperature of the regeneration air stream at the outlet of the
- heater (°C),
€ pa hearer.in - SPEcIfic heat of regeneration air stream at the inlet of the heater

(k‘]/kgdry air K);
cpw,hearer,am

- specific "heat of regeneration air stream at the outlet of the

heater (U/kgdry air K)

Regeneration Specific Heat Input (RSHI)

The specific heat input is defined as the ratio of the regeneration energy to the

moisture removal capacity. The specific heat input is stated in terms of thermal
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energy input per kilogram of moisture removal and expressed as k//kg, ,, , and is
calculated as follows:

RE

Mass Balance

A calculation was performed to determine the ratio of the mass of moisture
removed from the process air with respect to the mass of moisture rejected to the
regeneration air at the test conditions. The mass ratio calculated for a specific test

condition must be >0.95 and <1.05 in order to consider the data valid.

Ma,p,oul g (;Va,p,in - 1’_Vifi'uﬂ-‘?""’) (55)

Mass ratio =

Ma,r,om ‘ (;Vﬂ'.l'.ﬂuf - "’-Va,r,r'n)
where M pou - total mass flow rate of process air outlet (kg,,, 4, /5);

M arou - total mass flow rate of regeneration air outlet( kg, ., / 5);

Warm - average humidity ratio over cross-section at the regeneration air

inlet of desiccant wheel (kg /kguy ar );

Warou - average humidity ratio over cross-section at the regeneration air

outlet of desiccant wheel (kg0 /42y oir )
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Total Energy Balance

For a desiccant rotary dehumidifier, the total energy transfer is not an important

performance parameter that is not involved in ASHRAE Standard 139 - 1998. The

total energy transfer is for reference only.

A calculation was performed to determine the ratio of the rise in total energy of the
process air with respect to the drop in total energy of the regeneration air at the test
conditions. The total energy ratio calculated for a specific test condition must be

>0.95 and <1.05 in order to consider the data valid.

Total energy ratio = Merou- (apou=hapin) | (5.6)

Ma,r,auf * (;’o,r,fn - }:—la,r_ou.')

where ha,. - average enthalpy over cross-section at the regeneration air inlet of

desiccant wheel (kJ/kg,, .., );

horou - average enthalpy over cross-section at the regeneration air outlet of

desiccant wheel (kJ/kg,,, ., )
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Table 5.2 Test Data Recorded for Airflow Measurement

Description Units Value
l. Process Airflow Inlet m*/s 0.04168
Temperature at Airflow Measuring Station °C 28.6
Density of Air at Airflow Measuring Station kg /m’ 1.1706
Mass Flow Rate | kg /s 0.04879
la. Process Airflow Qutlet m*[s 0.04610
Temperature at Airflow Measuring Station °C 55.6
Density of Air at Airflow Measuring Station kg [m’ 1.0745
Mass Flow Rate kg/s 0.04953
2. Regeneration Airflow Inlet m*[s 0.02278
Temperature at Airflow Measuring Station °C 29.8
Density of Air at Airflow Measuring Station kg/m’ 1.1658
Mass Flow Rate kg/s 0.02656
2a. Regeneration Airflow Qutlet mfs 0.02314
Temperature at Airflow Measuring Station °C 42.2
Density of Air at Airflow Measuring Station kg /m’ 1.1203
Mass Flow Rate kg/s 0.02592
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Table 5.3 Test Data Recorded for Each Regeneration Air Inlet Condition

Description

Units

Value

1. Process Air Inlet Temperature

°C

2. Process Air Inlet Relative Humidity

%

3. Process Air Iniet Humidity Ratio

kgﬁ,o/kgd.y alr

4. Process Air Inlet Enthalpy

U/kgdry oty

5. Process Air Outlet Temperature

°C

6. Process Air Outlet Relative Humidity

%

7. Process Air Qutlet Humidity Ratio

kgﬂ,o/kgm alr

8. Process Air Outlet Enthalpy Rifkg s, o
9.Experimental Moisture Removal Capacity kg0
10.Simulated Moisture Removal Capacity kgyofs
11.Deviation of Simulated Moisture Removal Capacity | %

from Test Resuit
12. Experimental Total Energy Transfer kW
13. Simulated Total Energy Transfer kW
14.Deviation of Simulated Total Energy Transfer from | %

Test Result
15.Process Air Pressure Drop Pa

°C

16. Regeneration Air Inlet Temperature

17. Regeneration Air Inlet Relative Humidity

%
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18. Regeneration Air Inlet Humidity Ratio kw0 [R8uy o
19. Regeneration Air Inlet Enthalpy KRGy e
20. Regeneration Air Outlet Temperature °C

21. Regeneration Air Outlet Relative Humidity %

22. Regeneration Air Outlet Humidity Ratio k0] *8ary ar
23. Regeneratioﬁ Air Oﬁtlét Enthalpy RIfkg 4y oy
24. Regeneration Air Pressure Drop Pa

25. Temperature of the Atr at Inlet of Heater °C

26. Specific Heat of the Air at Inlet of Heater kifkg-K
27. Temperature of the Air at Outlet of Heater °C

28. Specific Heat of the Air at Outlet of Heater kJ/kg-K
29. Regeneration Energy kW

30. Regeneration Specific Heat Input kIfkgy o
31. Mass Ratio |
32. Total Energy Ratio

5.3 Validation Results

In this section, the parameters predicted by the numerical model presented are
compared with that measured experimentally on a commercially available desiccant
wheel. Comparison with a few experimental tests will show that the numerical

model does indeed accurately model the performance of desiccant wheel.
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Figures 5.9 and 5.10 show the comparisons between the measured and simulated
moisture removal capacity and total energy transfer, respectively. The process air

inlet conditions are 29.1°C and 57.4%rh, and the process air and regeneration air

mass flow rates are 0.04879 kg /s and 0.02656 kg/s respectively.

+ Measured - Simulated

0.4
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0.3 '
0.25
0.2
0.15 i
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0 I I 1 1
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Regeneration air inlet temperature (C)
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L aal

capacity

Moisture remove

Figure 5.9 Comparison between the measured and simulated moisture
removal capacity as a function of regeneration air inlet
temperature for test conditions of process air inlet
temperature 29.1°C and relative humidity 57.4%, and of
process air and regeneration air mass flow rates

0.04879 kg/s and 0.02656 kg/s respectively
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Figure 5.10 Comparison between the measured and simulated total
energy transfer as a function of regeneration air inlet
temperature for test conditions of process air inlet

temperature 29.1°C and relative humidity 57.4%, and of
process air and regeneration air mass flow rates

0.04879 kg /s and 0.02656 kg/s respectively

According to ASHRAE Standard 139 - 1998, Standard Method of Testing for
Rating Desiccant Dehumidifiers Utilizing Heat for the Regeneration Process, if test
rig, method and apparatus all accord with above standard, the uncertainties in

measured data of moisture removal capacity is + 5%.

In Figure 5.9, the error bars indicate + 5% uncertainties in measured data, and it is
showed that the simulated moisture removal capacity agrees with the test data
within experimental uncertainty except two operating conditions in which the
deviations of the simulated results from the test results are 8.2% and 7.0%

respectively. Considering that the uncertainty in the predicted moisture removal
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capacity for an existing desiccant wheel is, due to the uncertainty of the property
data used in the model, likely + 3 to+ 5%, the agreement between the measured and
simulated results is accéptable in all cases. It is noted that a manufacturer may be
able to reduce these uncertainty limits by using more accurate instrumentation and

data to establish the wheel characteristics used in the model.

In Figures 5.10, the error bars indicate + 15% difference from test data (not + 15%
uncertainties in measured data), and it is showed that the deviation of simulated
total energy transfer from experimental results is within 16.8% except two rather
extreme operating conditions in which the enthalpy of process air is approximately
constant so that the uncertainties in measured data exceed the rise in the enthalpy of
process air. The values of simulated total energy transfer are smaller than the test
values of total energy transfer, because in the model developed in this thesis the
sensible heat transfer from regeneration air to process air through the desiccant
wheel case is not taken into account. For a desiccant rotary dehmnildifier, the total
energy transfer is not an important performance parameter that is not involved in

ASHRAE Standard 139 — 1998. The total energy transfer is for reference only.

The experimental and simulated results show the same trends and display close

agreement for each moisture removal capacity and each total energy transfer.
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Chapter 6 Sensitivity Studies

The purpose of the simulations in this chapter is to confirm the relevancy of the
numerical model by sensitivity studies. The effects of the design and the operation
parameters of desiccant wheel (wheel parameters, mass flow rate, temperature, and
humidity) on the dehumidifying performance will be studied. Investigating the
effect of certain assumptions on the predicted performance is left to future studies.
The variations in parameters of process and regeneration air with angular position
and with depth into the tubes are simulated. The desiccant wheel simulated for the

sensitivity studies in this chapter is the same as the test unit.

Optimal rotation speed of desiccant wheel is one of the most important factors in
the design and the operation parameters of desiccant wheel. View the optimal
rotation speed at the angle of adsorpﬁon. During adsorption, the higher the
desiccant temperature, the higher is the relative humidity of the moisture air in

equilibrium with the desiccant solid phase RH, from the isotherms, and the

smaller is the dehumidification potential between the desiccant and the process air.
Therefore, at the beginning of the process zone section it takes some time before
the adsorbent rotor is cooled down to the temperature at which the rotor has
sufficient adsorbability. When the rotation speed is very high, cooling of the rotor

occurs very late and the sector of the favorable adsorption zone becomes narrower.
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As a consequence, the overall dehumidifying performance averaged over the whole
process zone decreases. On the other hand, when the rotation speed is very slow,
the rotor is subjected to a quick cooling at the -beginm'ng of the process zone section
and recovered sufficient adsorbability. However, it is followed by a remarkable
decrease in dehumidifying performance in the subsequent region of the process
zone with increase in thé amount adsorbed. Thus, the overall dehumidifying

performance decreases again.

View the optimal rotation speed at the angle of desorption. When the rotation
speed is very high, there is no enough time to desorb the desiccant. As a
consequence, the overall dehumidifying performance decreases. On the-other hand,
when the rotation speed is very slow, the desiccant is subjected to a quick
desorption at the beginning of the regeneration zone section and in the subsequent
- region of the regeneration zone desorption dose not take place again. It is followed
by a decrease in dehumidifying performance in the region of the process zone with
increase in the amount adsorbed. Thus, the overall dehumidifying performance
decreases again. The rotation speed should be low enough for rapid cooling of the
rotor in the process zoon and thorough desorption of desiccant in the regeneration
zoon, but high enough to keep the adsorbent far from equilibrium in the process

Zo0on.
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The results of these conflicting effects yielded the optimal rotation speed. Many
experiments were carried out by Kodama et al (1994) to investigate the effects of
the rotation speed on dehumidifying performance under various operating
conditions. They found the existence of an optimal rotation speed of the rotor for a
given set of operation and design parameters. An empirical formula, Equation 6.1,
was proposed to predict the optimal rotation speed in the practical operating range.
The optimal rotation speed increases with increasing mass flow rate of regeneration

air, decreasing total mass of desiccant wheel, decreasing bulk specific heat of

desiccant wheel.

1224 -¢,, - Mo
gy =~ P ©.1)
C M,
where M., - total mass flow rate of regeneration air (kg /s

M, - total mass of desiccant wheel (kg);

Mw:'%'Di'lc'pb (62)
D, - desiccant wheel diameter (m);
p, - bulk density of desiccant wheel (4g [t );

P =Pa ot Pnltn (6.3)

for the desiccant wheel simulated for the sensitivity studies in this chapter
p, = 700x0.07 +190x0.03 = 54.7 (kg /My )

¢, - bulk specific heat of desiccant wheel (i/ Jkg -K);
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c, * +c, - -F .
o ' pd' f;l m pm m (64)
Dy

c

for the desiccant wheel simulated for the sensitivity studies in this chapter

_2.8x700x0.07+0.8x190x0.03

=259 kJ/kg -°C
Cab 54.7 (k//kg-°C)

Substituting Equation 6.2 into 6.1 the optimal rotation speed can be expressed as

n _ 1558‘cpa 'Ma,r (6.5)
cpb “Ps .D:'lc.

rs.op

When the total mass flow rate of rcgeneraﬁon air Ma, is 0.02656 kg/s , the
optimal rotation speed for the desiccant wheel simulated for the sensitivity studies

in this chapter is

~ 1558x1.01x0.02656 =15.6~16 (1/h)

Bocop =
%~ 54,7%2.59%0.305% x 0.203

| Equation 6.5 correlates the optimal rotation speed with various operating and
design parameters; ‘but the effects of the process and regeneration air inlet
conditions and proéess air flow rate on the optimalrrotation speed were not taken
into account. In What follows, discussion will be focused on the effects of the
process and regeneration air inlet conditions and process air flow rate on the

optimal rotation speed and dehumidifying performance.
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The design and the operation parameters varied are the rotation speed of the rotor

n_, the process air flow rate M., , the regeneration air inlet condition (i.e.
humidity ratio w, ,, temperature ¢, . ), and the process air inlet conditions (i.e.

humidity ratio w, , , and temperature ¢, , , ).

6.1 Effect of Regeneration Air Inlet Temperature on the Dehumidifying

Performance and the Optimal Rotation Speed

The effect of regeneration air infet temperature on the dehumidifying performance
and the oi)timal rotation speed is simulatgd in this section. The process air inlet
condition used in the simulations is the summer condition of the c;utdoor air in
Hong Kong. The dry bulb is 33.2°C, and wet bulb temperature is 26.1°C (humidity
ratio is 0.0186 kg, ,/kg,, ., ), comesponding to 0.4% annual cumulative
frequency of occurrence (ASHRAE Handbook, Fundamentals 26.31). The indoor

thermal comfort design criteria is air temperature of 24°C and 60% relative

humidity (humidity ratio 0.0112 kg, ,/kg,, ., ). The indoor humidity ratio

0.0112 kg, ,/ kg4, o is used as the regeneration air inlet humidity ratio in the

simulations. The mass flow rate of process and regeneration airstreams is 0.04879

and 0.02656 kg/s respectively.
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The relation between moisture removal capacity and regeneration air inlet

temperature is shown in Figure 6.1, for rotation speed of desiccant wheel 16rph.
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Figure 6.1 Effect of regeneration air inlet temperature on moisture
removal capacity for the rotation speed of desiccant wheel
16 rph
Figure 6.1 shows that the moisture removal capacity becomes larger as the
regeneration air inlet temperature increases. Since the amount adsorbed in the
desiccant at equilibrium decreases at high regeneration temperature, the effective
adsorption capacity of the rotor is increased as the adsorbent rotor is regenerated to
a higher degree. However, the moisture removal capacity does not increase linearly
with the regeneration air inlet temperature. The variation of the moisture removal
capacity with the regeneration air inlet temperature is more pronounced for
regeneration air inlet temperatures less than 100°C. The improvement on the

moisture removal capacity by increasing the regeneration air inlet temperature at
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the higher temperature levels is not as significant as at the Jower temperatures.
Since the water molecules adsorbed in desiccant get out almost thoroughly at high
regeneration air inlet temperature, the incfease in the regeneration potential of
regeneration air by increasing the regeneration air inlet temperature at the higher

temperature levels is not as significant as at the lower temperatures.

Figure 6.2 and Table 6.1 show the effect of the regeneration air inlet temperature

t, . and the rotation speed #,; on the moisture removal capacity.
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Figure 6.2 Effect of the regeneration air inlet temperature and the
rotation speed on the moisture removal capacity
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Table 6.1 Effect of the regeneration air inlet temperature and the rotation

speed on the moisture removal capacity (g, ,/5)

Rotation Moisture Removal Capacity (g,.,/5)

Speed tarin tarin barin farn tarin tarim farin
(1/h) 60°C 70°C 80°C 90°C 100°Cc | noc | 120°C
8 0.2198 0.2745

9 0.2230 |0.2804 |0.3242

10 0.2247 |[0.2839 |0.3317 |0.3641

11 0.2254 [0.2855 |0.3355 |0.3728

12 | 0.2255" | 0.28591" [ 0.3373 | 0.3777 | 0.4030

13 02251 | 028586 |0.3386  |[0.3804 |0.4132

14 0.2244 | 02850 |0.3383 ]0.3823 | 0.4158 0.4309

15 0.2235 0.2838 |0.3373 0.3825" | 0.4168 | 0.4360 | 0.4442
16 02224 |02823 |03365 |0.3819 |0.4169° |0.4394 |0.4502
17 0.2805 {0.3347 |0.3812 [0.4168 |0.4413 | 0.4545
18 0.3326 |0.3796 |[0.4165 |0.4422 | 04571
19 0.3775 | 0.4153 | 0.4423" | 0.4587
20 0.3756 |0.4136 |0.4416 |0.4593
21 0.4118 |[0.4404 | 0.4592
22 0.4388 | 0.4585
23 0.4369 | 0.4573
24 0.4346 | 0.4557
25 0.4538

* optimal rotation speed
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As shown in Tablé 6.1 and Figure 6.2, the optimal rotation speed for the desiccant
wheel simulated in this section is 16rph only for the regeneration air inlet
temperature 100°C, which validates the numerical model at a different angle. The
optimal rotation speed increases with increasing regeneration air inlet temperature,
because the higher the regeneration air inlet temperature, the faster is the desorption,
Figure 6.3 shows the relation between the optimal rotation speed and the

regeneration air inlet temperature,
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Figure 6.3 Relation between the optimal rotation speed and the
regeneration air inlet temperature

Based on Equation 6.5, a recommendation for the optimal rotation speed is given
by the following relationship to take the effect of the regeneration air inlet

temperature on the optimal rotation speed into account.

_148-¢c,,-Ma, (T,

rsop

rin — 260)

(6.6)

n 2
Cpb'pb'Dw'lc
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where T, . - absolute temperature of regeneration air stream inlet condition (X)

6.2 Effect of Process Air Inlet Temperature on the Dehumidifying

Performance and the Optimal Rotation Speed

In this section, the effect of process air inlet temperature on the dehumidifying
performance and the optimal rotation speed is simulated. The process and
regeneration air inlet humidity ratio, and the process and regeneration air mass flow
rate used in the simulations are the same as used in Section 6.1. The regeneration

air inlet temperature is 100°C.

Figure 6.4 shows the variation of the dehumidification performance with the inlet
temperature of the process air when all other operation parameters are held
constant. During adsorption, the higher inlet temperature of the process air causes
the higher temperature of desiccant, which results in higher relative humidity of the

moisture air in equilibrium with the desiccant solid phase RH, from the isotherms,

and smaller dehumidification potential between the desiccant and the process air
reducing the dehumidification capacity. As shown in Figure 6.4, the moisture
removal capacity linearly decreases as the inlet temperature of the process air
increases. Changing the inlet temperature of the process air from 22°C to 40°C, the

moisture removal capacity decreases from 0.5025 g/s to 0.3594g/s.
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Figure 6.4 Effect of process air inlet temperature on moisture
removal capacity for the rotation speed of desiccant

wheel 16 rph
Figure 6.5 and Table 6.2 show the effect of the process air inlet temperéture b pin

and the rotation speed n,, on the moisture removal capacity.
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Figure 6.5 Effect of the process air inlet temperature and the
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Table 6.2 Effect of the process air inlet temperature and the rotation speed on

the moisture removal capacity (g, ,/5)

Rotati Moisture Removal Capacity (gy,5/5)

on

Speed
(1)

'a.p,m ta,p.fn !a,p,m ra.p,ﬂ'a ta.p,m 'ra.p. in ta.p,:'n ra.p. in Ia,p,m !a'.p.in

22°C | 24°C 26°C 28°C 30°C 32°C 34°C 36°C 38°C 40°C

12 0.5014

13 0.5039 | 0.4881 | 0.4718

14 0.5048 | 0.4893 | 0.4736 | 0.4574 | 0.4408

15 0.5042 | 0.4894° | 0.4741° | 0.4582 | 0.4422 | 0.4258 . | 0.4090 | 0.3916

16 0.5025 | 0.4882 | 0.4734 | 0.4583" | 0.4424" | 0.4265 | 0.4103 | 0.3937 | 0.3768 | 0.35%4

17 04865 | 0.4719 | 04572 | 0.4421 | 0.4266" | 0.4105° | 0.3944° | 0.3780 | 0.3614
18 0.4554 | 0.4407 | 0.4257 | 0.4103 [ 03943 | 03783° [ 0.3622
19 0.4242 | 04092 | 03939 |0.3780 | 03623
20 0.3775 | 0.3618

*optimal rotation speed

As shown in Table 6.2 and Figure 6.5, the optimal rotation speed for the desiccant
wheel simulated in this section is 16rph only for the process air inlet temperature
28°C and 30°C. The optimal rotation speed increases with increasing process air
inlet temperature, because the higher the process air inlet temperature, the smaller
is the dehumidification potential between the desiccant and the process air, and the

faster the equilibrium arrives. Figure 6.6 shows the relation between the optimal
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rotation speed and the process air inlet temperature. The optimal rotation speed

linearly increases as the inlet temperature of the process air increases.
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Figure 6.6 Relation between the optimal rotation speed and the
process air inlet temperature

Based on Equation 6.6, a recommendation for the optimal rotation speed is given
by the following relationship to take the effect of the process air inlet temperature
on the optimal rotation speed into account.

1028-c,, - Ma, (T, —260)

0 (6.7)

nrs,o =
P e P DL,

.p.n

where T - absolute temperature of process air stream inlet condition (X)

a,p.in

6.3 Effect of Regeneration Air Inlet Humidity Ratio on the Dehumidifying

Performance and the Optimal Rotation Speed
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The effect of regeneration air inlet humidity on the dehumidifying performance and
the optimal rotation speed is simulated in this section. The process air inlet
condition, and the mass flow rate of process and regeneration airstreams used in the
simulation are the same as used in Section 6.1. The regeneration air inlet

temperature is 100°C.

The effect of the inlet regeneration flow humidity ratio on the dehumidification
performance of a rotary dehumidifier is presented in Figure 6.7, for rotation speed
of desiccant wheel 16rph. At a constant regeneration air inlet temperature,
increasing the moisture in the regeneration flow reduces the moisture uptake swing
in the desiccant wheel, which deteriorates the dehumidification perfon_ﬁance in the
desiccant wheel. Figure 6.7 shows that the moisture removal capacity linearly

decreases as the inlet regeneration flow humidity ratio increases.
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Figure 6.7 Effect of regeneration air inlet humidity ratio on
moisture removal capacity for the rotation speed of
desiccant wheel 16 rph
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Table 6.3 and Figure 6.8 show the effect of the regeneration air inlet humidity ratio

W, and the rotation speed n,, on the moisture removal capacity.

Table 6.3 Effect of the regeneration air inlet humidity ratio and the rotation

speed on the moisture removal capacity (g, ,/5)

Rotation Moisture Removal Capacity (g,.0/5)

Speed Warin Warin Warin War.in Wa,r.in War,in Wa,rin Warin
0.008 0.010 0012 | 0.014 0.016 0.018 | 0.020 0.022

(1/h) kg/kg | kekg | kgkg | kg/kg | kekg | ke/kg | kekg | ke/kg

13 0.4007 | 03971 | 03935 {0.3900

14 04115 | 04074 | 04033 |03997 |0.3958 |o0.39185

15 04185 |04140 | 04095 |0.40497° | 0.4005° |0.3962° | 0.39185"

16 0.4248 | 04198 | 0.4148" [0.4099" | 0.40496 | 0.4001 [ 0.3954 | 0.3907

17 0.4256 | 0.4201° | 04147 |0.4093 | 0.4040 | 0.3991 [ 0.3940 |

18 0.42587 | 0.4200 04142 | 0.4084

19 0.42592" | 0.4190

20 0.4242

*optimal rotation speed
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Figure 6.8 Effect of the regeneration air inlet humidity ratio and
the rotation speed on the moisture removal capacity

As shown in Table 6.3 and Figure 6.8, the optimal rotation speed for the desiccant
| wheel simulated in this section is 16 rph only for the regeneration air inlet humidity
ratio 0.012 kg, ,, /kg,, . and 0.014 kg, ,/ke,, . . The optimal rotation speed
increases with decreasing regeneration air inlet humidity ratio, because the lower
the regeneration air inlet humidity ratio, the larger is the desorption potential
between the desiccant and the regeneration air, and the faster is the desorption.
Figure 6.9 shows the relation between the optimal rotation speed and the

regeneration air inlet humidity ratio.
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Figure 6.9 Relation between the optimal rotation speed and
the regeneration air inlet humidity ratio

Based on Equation 6.7, a recommendation for the optimal rotation speed is given
by the following relationship to take the effect of the regeneration air inlet humidity

. ratio on the optimal rotation speed into account.

_17618-c,, - Mar(T,, 1 = 260) (W, ,;, ~0.0749)

6.8
¢ Py Di-l (T, m =370 ©9

n

Equation 6.8 is based on an empirical formula, Equation 6.1, proposed by Kodama
et al (1994) and the simulation results of silica gel coated rotary dehumidifiers in
this thesis. Many experiments on silica gel coated rotary dehumidifiers were
carried out by Kodama et al (1994) to obtain the empirical formula, so Equation 6.8

can be applied to optimal rotation speed of silica gel coated rotary dehumidifiers.
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6.4 Effect of Process Air Inlet Humidity Ratio on the Dehumidifying

Performance and the Optimal Rotation Speed

The effect of process air inlet humidity ratio on the dehumidifier performance and
the optimal rotation speed is simulated in this section. The regeneration air inlet
condition and the mass flow rate of process and regeneration airstreams used in the

simulations are the same as used in Section 6.2. The process air inlet temperature

is 33.2°C.

Figure 6.10 shows that the moisture refnoval capacity increases as the process air
inlet humidity ratio increases. For the same regeneration flow, the higher the
" moisture content in air, the larger is the dehumidification potential between the
* desiccant and the process air. Therefore more moisture will be removed from the
process air. Figure 6.10 shows the dependence of the moisture removal capacity of

a desiccant wheel with the inlet process air humidity ratio.

Table 6.4 and Figure 6.11 show the effect of the process air inlet humidity ratio

W, ,» and the rotation speed », on the moisture removal capacity.
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Figurej6.10 Effect of process air inlet humidity ratio on moisture
removal capacity for the rotation speed of desiccant
wheel 16 rph

Table 6.4 Effect of the process air inlet humidity ratio and the rotation speed

-

on the moisture removal capacity (g, ,/5)

" Rotation

Moisture Removal Capacity (g,.,/5)
. Speed
E Wap.in Wop,in Wap.in Wop.in Wapin Wop,in Wap,in Wap,in
i (1/h) 0.008 . 0.010 0.012 0.014 0.016 0.018 0.020 0.022
- kg/kg keg/kg ke/kg | ke/kg | keke kg/kg kg/kg | kehkg

13 0.2370
14 0.2394 0.2811 0.3179 | 0.3508 0.3806 0.4080
15 0.2403“' 0.28238 0.3195 0.3526 0.3829 04105 0.4360 0.4598
16 0.2400 | 0.28243* | 0.3199* | 0.3534* | 0.3837* | 0.41152* | 0.4372 0.4610
17 0.2389 | 0.2817 0.3193 0.3530 0.3835 041151 0.4377* | 0.4618*
18 0.2800 0.3179 0.3518 0.3828 0.4111 0.4372 0.4615
19 0.4362 0.4607

*gptimal rotation speed
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Figure 6.11 Effect of the process air inlet humidity ratio and the
rotation speed on the moisture removal capacity

~ As shown in Table 6.4 and Figure 6.11, the optimal rotation speed for the desiccant
- wheel simulated in this section is 16 rph for almost all the process air inlet humidity

ratio. The optimal rotation speed is independent of the process air inlet humidity

ratio.

6.5 Effect of Mass Flow Rate of Process Airstream on the Dehumidifying

Performance and the Optimal Rotation Speed
The discussion so far is based mainly on fixed value of the mass flow rate of

process airstream. In this section, effect of the mass flow rate of process airstream

on the dehumidifier performance and the optimal rotation speed is examined. For

158



this purpose, the moisture removal capacity is simulated at various mass flow rate

of process airstream, with other parameters kept at constant values.

The process air inlet condition, regeneration air inlet humidity ratio, and the
regeneration air mass flow rate used in the simulations are the same as used in

Section 6.1. The regeneration air inlet temperature is 100°C.

The effect of the mass flow rate of process airstream on the dehumidification
performance of a rotary dehumidifier is presented in Figure 6.12, for rotation speed
of desiccant wheel 16rph. With other parameters kept at constant value, increasing
the mass flow rate of process airstream enhances the moisture transfer between the
process air stream and desiccant, which enhances the dehumidification performance
in the desiccant wheel. Figure 6.12 shows that the moisture removal capacity

increases as the mass flow rate of process airstream increases.
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Figure 6.12 Effect of process air mass flow rate on moisture
removal capacity for the rotation speed of desiccant
.wheel 16 rph
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Table 6.5 and Figure 6.13 show the effect of the process air mass flow rate Map

and the rotation speed »n,, on the moisture removal capacity.

Table 6.5 Effect of the process air mass flow rate and the rotation speed on the

moisture removal capacity (g, ,/5)

Moisture Removal Capacity (g4./5)
Mo p(kg!s)

14rph 15rph 16rph 17rph 18rph 19rph

0.045 0.3989 0.4015 0.4026 0.4027* 0.4024 0.4013

0.050 0.4173 0.4200 | 0.42095* | 0.42094 0.4206

0.055 0.4326 0.4353 | 0.4362* 0.4360 0.4356

0.060 0.4453 0.4480 | 0.4488* 0.4485 0.4475

0.065 0.4560 0.4578 0.4594* 0.4590 0.4579

0.070 0.4650 0.4668 | 0.4682* 0.4678 0.4666

0.075 0.4727 0.4744 0.4747 0.4753* 0.4741 0.4723

0.080 0.4792 0.4810 0.4813 0.4817* 0.4805 0.4786

0.085 0.4848 0.4866 | 0.4869* 0.4861 0.4860

0.090 0.4896 0.4914 0.4917* 0.4910 0.4907

0.095 (0.4938 0.4956 | 0.4960* 0.4953 0.4937

0.100 0.4974 0.4993 0.4997* 0.4990 0.4975

*optimal rotation speed
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Figure 6.13 Effect of the process air mass flow rate and the rotation
speed on the moisture removal capacity

As shown in Table 6.5 and Figure 6.13, the optimal rotation speed for the desicéant_
wheel simulated in this section is 16rph and 17rph for all process air mass flow rate.

The optimal rotation speed is independent of the process air mass flow rate.

6.6 Variations in Outlet Parameters of Process and Regeneration Air with

Angular Position

In this section, the variations in outlet parameters of process and regeneration air

with angular position are simulated. The process and regeneration air inlet
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humidity ratio, the process air inlet temperature, and the process and regeneration
air mass flow rate used in the simulations are the same as used in Section 6.1. The
regeneration air inlet temperature is 100°C. The rotation speed is 16rph which is

optimal rotation speed in above operation conditions.

Figure 6.14 shows the variations in process air outlet humidity ratio and

temperature with angular position.
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Figure 6.14 Variations in process air outlet humidity ratio and
temperature with angular position

At the beginning of the process zone section, the desiccant temperature is higher, so
the process air outlet temperature is higher. With increase of angular position, the

process air outlet temperature decrease, as the desiccant wheel is cooled.
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There is an equilibrium layer of moist air in contact with desiccant, shown in
Figure 2.1. The temperature of the equilibrium layer is equal to the temperature of
the desiccant surface. The isotherm determines the relations between the water
content of desiccant and the relative humidity of moist air in the equilibrium layer
at a given temperature. In other words, the air humidity ratio of the equilibrium
layer depends on the temperature and the water content }of desiccant. The mass
transfer between the air ﬂov'v and the desiccant depends on the difference of air
humidity ratio between the air flow and the equilibrium layer in contact with

desiccant. The higher the temperature and the moisture content of desiccant, the

higher is the humidity ratio of moist air in the equilibrium layer.

* At the beginning of the process zone section, the water content of desiccant is
lowest, so the humidity ra_tio of moist air in the equilibrium layer is lower and the
dehumidification potential between the desiccant and the process air is higher. As
a result, the process air outlet humidity ratio is lower. With the increase of angular

position, the process air outlet humidity ratio increases because of the increase of

the water content of desiccant.

The desiccant wheel adsorbs water molecules as it is cooled. After the desiccant

wheel is cooled down to certain temperature, the humidity ratio of moist air in the
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equilibrium layer decreases with the decrease of desiccant temperature, so the
process air outlét humidity ratio decreases with increase of angular position.

After the desiccant wheel is cooled down to the temperature at which the rotor has
sufficient adsorbability, the process air outlet humidity ratio increases with increase

of angular position, because of the increase in the amount adsorbed in the desiccant.

‘Figure 6.15 shows the variations in regeneration air outlet humidity ratio and

temperature with angular position.
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Figure 6.15 Variations in regeneration air outlet humidity ratio and
temperature with angular pesition

At the beginning of the regencration zone section, the desiccant temperature is

lower, so the relative humidity of moist air in the equilibrium layer is lower and the
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Jesorption potential between the desiccant and the regeneration air is smaller. Asa
result, the regeneration air outlet humidity ratio is lower.
At the beginning of the regeneration zone section, with increase of angular position,

the desiccant temperature increases, so the regeneration air outlet humidity ratio

increases.

After the desiccant wheel is heated up to certain temperature, the regeneration air
outlet humidity ratio decreases with increase of angular position, because of the

decrease in water content of the desiccant.

At the beginning of the regeneration zone section, the desiccant temperature is
~ lower, so the regeneration air outlet temperature is lower. With increase of angular
position, the regeneration air outlet temperature increase, as the desiccant wheel 1s
heated. However, in the angular position in which the regeneration air outlet
humidity ratio is at its maximum, the regeneration air outlet temperature decrease
slightly with increase of angular position, because a large amount of heat is needed

in the desorption process.

6.7 Variations in Parameters of Process and Regeneration Air with Depth into

the Tubes
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In this section, the variations in the parameters of process and regeneration air with
depth into the tubes are simulated. Figures 6.16 and 6.17 show the variations in
process air temperature and humidity ratio with depth into the tubes in different
angular position, respectively. Figures 6.18 and 6.19 show the variations in
regeneration air temperature and humidity ratio with depth into the tubes in
different angular position, respectively. The operation conditions and the rotation

speed of the desiccant wheel used in the simulations are the same as used in Section

6.6.
100 _ _ 1°

15°

D

e

2

[

g

g

= 90°

& %1 80°
270°

0 01 02 03 04 05 06 07 08 0.9 1
Depth Into tubes (%)

Figure 6.16 Variations in process air temperature with depth into tubes
in different angular position
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[n Figure 6.16, the process air temperature increases with the increase of depth into
the tubes, because the desiccant temperature is higher than the process air

temperature.
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Figure 6.17 Vériations in process air humidity ratio with depth into tubes
in different angular position
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In Figure 6.17, in the angular position 1° of the process zone section, the desiccant
temperature is higher, so the relative humidity of moist air in the equilibrium layer
in contact with the desiccant is higher. The water content of desiccant near the inlet
of process air is larger than that of desiccant near the outlet of process air, because
the regeneration and process air streams flow in opposite directions. The
regeneration air outlet hﬁm‘idity ratio in the angular position 90° of the regeneration
zone section is much higher than the process air inlet humidity ratio, by a
comparison between Figure 6.17 and Figure 6.19. As a result, the air humidity
ratio of the equilibrium layer in contact with the desiccant near the inlet of process
air is larger than the process air inlet humidity ratio, and the process air humidity
ratio increases with increase of depth into the tubes. After the proéess air 1is
humidified up to certain humidity ratio, with increase of depth into the tubes, the
process air humidity ratio decreases because of decrease of the water content of
desiccant. The variations in process air humidity ratio with depth into the tubes for
the depth more than 50% are not as pronounced as that for the depth less than 50%.
Since in Figure 6.16 the process air temperature for the depth more than 50%
approaches regeneration air inlet temperature 100°C and the desiccant temperature
is higher than process air temperature, the desiccant temperature for the depth more
than 50% approaches regeneration air inlet temperature 100°C too. As the process
air humidity ratio for the depth more than 50% is lower, the dehumidification
potential'between the desiccant and the process air is very small at the desiccant

temperature near 100°C.
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Figure 6.18 Variations in regeneration air temperature with depth
into tubes in different angular position

In figure 6.17, with the increase of the angular position, the desiccant near the inlet

of process air is cooled down to the temperature at which the desiccant has
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adsorbability, so the process air is not humidified by desiccant near the inlet of

process air and the process air humidity ratio decreases with increase of depth into

the tubes.

In Figures 6.18, with increase of depth into the tubes, the regeneration air
temperature decreases, because the desiccant adsorbs sensible heat from the
regeneration air. In Figures 6.19, with increase of depth into the tubes, the

regeneration air humidity ratio increases, because regeneration air adsorbs water

molecules from the desiccant.

At the beginning of the regeneration zone section, the desiccant temperature is
lower and the water content of desiccant is higher. The regeneration air
temperature near the inlet is higher than that near the outlet, the regeneration air
humidity ratio near the inlet is lower than that near the outlet, so temperature
difference between the desiccant and the regeneration air near the inlet is higher
than that near the outlet and the dehumidification potential between the desiccant
and the regeneration air near the inlet is larger than that near the outlet. As a result,
the variations of regeneration air temperature and humidity ratio with increase of

depth near the inlet is more pronounced than that near the outlet.
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Figure 6.19 Variations in regeneration air humidity ratio with
depth into tubes in different angular position

In the regeneration zone section, since the regeneration air temperature near the
inlet is higher than that near the outlet and the regeneration air humidity ratio near

the inlet is lower than that near the outlet, the desiccant near the inlet may reach
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heat and mass equilibrium with regeneration air earlier than that near the outlet. As
a result, the variations in regeneration air temperature and humidity ratio with
increase of depth near the inlet is not as pronounced as near the outlet at the end of

the regeneration zone section.
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Chapter 7 Application of the Numerical Model to Prediction of

the Performance of the Desiccant Dehumidification

and Evaporative Cooling (DDEC) Systems

A desiccant dehumidification and evaporative cooling (DDEC) system relies on the
processes of desiccant dehumidification, heat exchange, and evaporative cooling.
This method of cooling and dehumidifying uses a variety of heat sources. The

method is becoming more noticeable because of its electricity saving and CFC-free

characteristics.

- Figure 7.1 is a schematic representation of a single-stage DDEC sys_terﬁ. Two air
' streams involved, and the supply air at point 3 is the stream that actually provides
' the cooling. The exhaust air at point 8 is always rejected to ambient, since it carries
away all the heat and humidity entering the system either as air-conditioning load
or as input energy. There are other configurations for creating a cooling system
based upon the desiccation process as a starting point, but the system shown in

Figure 7.1 is the topic of the discussion in this chapter.
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Figure 7.1 Schematic of a single - stage DDEC system

However, this system is deficient in that each desiccant is regenerated with high-
temperature air. In temperate climate, the regeneration temperature is in the region
of 60-80°C. In hot humid climate, the regeneration temperatures are more than
i 90°C. For the very low humidity ratio required of the supply air, such as m ice
arenas, the regeneration temperature is even more than 100°C (Banks 1996). The
high regeneration temperature limits utilization of waste heat. It is worth
discussing how to reduce the regeneration temperature in order to make full use of
low-temperature heat. If the process air flowed alternately over infinite desiccant
wheels and intercoolers, the thermodynamics of the process air would be
isothermal. Other conditions being equal, the regeneration temperature of an ideal,
infinite multistage DDEC system is minimum. Figure 7.2 is a graphical

representation of the thermodynamics properties of the cycle in a h-w chart.
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Figure 7.2 Cycle of an ideal infinite, multistage DDEC system

- In this chapter, a two-stage DDEC system using low-temperature heat is proposed,
and its performance is predicted. And then a comparison between a two-stage
system and a single-stage system is made. Thé performance of desiccant wheel in
- the DDEC syst‘em>s" is simtilatéd using the numerical modcl developed in the
preceding chapters. .Direct ‘evap_orative air coolers and thermal wheels are also the
components of the DDEC systems. The experimental study of the direct

evaporative air cooler is detailed in Section 7.2 and the mathematical model of the

thermal wheel is described in Section 7.3.

7.1 Description of A Two-Stage DDEC System with Intercooling
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Figure 7.3 shows a schematic diagram of a two-stage DDEC system with

intercooling. The intercooler is first-stage thermal wheel. On condition that the

regeneration temperature of each stage is equal, the required regeneration

temperature is minimum.
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Figure 7.3 Schematic of a two-stage DDEC system

7.2 Experimental Study of Direct Evaporative Air Cooler (Zhang et al. 2000)

7.2.1 Introduction
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Direct evaporative air coolers are also the components of the DDEC systems.
Direct evaporative air coolers are regarded as energy-efficient, environmental
friendly and cost-effective as air handling equipment (ASHRAE Handbook, HVAC

Applications, 1999).

Applications of evaporétive cooling range from comfort cooling in residential,
~agricultural, commercial and institutional buildings, to industrial applications for
spot cooling in mills, foundries, power plants, and other hot environments

(ASHRAE Handbook, HVAC Applications, 1999).

Media for direct evaporative air coolers can. be classified as either random or rigid.
¢ Sheets of rigid, corrugated material make up the wetted surface ;)f evaporative
{ cooler and serve to bring the water and air into contact so that the air can absorb
: moisture and lower the dry-bulb temperature (cooling effect). The upper medium
enclosure is fabricated of reinforced galvanized steel, stainless steel, other

corrosion-resistant sheet metal, or plastic (ASHRAE Handbook, HVAC

Equipment, 1996).

An ideal pad should have the following characteristics (Bom, 1999):
¢ minimum resistance to airflow
¢ maximum air-water contact for vaporization

¢ equal distribution of airflow resistance, air-water contact and water flow
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e resistance to chemical or biological degradation

e ability to self-clean airborne matter

¢ durability and consistent performancé over life cycle

o Jow cost.
In reality, all pads fall short of this ideal and thus require some trade-offs.
Materials of rigid pads uSed at present include paper, cellulose and fiberglass that
" have been treated chemically with antirot and rigidifying resins, and typically use a
honeycomb type structure. Saturation effectiveness of the evaporative coolers
using this material varies from 70% to over 95%. The rigid medium is usually

designed for a face velocity of 2-3m/s (Bom, 1999).

Some manufacturers supply pads made of woven plastic, but these have the
disadvantage of poor cooling efficiency (low saturation effectiveness) because of
the poor wetting characteristics of the plastic material. Other substances have been
tried as pad materials such as woven expanded paper; fabrics; wood wool made of
pine, fir, cottonwood, cedar, redwood or spruce; plain and etched glass fibres;

copper, bronze and galvanized screening; but none of these is used extensively

(Bom, 1999).

In each country where evaporative coolers are used or are intended to be used it

may be advisable to look for an inexpensive and easily available indigenous pad
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material. The objective, of course, is to avoid the need for continuous large — scale

shipment of pad materials such as corrugated paper (Bom 1999).

So far, no reports have been found for the application of corrugated holed
aluminum foil fillers (CHAF fillers), which have the following advantages:

¢ long and fairly constant service life

o self — cleaning (i.e., dust washes off}

¢ lack of biological deterioration

e ease of available to most of countries

e moderate cost.

If the saturation efficiency of 75-90% and low pressure drop are validated by the

testing of an evaporative air cooler filled with CHAF, aluminum foil is a good pad

material.

In this section, the theoretical and experimental analysis of evaporative coolers

filled with CHAF is detailed.
7.2.2 Principles of Direct Evaporative Air Coolers

Direct evaporative cooling is an air-conditioning process that uses the evaporation

of liquid water to cool an airstream directly so that the final dry bulb temperatures
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of the airstream being cooled is lower than before undergoing the evaporative
process. The direct evaporative air cooler consists of filler, a circulating pump, a
distributor and a water tank, as shown in Figure 7.4. The filler is installed within a
frame. Water is drawn by the circulating pump from the water tank, and distributed
uniformly to the filler by the distributor. When an airstream contacts the water film
directly, the processes of heat and mass transfer occur immediately. The remaining
‘water drops down to the water tank and is recirculated. Because water is
recirculated, the water temperature approaches the air wet-bulb temperamre. Thus
the process of direct evaporative cooling produces a constant wet-bulb temperature
for an airstream, and can be regarded approximately as an isenthalpic process, as
~shown in Figure 7.5. Air enters the cooler at point ‘e’ and leaves the cooler at point

‘I’. Evaporative cooling effectiveness, 7., is often used to assess the performance

of a direct evaporative cooler, defined as

t, -t |
£ 7.1
- (7.1)

e ew

Nee =

where ¢, - temperature of air stream entering evaporative cooler (°C);
t; - temperature of air stream leaving evaporative cooler (°C),

t.,, - wet-bulb temperature of air stream entering evaporative cooler (°C)

The effectiveness of evaporative cooling depends on the face velocity of the air

flowing through the evaporative cooler, the water-air ratio for the mass flow rate of
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the spraying water and the mass flow rate of the cooled air, and on the air inlet

conditions and configurations of the wetted surface.

1 ) 1. Filler
N o ' 2. Valve
L ' 3. Circulating pump
~Air
- — 4. Make-up water pipe
: g ‘ 5. Overflow pipe
- 6. Discharging pipe
7. Distributor
8. Water tank

Figure 7.4 Schematic diagram of a direct evaporative air cooler

T

Figure7.5 Evaporative cooling process on psychometric diagram
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In the evaporative cooling processes, the enthalpy is approximatively constant.
h =h (71.2)
where A, - enthalpy of air stream entering evaporative cooler (kJfkg 4 ar s

h; - enthalpy of air stream leaving evaporative cooler (&//kg;, 4 )

7.2.3 Experimental Study of the CHAF Cooler

The evaporative cooling effectiveness, 7., can be found from the energy and mass

equations when the Lewis number is 1.0, i.e.

M =1 —exp(— —“—":—J (13)

p 'va ' Cpa,ev
+ where a, - average volume heat transfer coefficient between air and water in
evaporative air cooler (kW / m’ - K ), defined as

a,=a- ‘?;c (kW [ - K) (7.4)

o - heat transfer coefficient between air and water in evaporative air cooler
(kW [m*-K);

A, - contact surface area between air and water in evaporative air cooler
(m’);

V - filler volume in evaporative air cooler (m’);

L - filler thickness in evaporative air cooler (m);
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p - air density in evaporative air cooler (kg/m’);
v, - face velocity of air in evaporative air cooler (m/s);

Cpaev = SPECIfiC heat capacity of air at constant pressure in evaporative air

cooler (kJ/kg-K)

The evaporative cooling effectiveness is a function of the filler thickness, air
" velocity and average volume heat transfer coefficient, among other factors. Apart
from the structural parameters, the evaporative cooling effectiveness depends

mainly on va and oy, and the latter determined by the sprinkling density and air

velocity. '

A test rig was built to test the performance and find the relationships between the
effectiveness and other parameters. The filler is made of JKB-700X aluminum foil,
which was first holed then corrugated and then installed in series. The thickness of
the CHAF filler is 200mm, the face area is 400mm (width)x800mm (height), the
surface area ratio is 700 m*m? and the void ratio is 85%. The void ratio is defined
as the ratio of the void volume of the filler to the product of face area and the
thickness of the filler. Test results of the evaporative air cooler filled with CHAF

are shown in Figure 7.6 to 7.10.

Effect of the Sprinkling Density on the Effectiveness

183



The sprinkling density g is defined as

g= -’Z: (kgy.o/m* -5) (1.5)

where m, - water flow rate in evaporative air cooler (kgy,0/5);

4, - cross-sectional area of sprinkling water in evaporative air cooler (m?)

"The effect of the sprinkling density on the effectiveness is shown in Figure 7.6

~when ¢, =283 °C, ¢,, =21.7 °C and vy = 2.0 m/s. As sprinkling density increases,

the falling water film on the filler surface forms water drops, and then changes into
water streams in the filler. At the same time, as the contact area between air and
. Water increases, the evaporative cooling effectiveness and averagé volume heat

~ transfer coefficient increasing as shown in Figure 7.7 for the a, -g relationship, but
i
. air flow resistant is also higher owing to narrow flow path as shown in Figure 7.8. -

0.85

0.73 4

Effectiveness

0.69 -

0.65 ; ;’ ; ;
0 0.2 0.4 0.6 0.8 1 1.2 1.4

Sprinkling density (kg/m?s)
Figure 7.6 Effectiveness 7 against sprinkling density ¢

184



Coefficient (kW/m3K)

Figure7.7 Average volume heat transfer Coefficient a, again sprinkling density ¢

Pressure drop (Pa)

84 i i .' i .' T

24

0 0.2 0.4 0.6 0.8 1 1.2 1.4
Sprinkling density (kg/m’s)

0 0.2 0.4 0.6 08 1 12 1.4
Sprinkling density (kg/m?s)

Figure7.8 Air pressure drop AP against sprinkling density ¢
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Effect of the Air Velocity on the Effectiveness

Equation 7.3 shows that both the air velocity and the average volume heat transfer
coefficient have an effect on the effectiveness of evaporative cooling. The
effectiveness of evaporative cooling decreases with increase of the air velocity
through the cooler when the average volume heat transfer coefficient is constant.
‘This is because the contact time of air with water surfaces in the filler is shorter, so
that the transfer of heat and moisture is not sufficient. The effectiveness of
evaporative cooling is equal to unity when the air velocity is zero. However, the air
velocity also has an effect on the average volume heat transfer coefficient. The
following correlation of Nusselt number with Reynolds and Prandtl numbers was
“obtained experimentally by J.ADowdy and N.S. Karabash (1987) for the
;. evaporative cooling process through various thickness of rigid impregnated

- cellulose evaporative media.
Nu=0.10-(1 /L)*"* . Re*®. pr"* (7.6)

where /, - the characteristic length (m), defined as

I,=V/A, (m) (7.7)

Equation 7.6 shows that the higher the air velocity, the higher the heat transfer

coefficient and thus the higher the effectiveness of evaporative cooling.
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Combining the effect of the air velocity on Equation 7.3 and on Equation 7.6, the

effectiveness of evaporative cooling does not necessarily increases with the

increase or decrease of the air velocity through the cooler.

Figure 7.9 shows the effect of the enter air velocity on the effectiveness when ¢, =

28.5 °C, t,,= 22.5 °C and air velocity varies from 2.0 to 2.8m/s. When air velocity

is low, the effectiveness decreases gradually with the increase of air velocity,

because of shorter contact time period between the air stream and the filler surface.

However, when the air velocity is above 2.4 m/s, the cooling effectiveness

increases slightly with the increase of the air velocity because higher air velocity

makes the heat and mass transfer coefficient greater.

Effectiveness

(Y S— e N i
(R — - — S i S— — S —
0.72 : : : ; ; ; :

20 21 22 23 24 25 26 27 28
Air velocity (m/s)

Figure 7.9 Effect of air velocity v, on effectiveness 7).,
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From Equations 7.3 and 7.4, the evaporative cooling effectiveness, 7,., decreases
with the increase of air velocity, but the average volume heat transfer coefficient
increases with the increase of air velocity, and the effectiveness increases with the
increase of heat transfer coefficient. The results of these conflicting effects yielded
a turning point in effectiveness. Therefore, turning-point air velocity depends on
filler thickness in evaporative air cooler, L, contact surface area between air and
water in evaporative air cooler, 4,_, and filler volume in evaporative air cooler, V.

When the air velocity is no greater than 2.4 m/s, a lower air velocity can result in a
* higher cooling effectiveness, but will also produce a larger face area of the
evaporative cooler for a given airflow rate. Therefore, the air velocity should
usually not be lower than 2.0 m/s, and it should usually not be higher than 2.8 m/s .

in order to prevent the carryover of water droplets.

Figure 7.10 demonstrates that a linear relationship can be used for the air pressure

loss Ap across the cooler and the air velocity when the sprinkling density is 1.04

kg/m’-s. Optimum values of the sprinkling density and air velocity exist for
different coolers. An air velocity of 2.0-2.8 m/s and a sprinkling density of 0.5-1.2

kg/m* -5 lead to the maximum cooling effectiveness.
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Figure 7.10 Pressure drop AP against air velocity v,

7.2.4 Regression Analysis of Experimental Data

The éir temperature at outlet and the energy loss through the filler have been

obtained using linear multiple regression from the measured data. The
experimental condjtidns are sprinkling density between 0.2 and 1.2kg/m’ -5, the
air velocity between 2.0 and 2.8m/s and (T, - T, )/ T; between 0.015 and 0.045. 7,

and 7,, are the absolute temperature and absolute wet-bulb temperature of air

stream entering evaporative cooler respectively.

t,r = 1‘015 % t3.579t0.369v0.082q—0.03 ) - ) (78)

AP = 23893 x 23240066 | (1.9
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Thus, the cooling effectiveness can be found from equations 7.1 and 7.8:

te -1.01 5 » t3.579t3‘369v2.082q—0.03 -
e = — | (7.10)

7.3 Mathematical Model of Thermal Wheel

~The static points of the cold fluid entering and leaving thermal wheel are ‘ce’ and
‘cl’. The static points of the hot fluid entering and leaving thermal wheel are ‘he’
and ‘hl’. The effectiveness of a thermal wheel 7, is defined as the ratio of the
-actual rate of heat transfer between the hot and cold fluids to the maximum possible

rate of heat transfer, that is

_ Ch '(the _thl) (711)

n"" Cmm ' (the - rce)

- where Cj, — heat capacity rate of the hot fluid flowing through the thermal wheel

(kW/K);
C,=mwc, (KkW/K) (7.12)

my - mass flow rate of the hot fluid flowing through the thermal wheel

(kg/s);

c,, - specific heat of the hot fluid flowing through the thermal wheel

(kS kg - K);

Cmin — the smaller value between Cj, and C, (kW/K);
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C. — heat capacity rate of the cold fluid flowing through the thermal wheel

(kW/K);

C.=mec, (KW/K) (7.13)

m. - mass flow rate of the cold fluid flowing through the thermal wheel
(kg/5);

¢, - specific heat of the cold fluid flowing through the thermal wheel
(k] /kg - K);

the - air temperature of the hot fluid entering thermal wheel (°C);

! - air temperature of the hot fluid leaving thermal wheel (°C);

e - air temperature of the cold fluid entering thermal wheel (°C)

/In the sensible cooling and heating processes, the humidity ratio is always constant.

where

(7.14)

Whe = Wy

w, =W, (7.15)

ce

Wpe - ait humidity ratio of the hot fluid entering thermal wheel

(kgh',o /kgdry air )3

wy - air humidity ratio of the hot fluid leaving thermal wheel

(kgHZO/kgdry air )3

We - air humidity ratio of the cold fluid entering thermal wheel

(kgHIO/kgdﬁy air );

191



wy - air humidity ratio of the cold fluid leaving thermal wheel
(kgH,O/kngy air)
The effectiveness of a thermal wheel, n,,, varies from 0.80 to 0.95 (Jurinak and

Beckman 1980).
7.4 Operating Parameters of the Two-Stage DDEC Cycle

~ Consider an gfﬁoe building air conditioning system in Hong Kong. Sensible
cooling is performed by a mechanical refrigerating system and latent cooling by a
DDEC system. The DDEC system as ventilation s}stem should remove moisture
from the supply air to maintain a specified indoor humidity ratio. The reactivation

air is return air, and the process air is fresh air.

" In ang Kong, the summer condition of the outdoor air is dry bulb 33.2°C and wet-
bulb temperature 26.1°C, corresponding to 0.4% annual cumulative frequency of
occurrence (ASHRAE Handbook, F undamentals 26.31). The indoor thermal

comfort design criterion is air temperature of 24°C and 60% relative humidity.

Fresh air supply is 0.008m°/s per person (ASHRAE Standard 55 — 1992). The

latent heat and moisture from each occupant are S5/ and 2.2x107° kg/s(ASHRAE

Handbook, Fundamentals 26.31). Occupants are the only source of moisture
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generation. The static points of the outdoor air and the indoor air are ‘0’ and ‘1.

The static point of the supply air is ‘s’.

From the psychrometric chart, the humidity ratios of outdoor and indoor air are
w, = 0.01860kg,, » /X2, o
and  w,=0.01120kg,, , /kg,, .

* To maintain a required indoor humidity ratio the humidity ratio of supply air is

0.000022
W =W -
th0.008%p,,

(kgh':o /kgdry air) (7' 16)

- where p,, - dry air density of outdoor air, its value can be taken as

1.1532kg, o /m®

thus, the humidity ratio of supply air is

0.000022

w, =0.0112 ~ ——
0.008x1.1532

=0.00882 (kg o/ k84, u)

The desiccant wheel used in the simulation of the two-stage DDEC system in this
chapter is the same as the test unit, and the rotation speed is 20rph. Assume that
the effectiveness of a thermal wheel 7,, is 0.80, and the saturation effectiveness of
an evaporative cooler 77, is 0.80. Each mass flow rate is equal, and is 0.045kg/s

(In case of the larger mass flow rate, the larger desiccant wheel diameter can be
chosen). The calculations of the operating parameters of the two-stage DDEC

cycle are shown in Table 7.1. Figure 7.11 shows the DDEC cycle of this system.
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Table 7.1 Operation parameter calculations for the two-stage DDEC system

Point Temperature Humidity ratio  Enthalpy

(OC) ' (kgHzo/kgdry air) (k‘]/kgdry alr)

Process air

I Outdoor air 332 0.01860 81.06
2 After the first desiccant wheel 478 0.01341 82.79
-3 After the first thermal wheel 316 0.01341 66.08
4 After the second desiccant wheel 45.7 0.00882 68.71
5 Supply air 24.9 0.00882 47.47

Regeneration air

6 Space air 24.0 0.01120 5264
7 After the second evaporative cooler 19.7 0.01295 52.64
8 After the second thermal wheel 40.5 0.01295 74.03
9 After the second air heater 60.2 0.01295 '94.38
10 After the second desiccant wheel 46.1 0.01756 91.76
11 Outdoor air 33.2 0.01860 81.06
12 After the first evaporative cooler 27.5 0.02092 81.06
13 After the first thermal wheel 43.7 0.02092 97.99
14 After the first air heater 60.2 0.01756 106.46

15 After the first desiccant wheel 45,6 0.02277 104.74
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Figure 7.11 Cycle of a two-stage DDEC system

The humidity ratio and the enthalpy of air at point ‘)’ are expressed as w; and A,

: respectively. The dehumidifying capacity per kg, ., /s , Aw-f of the first
desiccant wheel is:
Aw, =w, —wy =w, —w, =0.01860-0.01341=0.00519 (kg o /84, .)
The dehumidifying capacity per kg, . / s, Aw_of the second desiccant wheel is:
Aw, =w, ~w, =w, —w_=0.01341-0.00882

=0.00459 (kgy0/kg,, ..)

The regeneration air inlet temperatures of each stage desiccant wheel are equal.

The humidity ratio of the regeneration air entering the first-stage desiccant wheel is
0.01756 kg, o /kgu, ., and 0.00461 kg, ,/kg,, . higher that than of the

regeneration air entering the second-stage desiccant wheel, which will decrease the
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dehumidification capacity of the first desiccant wheel. The temperature of the
process air entering the first-stage desiccant wheel is 33.2°C and approximates the
temperature 31.6°C of the process air entering the second-stage desiccant wheel.
The humidity ratio of the process air entering the first-stage desiccant wheel is

0.01860kg, /kg4, o and 0.00519kg, , kg, ., higher than that of the process

air entering the second-stage desiccant wheel, which will increase the

dehumidification capacity of the first desiccant wheel. With these conditions, the

dehumidifying capacity per kg, . /s of the first desiccant wheel is

0.0006 kg, ,, [k, ., higher than that of the second desiccant wheel.

- The total dehumidifying capacity per kg, ., /s, Aw, is:
Aw, =w, —w, =w, ~w, =0.01860-0.00882

=0.00978 (kgHzO/kgdry air)

The cooling capacity per kg, ../, qu, » Of the first thermal wheel is:
Qoo = — 1y =82.79-66.08=16.71 (kJ/kg,, ..)
The cooling capacity per kg,,, .../$, G..s» Of the second thermal wheel is:
Deoots = Py — 1 = 68.71-47.47=21.24 (kS [kg,, ..)
The cooling capacity per kg, /s of the first thermal wheel is 4.53&//kg,,, ,,

lower than that of the second thermal wheel, because the temperature difference
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between the two air streams entering the first thermal wheel is smaller than for the

second thermal wheel.

_The total cooling capacity per kg, ../$» 4., Of the two-stage DDEC system is:
Goooty = — by =81.06-47.47=33.59 (K/kg,, )

The total cooliﬂg capa(‘:ity per kg4, o / 5 3 G001, » Of the two-stage DDEC system is

not equal to the sum of ¢.,,,, and g, , because of the rise in enthalpy during the

- dehumidification of process air.

The regenération heat input per kg, ../$, ¢, of the two-stage DDEC system is:

Ging =Py — o+ hy— By =106.46-91.76 +94.38 - 74.03 = 35.05(k!/kgd0 air)

The coefficient of performance, COP, is:

COP = Geoote _ 33.59
4n, 35.05

=0.958

The regeneration specific heat input, RSHI, is:

Gy _ 35.05
Aw, 0.00978

1

RSHI = =3584 (W /kgy o)

7.5 A Comparison between the Two-Stage and A Single-Stage DDEC Systems

7.5.1 Operating Parameters of the Single-Stage DDEC Cycle

197



Similar calculations are done for a single-stage DDEC system. The components
and the airstream inlet conditions in the single-stage DDEC system are the same as
that in the two-stage DDEC system. The only difference is the desiccant wheel
rotation speed 30rph for the single-stage DDEC system. The operating parameters
of the process air and regeneration air at the exits of various components of the
single-stage DDEC system are shown in Table 7.2. Figure 7.12 is a graphical

. representation of the thermodynamic properties of the cycle in a psychrometric
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Figure 7.12 Cycle of a single-stage DDEC system
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Table 7.2 Operation parameter calculations for the single-stage DDEC system

Point Temperature Humidity ratio Enthalpy

(OC) (kgh’zo/kgdry air ) (k‘]/kgdry m'r)

Process air

1 Outdoor air 332 0.01860 81.06

2 After desiccant wheel 64.3 0.00882 87.93

3 Supply air 28.6 0.00882 51.29

Regeneration air

4 Space air 24.0’ 0.01120 52.64

5 After evaporative cooler 19.7 0.01295 .52.64

6 After thermal wheel 55.4 0.01295 89.43

7 After air heater . 95.2 0.01295 130.92
8 After desiccant wheel 63.8 0.02278 124.02

The total dehumidifying capacity per kg, /s, Aw, of each DDEC system is

equal.

The cooling capacity per kg, . /5, .., of the single-stage DDEC system is:

Geoots =P —hy =81.06-5129=29.77 (kS /kg,, ..)
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The regeneration heat input per kg, ., /s, q,,,, is:
Gins =y — g =130.92-89.43 = 4149 (kJ/kg,, .,)
The coefficient of performance, COP, is:

29.77

cop =Jets _ 2217 _ 4418
Gn, 4149

The regeneration specific heat input, RSHJ, is:

q,. 4149
Aw,  0.00978

RSHI = =4242 (kS /kgy )

7.5.2 A Comparison between the Two Systems
Comparison of Regelieration Air Inlet Temperature

. The required regeneration air inlet temperature of the two-stage DDEC system is
60.2°C and 35.0°C lower than that.of the single-stage system. The lowered
regeneration air inlet temperature makes possible utilization of low-quélity thermal

energy such as solar energy and waste heat.
Comparison of Supply Air Parameters

"The sixppiy air temperature of the two-stage DDEC system is 24.9°C, approximates

to the indoor air ;temperature 24.0°C, and is 3.7°C lower than that of the single-
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stage system. At the conditioned space, the supply air of the two-stage DDEC

system absorbs the latent heat from the occupants and rarely supplies sensible heat.

The supply air temperature of the single-stage DDEC system is 28.6°C and 4.6°C
higher than the indoor air temperature. Besides absorbing the latent heat, the
supply air of the single-stage system supplies sensible heat to the conditioned

. space.

The supply air enthalpy of the two-stage DDEC system is 47.47 kJ/kg &y o D
' 3.82kJ/kg,,, ., lower than that of the single-stage system and 517kIfkgy, o

lower than of the indoor air.

Comparison of Exhaust Air Temperature

There are two exhaust air streams in the two-stage DDEC system. The temperature
of one exhaust air stream is 45.6°C and that of the other is 43.7°C. The two
temperatures are both lower than the exhaust air temperature 63.8°C of single-stage
DDEC system. That is, the two-stage DDEC system can decrease the heat

pollution to the environment relatively to the single-stage system.

Comparison of Cooling Capacity
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The cooling capacity per kg, ,, /s of the two-stage DDEC system increases by

12.8% relatively to the single-stage system.
Comparison of COP and RSHI

The coefficient of perférrhance, COP, of the two-stage DDEC system is 0.958 and
- 0.24 higher than that of the single-stage system, and regeneration specific heat
input, RSHI, of the former is 3584 kJ/kg, , and 658 &/ /kg, , lower than that of
the latter. The two-stage system not only has higher COP and lower RSHJ but also
requires the lower temperature heat used as regeneration heat. The required
regeneration air inlet temperature of the two-stage DDEC system is 35.0°C lower
than that of the single-stage system, so COP and RSHI are not reasonable index of
performance for comparison between the two systems. The exergy method of
energy system analysis should be used to evaluate rationally the heat energy

consumption of the two systems.
Comparison of Exergy of Heat

For the two-stage system, the regeneration heat input per kg, ,, /s of the first air

heater, g, ,, is:

Giogs = o =y =106.46-91.76 =14.70  (kJ/kg,,, )
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For the process from state 10 to state 14, the exergy of heat is determined by the

well-known expression

14 14 14
d ¢, dTl T
EquD,]d = J.dq - TEI : j?q = QIQ,H “T(') ‘ J £ = q]0'|4 -T;) . C.P . ln#“
10 10 10 10
(7.17)

where T, - absolute temperature of ambient air, 300X ;

Cpa - Specific heat of air at constant pressure, its value can be taken as
1.01k//kg-K ;
T; - absolute temperature of air at point )’ (K')

hence

60.2+273.16

00.2+273.16 605 (k/kg.
46.1+273.16 K [R8a o)

Ex,0,, =14.70-300x1.01x In

Similarly, the regeneration heat input per kg, .. /s of the second air heater, g,

RTH

vo = By — iy =94.38-74.03=2035 (KJ/kg,, )

For the process from state 8 to state 9, Equation 7.17 gives

g 9
dg ¢, dar T
Equ,‘?:qu-I; J‘ _q89 o I —q89 p'ln}'g_
8 8 8 8
60.2+273.16
=2035-300x1.0lxln———————=1.893 (kJ/k .
N 405+273.16 kI/ Ky ar)

The total exergy of heat of a two-stage DDEC system is

Ex,, = EX 0, +Ex;,=1.605+1.893=3.498 (kJ/kg,, )
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For the single-stage system, the regeneration heat input per kg, ,, / 5, Ggq, 18
=h, —h =130.92-89.43=41.49 (k]/kgd,y air)

From Equation 7.17, the exergy of heat of the process from state 6 to state 7 is

7 Tod c, -dT T
Exq.s=Exq6,7=J'dq”% j =47~ T, I "_qﬁ.'f—n.cplln?’
[ 6 [ 6
| 95.2+273.16
=4149-300x1.01xIn=22% 20000 _cens hifke.
- MSs41273.16 /K2y ar)

1t is thus evident that the exergy of heat per kg, /s of a single-stage DDEC
_system is higher than a two-stage system. The increment of the exergy of heat is

AEx, ,=Ex, —Ex, =6.845-3.498=3.347 (kJ/kgd

arr .

The exergy of heat per kg, /s of the two-stage DDEC system is only 51% of

that of the single-stage system.

7.6 Conclusions

The required regeneration air inlet temperature of the two-stage DDEC system with
intercooling is 35.0°C lower than of the single-stage system. The lowered
regeneration temperature makes possible utilization of low-quality thermal energy

such as solar energy and waste heat.
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The cooling capacity per kg, /s of the two-stage DDEC system increases by

12.8 percent relatively to the single-stage system. The coefficient of performance,
COP, of the two-stage DDEC system is 0.24 higher than that of the single-stage

system, and regeneration specific heat input, RSHI, of the former is 658 &/ / kg, ,

lower than of the latter_. The two-stage system not only has higher COP and lower
RSHI but also requires tﬁe lower temperature heat used as regeneration heat. The
required regeneration air inlet temperature of the two-stage DDEC system is much
lower than of the single-stage system, so COP and RSHI are not reasonable index

of performance for comparison between the two systems. The heat energy system

-analysis using exergy method shows that the exergy of heat per kg, .. /s of the

_two-stage desiccant cooling system is only 51% of that of the single-stage system.

The supply air enthalpy in both the two-stage system and the single-stage system is
lower than the indoor air enthalpy. The supply air temperature of the two-stage
DDEC system approximates to the indoor air temperature, so the supply air does

not need further sensible cooling.
The exhaust air temperatures of the two-stage desiccant cooling system are lower

than of the single-stage DDEC system. That is, the two-stage DDEC system can

decrease the heat pollution to the environment relatively to the single-stage system.

205



The supply air of both the single-stage system and the two-stage system has
sufficient low humidity to control indoor humidity, assuming that occupants are
the major source of moisture generation. Mechanical cooling is required only for
sensible heat removal purposes, so a higher evaporating temperature is required
and consequently the coefficient of performance, COP, of a mechanical

refrigerating system will be higher.

The direct evaporative cooling effectiveness 7, of the evaporative air cooler

using CHAF is about 0.8. The air flow resistance is not more than 200Pa for air
velocity less than 3m/s. Therefore, the CHAF is a good pad material according to
the characteristics which an ideal pad should have (Bom 1999) and the

advantages which CHAF has.
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Chapter 8 Summary and Recommendations

Rotary desiccant dehumidifiers are regarded as energy-efficient as air handling
equipment, because of its low-cost requirements of thermal energy. The energy

source in desorption can be provided from low-level energy such as waste heat

from industries, hot air exhausted from refrigerators , solar collectors and so on.

The desiccant wheel has long been used in dehumidification and cooling systems,
and is the primary component of a solid-desiccant cooling system. The desiccant
wheel is the most difficult component to simulate, and the simulation of the
desiccant wheel is the most time-consuming portion of all simulatio'n programs of
- solid-desiccant cooling systems. The subject of heat and mass transfer in rotary

" desiccant dehumidifiers has been studied extensively over a period of many years.

In this thesis, a numerical model that predicts the heat and moisture transfer during
adsorption and desorption processes in a desiccant-coated, rotary dehumidifier has
been developed from physical principles. All the assumptions are explained. The
model is one-dimensional and transient, and includes all important parameters that
affect the performance of desiccant wheels, such as energy and mass storage in
both air and matrix, convection, the axial thermal conduction through both

desiccant and the support material, the axial water molecular diffusion within the
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desiccant coating and the energy transfer between the air stream and the matrix. So
far, no reports have been found on the model of desiccant coated rotary
dehumidifier including all important parameters mentioned above, but literature
review indicates a need for an accurate model of heat and mass transfer in a
desiccant-coated, rotary dehumidifier. This model can be used in designing or
optimizing the desiccant wheels and in predicting the performance of desiccant

enhanced air-conditioning system.

The mathematical model of desiccant wheel is developed subject to the equilibrium
relation of the desiccant material, the héat of adsorption, thermal conduction and
moisture diffusion through desiccant material, the heat and mass transfer
" coefficient, the specific heat capacity, and the other desiccant properties which are

detailed in Chapter 2.

Chapter 3 presented the four governing equations for coupled heat and mass
transfer in desiccant wheel. The conservation equation of moisture on air stream
includes moisture storage in air, moisture inflow by convection, and moisture
transfer between the air stream and the desiccant. The conservation equation of
moisture on desiccant includes moisture storage on the surface and in the pores of
the desiccant felt material, moisture inflow by combined ordinary diffusion and
Knudsen diffusion and surface diffusion through pores of the desiccant felt material,

and moisture transfer between the air stream and the desiccant. The conservation
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equation of energy on air stream includes energy storage in air, energy inflow by
convection, and energy transfer between the air stream and the matrix, The
conservation equation of energy on matrix includes energy storage in both the
desiccant and the support material, energy inflow by heat conduction through
matrix and moisture diffusion through pores of the desiccant felt material, and
energy transfer between the air stream and the desiccant.
‘ !

The discretization of the éoveming equations is performed and all the dependent
variables and properties are solved at the nodes. The transient terms are solved
using the implicit formulation. The numerical solution scheme is fully implicit for
all of the dependent variables in that the most updated value is used in each
algebraic equation. The discretized equations of moisture conservation are solved
using the Thomas algorithm, also called the Tridiagonal Matrix Algorithm
'- (TDMA), and the discretized equations of energy conservation are solved using the -

Tridiagonal Matrix Algorithm for double variables.

To validate the numerical model by comparisons with experimental data, a test rig
has been built in accordance with ASHRAE Standard 139 - 1998, Standard Method
of Testing for Rating Desiccant Dehumidifiers Utilizing Heat for the Regeneration

Process.
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The accuracy of the simultaneous heat and moisture transfer numerical model of
desiccant coated rotary dehumidifier developed in this study has been confirmed by
the good agreement with experimental data. The simulated moisture removal
capacity agrees with the test data within experimental uncertainty. The model of
the desiccant wheel has been used to predict the moisture removal capacity for
various design and ober’ation parameters. The wide range of change in each
. moisture removal capacity with design and operation parameters implies that an
accurate model will be very important for the design of HVAC systems using

desiccant coated rotary dehumidifier.

The simulation sensitivity results show that the moisture removal capacity becomes
larger as the process air inlet humidity ratic and the regeneration air inlet
temperature increase, and as the process air inlet temperature and the regeneration
air inlet humidity ratio decrease. The moisture removal capacity also increases as

the mass flow rate of process airstream increases.

Optimal rotation speed of desiccant wheel is one ﬁf the most important factors in
the design and the operation parameters of a desiccant wheel. The effects of the
rotation speed on dehumidifying performance under various operating conditions
have been also investigated. An empirical formula proposed by Kodama et al.
{1994) 1s used to predict the optimal rotation speed in a given set of operation and

design parameters. The optimal rotation speed predicted by the empirical formula
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is icientical with the optimal rotation speed simulated by the numerical model
developed in this thesis, which validates the numerical model at a different angle.
The empirical formulé correlates the optimal rotation speed with mass flow rate of
regeneration air, bulk specific heat and total mass of desiccant wheel, but the
effects of the process and regeneration air inlet conditions and process air flow rate
lon the optimal rotation speed were not taken into account. Based on empirical
formula proposed by Kodama et al. (1994), a recommendation for the optimal
rotation speed has been given to take the effect of the process and regeneration air
inlet temperature and regeneration air inlet humidity ratio on the optimal rotation
speed into account. The optimal rotation speed increases as the regeneration and
process air inlet temperature increase, and as the regeneration air inlet humidity
 ratio decrease. The optimal rotation speed is independent of the prﬁcess air inlet

humidity ratio and mass flow rate.

The variations in outlet parameters of process and regeneration air with angular
position and in the parameters of process and regeneration air with depth into the

tubes are simulated.

The numerical model of desiccant-coated, rotary dehumidifier developed in this
thesis has been also applied to the prediction of the performance of the desiccant
dehumidification and evaporative cooling (DDEC) systems. The DDEC systems

rely on the processes of desiccant dehumidification, heat exchange, and evaporative
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cooling. This method of cooling and dehumidifying uses a variety of heat sources.

The method is becoming more noticeable because of its electricity saving and CFC-

free characteristics.

However, the single-stage DDEC system is deficient in that each desiccant is
regenerated with high-temperature air. In temperate climate, the regeneration
‘temperature is in the region of 60-80°C. In hot humid climate, the regeneration
temperatures are more than 90°C. For the very low humidity ratio required of the
supply air, such as in ice arenas, the regeneration temperature is even more than
100°C (Banks 1996). The high regeneration temperature limits utilization of waste
heat. It is worth discussing how to reduce the regeneration temperature in order to
- make full use of low-temperature heat. If the process air flowed al;temately over
infinite desiccant wheels and intercoolers, the thermodynamics of the process air
- would be isothermal. Other conditions being equal, the regeneration temperature of

an ideal, infinite multistage DDEC system is minimum.

A two-stage DDEC system using low-temperature heat has been proposed, and its
performance is predicted. Then a comparison between a two-stage system and a
single-stage system is made. The required regeneration air inlet temperature of the
two-stage DDEC system with intercooling is 35.0°C lower than of the single-stage
system. The lowered regeneration temperature makes possible utilization of low-

quality thermal energy such as solar energy and waste heat.
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The cooling capacity per kg, ,, /s of the two-stage DDEC system increases by

12.8 percent relatively to the single-stage system. The coefficient of performance,
COP, of the two-stage DDEC system is 0.24 higher than that of the single-stage

system, and regeneration specific heat input, RSHI, of the former is 658 &J/ kg, ,,

lower than of the latter. The two-stage system not only has higher COP and lower
" RSHI but also requires the lower temperature heat used as regeneration heat. The
required regeneration air inlet temperature of the two-stage DDEC system is much
lower than of the single-stage system, so COP and RSHJ are not reasonable index

of performance for comparison between the two systems. The heat energy system

analysis using exergy method shows that the exergy of heat per kgd,y' air /.s' of the

two-stage desiccant cooling system is only 51% of that of the single-stage system.

The supply air enthalpy in both the two-stage system and the single-stage system is
lower than the indoor air enthalpy. The supply air temperature of the two-stage
DDEC system approximates to the indoor air temperature, so the supply air does

not need further sensible cooling.
The exhaust air temperatures of the two-stage desiccant cooling system are lower

than of the single-stage DDEC system. That is, the two-stage DDEC system can

decrease the heat pollution to the environment relatively to the single-stage system.
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The supply air of both the single-stage ssrstem and the two-stage system has
sufficient low humidity to control indoor humidity, assuming that occupants are
the major source of moisture generation. Mechanical cooling is required only for
sensible heat removal purposes, so a higher evaporating temperature is required

and consequently the coefficient of performance, COP, of a mechanical

refrigerating system will be higher,

Direct evaporative air coolers are also the components of the DDEC systems,
Direct evaporative air coolers are regarded as energy-efficient, environmental
friendly and cost-effective as air handling equipment (ASHRAE Handbook, HVAC

" Applications, 1999).

" All media for direct evaporative air coolers fall short of the ideal pad and thus
require some trade-offs. In each country where evaporative coolers are used or are
intended to be used it may be advisable to look for an inexpensive and easily
available indigenous pad material. The objective, of course, is to avoid the need for

continuous large — scale shipment of pad materials such as corrugated paper (Bom,

1999),

So far, no reports have been found for the application of corrugated holed

aluminum foil fillers (CHAF fillers), which have the following advantages:
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e long and fairly constant service life

e self - cleaning {i.e., dust washes off)
e lack of biological deterioration

» ease of available to most of countries

e moderate cost.

- The theoretical and experimental analysis of evaporative coolers filled with
CHATF is detailed in Chapter 7. The experimental results show that the direct

evaporative cooling effectiveness 7,, of the evaporative air cooler using CHAF is

- about 0.8, and the air flow resistance is not more than 200Pa for air velocity less

- than 3m/s. Therefore, the CHAF is a good pad material.

Further efforts are worth to be made on a few topics related to the research
| presented in this thesis. The numerical model of desiccant-coated, rotary
dehumidifier developed in this thesis can be applied to the investigation of the
effect of certain assumptions on the predicted performance, the optimization of the
design and the operation parameters of desiccant wheel (wheel parameters, mass
flow rate, temperature, and humidity), and the prediction of the performance of the
desiccant enhanced air-conditioning system which has good performance in energy

use, comfort and capital cost.
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Appendix Test Data Recorded and Simulated Results

Table A1 shows the test data recorded for airflow measurement.

Table A1 ~  Test Data Recorded for Airflow Measurement

Description Units Value
1. Process Airflow Inlet m’[s 0.04168
Temperature at Airflow Measuring Station °C 28.6
Density of Air at Airflow Measuring Station kg [m’ 1.1706
Mass Flow Rate kg/s 0.04879
" 1a. Process Airflow Outlet m*[s 0.04610
Temperature at Airflow Measuring Station °C 55.6
Density of Air at Airflow Measuring Station kg /m’ 1.0745
Mass Flow Rate kg/s 0.04953
2. Regeneration Airflow Inlet m*[s 0.02278
Temperature at Airflow Measuring Station °C 29.8
Density of Air at Airflow Measuring Station kg/m® 1.1658
Mass Flow Rate kg/s 0.02656
2a. Regeneration Airflow Outlet m®[s 0.02314
Temperature at Airflow Measuring Station °C 42.2
Density of Air at Airflow Measuring Station kg/m’ 1.1203
Mass Flow Rate kg/s 0.02592
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The single point of performance data described in Table A2 was replicated over a

number of regeneration air inlet conditions at which the desiccant wheel was tested.

Table A2 Test Data Recorded and Simulated Results for Each Regeneration

Air Inlet Temperature
Description Units Value

1. Process Air Inlet Temperature °C
2. Process Air Inlet Relative Humidity %
3. Process Air Inlet Humidity Ratio ko K8uy o
4. Process Air Inlet Enthalpy | 7 K/ 8 ay ar
5. Process Air Outlet Temperature °C
6. Process Air Outlet Relative Humidity %
7. Process Air Outlet Humidity Ratio *h0 /X8y ar
8. Process Air Outlet Enthalpy kg
9. Experimental Moisture Removal Capacity k.05
10.Simulated Moisture Removal Capacity kgyo/ls
11. Uncertainty in Simulated Moisture Removal Capacity | %
12. Experimental Total Energy Transfer kW
13.7 Simulated Total Energy Transfer 7 kW
14. Uncértainty in Simulated Total Energy Transfer %
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15.Process Air Pressure Drop Pa
16. Regeneration Air Inlet Temperature °C
17. Regeneration Air Inlet Relative Humidity %
18. Regeneration Air Inlet Humidity Ratio ke y o/ %8y ar
19. Regeneration Air Inlet Enthalpy K[k sy ar
20. Regeneration Air Outlet Temperature °C
2. Regeneration Air QOutlet Relative Humidity %
22. Regeneration Air Outlet Humidity Ratio ky0/k8uay ar
23. Regeneration Air Outlet Enthalpy RI[kg sy o
24, Regeneration Air Pressure Drop Pa
- 25. Temperature of the Air at Inlet of Heater °C
" 26. Specific Heat of the Air at Inlet of Heater kifkg-K
. 27. Temperature of the Air at Qutlet of Heater °C
28. Specific Heat of the Air at Outlet of Heater kifkg-K
29. Regeneration Energy kw
30. Regeneration Specific Heat Input kifkgy o
31. Mass Ratio
32. Total Energy Ratio

Table A3 to Table A10 indicate the data recorded for each regeneration air inlet

temperature.
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Table A3 Test Data Recorded and Simulated Results for Regeneration Air

Inlet Temperature 43.8°C

Description Units Value
1. Process Air Inlet Temperature °C 28.9
2. Process Air Inlet Relative Humidity % 59.2
3. Process Air Inlet Humidity Ratio kSuo/k8uy o | 0.01484
"4, Process Air Inlet Enthalpy Rk oy 66.961
5. Process Air Outlet Temperature °C 35..2
6. Process Air Outlet Relative Humidity % 37.1
7. Process Air Outlet Humidity Ratio kguo/*8ay o« | 0.01324
: 8. Process Air Qutlet Enthalpy K kguy an 69.379
© 9. Experimental Moisture Removal Capacity kguofs 0.0781x107
*10.Simulated Moisture Removal Capacity kgh0/5 0.0812x10"
11.Uncertainty in Simulated Moisture Removal | % 4.0
Capacity |
12. Experimental Total Energy Transfer kW 0.1180
13. Simulated Total Energy Transfer 74 0.0819
14. Uncertainty in Simulated Total Energy Transfer % 30.6
15.Process Air Pressure Drop Pa 4349
16. Regeneration Air Inlet Temperature °C 438
17. Regeneration Air Inlet Relative Humnidity % 22.9
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18. Regeneration Air Inlet Humidity Ratio kgyo/h8uy o | 0.01282
19. Regeneration Air Inlet Enthalpy k8 ar 77.579
20. Regeneration Air Outlet Temperature °C 31.7
21. Regeneration Air Outlet Relative Humidity % 54.4
22. Regeneration Air Outlet Humidity Ratio kuol*8ay o | 0.01603
23. Regeneration Air Ouflet Enthalpy K[k 4y 72.924
24. Regeneration Air Pressure Drop Pa 465.9
25. Temperature of the Air at Inlet of Heater °C 29.8
26. Specific Heat of the Air at Inlet of Heater kifkg K 1.005
27. Temper’ature. of the Air at Outlet of Heater °C 43.8
28. Specific Heat of the Air at Outlet of Heater kljkg-K 1.005
29. Regeneration Energy kW 0.3737
30. Regeneration Specific Heat Input klfkgy o 4784.89
31. Mass Ratio -0.952
0.993

32. Total Energy Ratio
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Table A4 Test Data Recorded and Simulated Results for Regeneration Air

Inlet Temperature 51.3°C

Description Units Value
1. Process Air Inlet Temperature °C 28.9
2. Process Air Inlet Relative Humidity % 58.6
3. Process Air Inlet Humidity Ratio kgyo/*8amy « | 0.01468
4. Process Air Inlet Enthalpy k{8 sy an 66.568
5. Process Air Outlet Temperature °C 38.1
6. Process Air Outlet Relative Humidity % 29.3
7. Process Air Qutlet Humidity Ratio kguo[k8ay o | 0.01223
8. Process Air Outiet Enthalpy Wfigs, w | 69.774
9. Experimental Moisture Removal Capacity kgnofs 0.1195x107
10.Simulated Moisture Removal Capacity kg .05 0.1205x10
11.Deviatton of Simulated Moisture Removal | % 1.0
Capacity from Test Result
12. Experimental Total Energy Transfer kW 0.1564
13. Simulated Total Energy Transfer kW 0.1245
14.Deviation of Simulated Total Energy Transfer | % 204
from Test Result
15.Process Air Pressure Drop Pa 434.5
16. Regeneration Air Inlet Temperature °C 51.3
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(7. Regeneration Air Inlet Relative Humidity % 14.9
18. Regeneration Air Inlet Humidity Ratio koo /k8m « | 0.01234
19. Regeneration Air Inlet Enthalpy L3/ S 83.671
20. Regeneration Air Outlet Temperature °C 33.6
21. Regeneration Air Outlet Relative Humidity % 51.9
22. Regeneratioﬁ Air Outlet Humidity Ratio k€yo/kay o | 0.01705
:23. Regeneration Air Outlet Enthalpy AY/L - 77.499
24, Regeneration Air Pressure Drop Pa 467.7
25. Temperature of the Air at Inlet of Heater °C 29.8
26. Specific Heat of the Air at Inlet of Heater kJ/kg-K 1.005
. 27. Temperature of the Air at Qutlet of Heater °C 51.3
. 28. Specific Heat of the Air at Qutlet of Heater kffkg-K 1.005
- 29. Regeneration Energy kw Q.5710
30. Regeneration Specific Heat Input kI kg0 ‘4778.24
31. Mass Ratio 0.994
32.Total Energy Ratio 0.993
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Table AS Test Data Recorded and Simulated Results for Regeneration Air

Inlet Temperature 60.3°C

Descﬁption Units Value
1. Process Air Inlet Temperature °C 29.0
2. Procéss Air Inlet Relative Humidity % 57.7
3. Process Air Inlet Humidity Ratio Ko/ iay w | 0.01454
" 4, Process Air Inlet Enthalpy RIkg sy ar 66.301
- 5. Process Air Outlet Temperature °C 41.3
6. Process Air Outlet Relative Humidity % 226
7. Process Air Outlet Humidity Ratio k810 8y e OfOI 118
. 8. Process Air Outlet Enthalpy kfhu, a | 70.340
9.Experiment Moisture Removal Capacity kgnofs 0.1639x10™
| | 10.Simulated Moisture Removal Capacity kg0 (S 0.1505x10°
11.Deviation of Simulated Moistu.ré Removal | % 8.2
Capacity from Test Result
12. Experiment Total Energy Transfer kW 0.1971
13. Simulated Total Energy Transfer kW 0.1958
14. Deviation of Simulated Total Energy Transfer | % 0.7
from Test Result
15.Process Air Pressure Drop Pa 4344
16. Regeneration Air Inlet Temperature °C 60.3
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32.Total Energy Ratio

17. Regeneration Air Inlet Relative Humidity % 10.2
18. Regeneration Air Inlet Humidity Ratio kguo k8w « | 0.01291
19. Regeneration Air Inlet Enthalpy Kk ay 94.379
20. Regeneration Air Outlet Temperature °C 36.6
21. Regeneratioq Air Outlet Relative Humidity % 49.8
j 22. Regeneration Air Outfet Humidity Ratio ko0 %8y « | 0.01938
| 23. Regeneration Air Qutlet Enthalpy KRGy an 86.604
24. Regeneration Air Pressure Drop Pa 463.8
25, Temperature of the Air at Inlet of Heater °C 29.8
26. Specific Heat of the Air at Inlet of Heater kilkg-K 1.005
. 27. Temperature of the Air at Outlet of Heater °C 1 60.3
28. Specific Heat of the Air at Outlet of Heater kifkg-K 1.00512
- 29. Regeneration Energy kW 0.8143
30. Regeneration Specific Heat Input kIfkgy 0 4968.27
31. Mass Ratio 0.992
0.993
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[able A6 Test Data Recorded and Simulated Results for Regeneration Air

Inlet Temperature 70.2°C

Description Units Value
1. Process Air Inlet Temperature °C 29.2
2. Process Air Inlet Relative Humidity % 56.1
3. Process Air Inlet Humidity Ratio k80 /%8sy o | 0.01429
‘4, Process Air Inlet Enthalpy kI fAG 65.883
5. Process Air Outlet Temperature °C 45.6
6. Process Air Outlet Relative Humidity % 16.2
7. Process Air Outlet Humidity Ratio kgy0/*8ay o | 0.01000
8. Process Air Outlet Enthalpy kS [k ay ar 71.711
* 9.Experimental Moisture Removal Capacity kgy.ofs 0.2093x107
. 10.Simulated Moisture Removal Capacity - kg0 /s 0.1946x 10
11.Deviation of Simulated Moisture Removal | % 7.0
Capacit_y from Test Result
12. Experimental Total Energy Transfer kW 0.2843
13. Simulated Total Energy Transfer 34 0.2629
14 Deviation of Simulated Total Energy Transfer | % 7.5
from Test Result
15.Process Air Pressure Drop Pa 433.5
16. Regeneration Air Inlet Temperature °C 70.2
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17. Regeneration Air Inlet Relative Humidity

% 6.4

18. Regeneration Air Inlet Humidity Ratio kguo/8ay o | 0.01269
19. Regeneration Air Inlet Enthalpy kg, o 104.253
20. Regeneration Air Outlet Temperature °C 38.9
21. Regeneration Air Outlet Relative Humidity % 47.4
22. Regeneration Air Outl'et Humidity Ratio ko fR8ay o | 0.02095
23. Regeneration Air Qutlet Enthalpy Kk sy o 93.034
24. Regc_neration Air Pressure Drop Pa 465.3
25. Temperature of the Air at Inlet of Heater °C 29.8
26. Specific Heat of the Air at Inlet of Heater kifkg-K 1.005
27. Ternpe.rature of the Air at Qutlet of Heater °C 70.2
28. Specific Heat of the Air at Outlet of Heater kilkg-K 1.009
29. Regeneration Energy kW 1.086
30. Regeneration Specific Heat Input Wjkgng | 5188.72
31. Mass Ratio 0.992

0.993

32.Total Energy Ratio
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Table A7 Test Data Recorded and Simulated Results for Regeneration Air

16. Regeneration Air Inlet Temperature

Inlet Temperature 80.8°C
.Description Units Value
1. Process Air Inlet Temperature °C 29.3
2. Process Air Inlet Relative Humidity 1% 56.9
3. Process Air Inlet Humidity Ratio kguo/*8ay o | 0.01459
4. Process Air Inlet Enthalpy - U/ kSry o 66.739
5. Process Air Outlet Temperature °C 49.6
6. Process Air Outlet Relative Humidity % 12.5
7. Process Air Outlet Humidity Ratio k8uo/*8ay o | 0.00944
- 8.-Process Air Outlet Enthalpy kifkgy, 74.340
9.Experimental Moisture Removal Capacity kgy.ofs 0.2513x107
" 10.Simulated Moisture Remoyal Capacity kg 1.0/ 0.2519x107.
11.Deviation of _ Simulated Moisture Removal _% l 0.2
Capacity from Test Result -
12. Experimental Total Energy Transfer kW 0.3709
13. Simulated Total Energy Transfer 134 0.3241
14 Deviation of Simulated Total Energy Transfer | % 12.6
from Test Result
15.Process Air Pressure Drop Pa 432.1
°C - 80.8
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32.Total Energy Ratio

| 7. Regeneration Air Inlet Relative Humidity % 4,0

18. Regeneration Air Inlet Humidity Ratio kguo /X84y = | 0.01211
19. Regeneration Air Inlet Enthalpy kI kg uy ar 113.691
20. Regeneration Air Outlet Temperature °C 42.0
21. Regeneration Air Oqtlet Relative Humidity % 42.2

22. Regeneration Air Outle-t Humidity Ratio Ky /"8y o | 0.02203
:23. Regeneration Air Outlet Enthalpy Rk sy cr 99.059
24, Regeneration Air Pressure Drop Pa 466.2
25. Temperature of the Air at Inlet of Heater °C 29.8

26. Specific Heat of the Air at Inlet of Heater kilkg-K 1.005

. 27. Temperature of the Air at Outlet of Heater °C 80.8

- 28. Specific Heat of the Air at Outlet of Heater kifkg-K 1.00%

. 29. Regeneration Energy kW 1.370
30. Regeneration Specific Heat Input k7fkgy 0 5451.65
31. Mass Ratio 0.992

0.993
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Table A8 Test Data Recorded and Simulated Results for Regeneration Air

Inlet Temperature 89.9°C

Description Units Value
1. Process Air Inlet Temperature °C 29.0
2. Process Air Inlet Relative Humidity % 57.6
3. Process Air Inlet Humidity Ratio kguo/k@ay o« | 0.01451
4. Process Air Inlet Enthalpy kK gy ar 66.235
5. Process Air Qutlet Temperature °C 53.2
6. Process Air Qutlet Relative Humidity % 9.6
7. Process Air Outlet Humidity Ratio kgyo/k8uy o | 0.00864
8. Process Air Outlet Enthalpy Kifkgy o | 75.949
~ 9.Experiment Moisture Removal Capacity kg H.;,O /s 0.2864x107
- "10.Simulated Moisture Removal Capacity k0] 0.2944x107
11.Deviation of Simulated Moisture Removal | % 28
Capacity from Test Result
12. Experiment Total Energy Transfer 14 0.4739
13. Simulated Total Energy Transfer kW 0.3942
14 Deviation of Simulated Total Energy Transfer | % 16.8
from Test Result
15.Process Air Pressure Drop Pa 436.7
16. Regeneration Air Inlet Temperature °C 89.9
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17. Regeneration Air Inlet Relative Humidity % 2.6
8. Regeneration Air Inlet Humidity Ratio %o/ 4y = | 0.01154
19. Regeneration Air Inlet Enthalpy Kk iy ar 121.657
20. Regeneration Air Outlet Temperature °C 43.7
21. Regeneration Air Outlet Relative Humidity % 40.0
22. Regeneration Air Outlet Humidity Ratio Kuo/*8uy o | 0.02285
23. Regeneration Air Outlet Enthalpy LI/ P 102.957
24. Regeneration Air Pressure Drop Pa 464.4
25. Temperature of the Air at Inlet of Heater °C 29.8
26. Specific Heat of the Air at Inlet of Heater klfkg-K 1.005
27. Temperature of the Air at Outlet of Heater °C 89.9

; 28. Specific Heat of the Air at Outlet of Heater kJikg- K 1.009

,A 29. Regeneration Energy kW 1.614
30. Regeneration Specific Heat Input kifkgy 0 5635.47
31. Mass Ratio 0.992
32.Total Energy Ratio 0.993
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Table A9 Test Data Recorded and Simulated Results for Regeneration Air

Inlet Temperature 100.5°C

Description Units ~ Value
1. Process Air Iniet Temperature °C 29.1
2. Process Air Inlet Relative Humidity % 57.6
3. Process Air Inlet Humidity Ratio keno/*8ay o | 0.01460
‘4. Process Air Inlet Enthalpy L1 - 66.558
5. Process Air Outlet Temperature °C 57.9
6. Process Air Outlet Relative Humidity % 6.8
7. Process Air Qutlet Humidity Ratio b€y [*8ay o | 0.00764
~ 8. Process Air Outlet Enthalpy k[kgu, o | 78.160
9 Experimental Moisture Removal Capacity kg 08 0.3396x10°
"10.Simulated Moisture Removal Capacity kgy.ofs 0.3401x107
11.Deviation of Simulated Moisture Removal | % 0.1
Capacity from Test Result
12. Experimental Total Energy Transfer kW 0.5661
13. Simulated Total Energy Transfer kW 0.4815
14.Deviation of Simulated Total Energy Transfer | % 14.9
from Test Result
15.Process Air Pressure Drop Pa 436.7
16. Regeneration Air Inlet Temperature °C 100.5
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17. Regeneration Air Inlet Relative Humidity % 1.6
18. Regeneration Air inlet Humidity Raﬁo Ry o /M8y o | 0.01047
19. Regeneration Air Inlet Enthalpy Wkg,, » | 129.687
20. Regeneration Air Out-let- Temperature °C 454
21. Regeneration Air Outlet Relative Humidity % 382
22. Regeneration Air Outlet Humidity Ratio ko /*ay o | 0.02385
.23. Regeneration Air Outlet Enfhalpy I/ Ky o 107.352
| 24. Regeneration Air Pressure Drop Pa 464.4
25. Temperature of the Air at Inlet of Heater °C 29.8
26. Specific Heat of the Air at Inlet of Heater kifkg-K 1.005
27.‘ Temperature of the Air at Outlet of Heater °C | 100.5
| 28. Specific Heat of the Air at Outlet of Heater kJ/kg X 1.009
29. Regeneration Energy kW 1.898
30. Regeneration Specific Heat Input kikgy .0 5588.93
31. Mass Ratio 70.994
32.Total Energy Ratio 0.993
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Table A10 Test Data Recorded and Simulated Results for Regeneration Air

Inlet Temperature 108.5°C

Description Units Value
1. Process Air Inlet Temperature °C 293
2. Process Air Inlet Relative Humidity % 55.7
3. Process Air Inlet Huhlidjty Ratio kgyolk8u o | 0.01427
‘4, Process Air Inlet Enthalpy L3JL - 65.935
5. Process Air Outlet Temperature °C 614
6. Process Air Outlet Relative Humidity % 53
7. Process-Air Outlet Humidity Ratio kg0 /8w o | 0.00700
8. Process Air Qutlet Enthalpy kikgy o« | 80.082
9.Experimental Moisture Removal Capacity keyofs 0.3547x107
~ 10.Simulated Moisture Removal Capacity kgp0 /s 0.3522x10°
11.Deviation of Simulated Moistﬁe Removal | % 10.7
Capacity from Test Result
12. Experimental Total Energy Transfer kW 0.6902
13. Simulated Total Energy Transfer 34 0.5783
14.Deviation of Simulated Total Energy ‘Transfer % 16.2
from Test Result
15.Process Air Pressure Drop Pa 426.7
16. Regeneration Air Inlet Temperature °C 108.5

246



32.Total Energy Ratio

[ 7. Regeneration Air Inlet Relative Humidity % 1.3
18. Regeneration Air Inlet Humidity Ratio kyo/ 8y o | 0.01145
19. Regeneration Air Inlet Enthalpy kI [K8 sy ar 140.711
20. Regeneration Air Outlet Temperature °C 47.3
21. Regeneration Air Qutlet Relative Humidity % 36.9
-22. Regeneration Air Outlet Humidity Ratio kguo/*8uy a | 0.02545
‘ 23. Regeneration Air Outlet Enthalpy K[k hy ar 113.475
24. Regeneration Air Pressure Drop Pa 461.3
25. Temperature of the Air at Inlet of Heater °C 29.8
| 26. Speciﬁc Heat of the Air at Inlet of Heater kJfkg-K 1.005
27. Temperature of the Air at Outlet of Heater °C 108.5
28. Specific Heat of the Air at Outlet of Heater kllkg-K 1.009
, 2I9. Regeneration Energy kW 2.112
30, Regeneration Specific Heat Input kifkgu.0 5954.33
31. Mass Ratio 0.992
0.993
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