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DESICCANT MATRICES

Todd Bryant Jekel
Under the supervision of Professor J.W. Mitchell

At the University of Wisconsin—Madison

A single-blow experiment was designed and implemented that measured the heat and
mass transfer in a commercially available aluminum matrix of triangular passages
with a polymer desiccant coating. The experimental procedure used a step in inlet
humidity ratio and measured the outlet temperature and humidity response as a
function of time.

The experimental conditions were numerically simulated with a finite-difference
method. The numerical results were significantly different than the experimental
data. For the step increase in humidity, using the fully-developed value of heat
transfer coefficient for laminar flow in triangular passages with adiabatic boundary
condition and an overall Lewis number of unity, the simulated temperature rise is
nearly 2.5 times larger than the experiment. The experiment exhibited a small mass
transfer rate early in the adsorption process, resulting in a small temperature rise in
the outlet temperature. Similar analysis on the step decrease in humidity showed that
the first wave was in good agreement and temperature drop was only approximately
10% larger, but the second wave was sharper than the experimental results.

Increasing the mass transfer resistance did not explain the discrepancies between
simulation and experiment. A decreased mass transfer coefficient represented the low
mass transfer rate early in the adsorption experiment, but failed to represent the mass
transfer rate early in the desorption experiment.

The simulation of experimental conditions for adsorption proved to be very sensi-



ii
tive to isotherm shape at low relative humidities. Since no isotherm data was available
between 0% and 33% for the polymer desiccant, the isotherm was not well defined
in the that region. A reduction in water capacity in the low relative humidity region
of the isotherm lowered the maximum temperature rise during the adsorption exper-
iment. The simulation of the desorption experiment was very sensitive to the high
relative humidity region of the isotherm. It was concluded that the sensitivity to the
isotherm was the major contribution to the lack of agreement between the experiment

and the simulation.
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Chapter 1

Introduction

Solid desiccants dehumidify moist air by adsorbing water on the surface [Ruthven,
1984]. This process is called physical adsorption. The adsorbed water molecules
accumulate on the surface of the desiccant and form a layer that has properties similar
to liquid water. Adsorption, unlike condensation, occurs at temperatures above the
dew point. As water vapor is adsorbed, thermal energy is liberated. This thermal
energy, called the heat of adsorption, is on the same order of magnitude as the heat
of condensation.

In the 1950’s, Pennington [1955] proposed the use of cooling cycles that were
driven by adsorption and low-grade thermal energy. Since then, many desiccant
air-conditioning systems have been studied and the similar conclusions have been
reached: the required equipment is large and the first cost is too high to compete
with a conventional vapor compression system. The desiccant dehumidifier must be
large to meet the dehumidification load because the coefficients for heat and mass
transfer are small.

Desiccant dehumidification is an attractive concept because it does not use an
ozone depleting, global warming refrigerant and it can reduce the on-peak electricity

demand [Pesaran et al., 1993]. The on-peak electricity is reduced because the com-
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Figure 1.1: Schematic of a rotary desiccant dehumidifier or enthalpy exchanger.

pressor of a conventional vapor compression refrigeration cycle requires much more
power than the fan power required to pass air through the desiccant dehumidifier.

Figure 1.1 shows a schematic of a rotary desiccant dehumidifier or enthalpy ex-
changer. The matrix is being both continuously processed (dehumidifying) and re-
generated. The purpose of a desiccant dehumidifier is a primary component in a
system designed to condition a space. An enthalpy exchanger is a device used with
conventional systems to recover energy (both sensible and latent) from the exhaust air
stream. The rotation speed of an enthalpy exchanger is much faster than a desiccant
dehumidifier.

The regeneration heat that the desiccant dehumidifier requires in order to contin-
uously dehumidify the process air can be delivered by a solar collector array, process
waste heat, or a gas furnace. The regeneration heat is usually supplied at 60-100°C;
however, higher regeneration temperatures can dramatically increase the performance

and decrease the size of the dehumidifier.



1.1 Desiccant Air-Conditioning Systems

Desiccant air-conditioning systems require heat to regenerate the desiccant and cool-
ing and humidification to prepare the desiccant outlet air flow for delivery to the
space. The art of desiccant air-conditioning is in the arrangement of these competing
needs. This section provides an introduction to desiccant air-conditioning systems

and the technologies available to improve system performance.

1.1.1 Basic Desiccant Systems

The most basic desiccant air-conditioning system is the Pennington [1955] or ventila-
tion cycle as shown in Figure 1.2. The exhaust air from the space is used to cool the
supply stream and regenerate the desiccant. The supply air is taken directly from the
ambient. The supply air stream is dehumidified by the desiccant, cooled by sensible
heat exchange with the exhaust air stream, and evaporatively cooled to the supply
state. The performance of the ventilation cycle has been researched extensively [Ju-
rinak, 1984; Kang, 1989] The indicators for system performance are the Coefficient of
Performance (COP) and the cooling capacity. The COP is defined as the amount of
cooling capacity that the air-conditioning system delivers to the space divided by the
amount of heat that must be added to regenerate the desiccant dehumidifier. The
COPs that investigators have found range from 0.5 to 1.4 [Pesaran et. al., 1993]. The
COPs vary over a wide range because performance is a strong function of the sensible
heat éxchanger effectiveness. Kang [1989] determined that the COP for a balanced
flow system with infinite transfer coefficients was 1.62 at ARI conditions (Room:
26.7°C dry bulb, 19.4°C wet bulb; Ambient: 35°C dry bulb, 23.9°C wet bulb). For
non-infinite transfer coefficients the COP was reduced to 1.04 with a cooling effect
of 15.54 kJ/kg and a regeneration temperature of 70.64°C. The non-idealities in this

analysis were an effectiveness of the heat exchanger of 0.95, an efficiency of the evap-
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Figure 1.2: Ventilation cycle schematic.

orative coolers based on the adiabatic saturation temperature of 0.95 and a Number
of Transfer Units (Ntu) for the desiccant dehumidifier of approximately 20.

The recirculation cycle differs from the ventilation cycle in that the supply air
is entirely or partly taken from the return air from the space. The regeneration
stream has the same mass flow rate as the process stream and is taken directly
from the ambient. The recirculation cycle with no fresh air flow rate is shown in
Figure 1.3. The performance of the recirculation cycle is similar to the ventilation
cycle. The COPs range from 0.5 to 0.78 [Jurinak, 1984]. Using Kang’s analysis
[1989] and the same values to model the non-idealities as the ventilation cycle, the
COP of the recirculation cycle with no fresh air flow rate was 0.70 with a cooling
effect of 16.63 kJ/kg and a regeneration temperature of 70°C. Therefore, for the same
regeneration temperature the recirculation cycle had a greater cooling effect but a

lower COP.
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Figure 1.3: Recirculation cycle schematic.

1.1.2 Advanced Desiccant Systems

In an effort to increase the performance of the basic systems, systems that utilize
improved components have been developed. Maclaine-cross [1985] and Kang [1989)
proposed and analyzed systems that incorporate a finned coil and cooling tower in-
stead of the direct evaporative coolers that have COPs greater than 2. Waugamann
[1993] proposed and analyzed a system that utilizes one direct evaporative cooler and
one indirect evaporative cooler that has a COP of 1.6.

The SENS cycle was developed by Maclaine-cross [1985] and is shown in Fig-
ure 1.4. The COP of this cycle is much higher than the ventilation and recirculation

cycles. The SENS cycle uses two heat exchangers and a finned coil and cooling tower.
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Figure 1.4: The SENS cycle schematic.

Maclaine-cross reports an ideal (infinite transfer coefficients, no latent load) COP
of 5.8 at ARI conditions. Kang [1989] reports a COP of 2.58, a cooling effect of
29.02 kJ/kg, and a regeneration temperature of 67°C with non-ideal components and
a 20% latent load at ARI conditions. The non-idealities are Ntus for the heat ex-
changer, finned coil heat exchanger, cooling tower and desiccant dehumidifier of 9.0.
The flow rates were chosen to give good performance at ARI conditions [Kang, 1989].

The REVERS cycle is a simplification of the SENS cycle [Kang, 1989]. The
simplification is the elimination of one of the heat exchangers and a redirection of
flows. The REVERS cycle is shown in Figure 1.5. The resulting COP, cooling effect,
and regeneration temperature are 2.41, 25.3 kJ/kg, and 64.9°C respectively [Kang,

1989]. The REVERS cycle has a lower COP but a higher cooling effect for a lower
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regeneration temperature. The non-idealities were identical to those used for the
SENS cycle.

The DINC cycle [Waugamann, 1993] shown in Figure 1.6 uses an indirect evapo-
rative cooler in place of a direct evaporative cooler in the ventilation and recirculation
cycles. Waugamann predicts a COP of 1.6 at ARI conditions. The DINC cycle pro-
vides the benefit of an increased COP, but does not require the expensive components

(cooling tower and finned coil) that the SENS and REVERS cycles require.

1.1.3 Improved Operational Concepts for Basic Cycles

Advanced systems that utilize better components is one way of increasing the perfor-

mance of desiccant dehumidification, for example, using a cooling tower and finned
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coil instead of the evaporative coolers in the ventilation cycle; another is to improve
the way the cycles with the basic components work by utilizing improved concepts
for desiccant dehumidification. Improving the basic systems is attractive because
that the advanced systems have a greater number of components or more expensive

components than the basic cycles.

Staged Regeneration

Staged regeneration reduces the amount of heat needed to regenerate the desiccant
by first regenerating part of the desiccant with unheated (i.e. no solar or gas heating)
air and then finishing the regeneration process with solar or gas heated air. Collier
[1991] predicted that staged regeneration can increase the COP of the ventilation
cycle from 0.76 to 1.0. The fraction of heated regeneration air was 50%. Desiccant

dehumidifiers with higher heat capacity showed less dramatic improvements with
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Figure 1.7: Air Flow Paths for Rotary Desiccant Dehumidifier with Purged flow.

staged regeneration [Collier, 1991].

Purged Flow

At the beginning of the processing period the outlet of the first 10-20% of the rota-
tion of the dehumidifier is hot and humid [Jurinak, 1984]. The removal of this air
reduces the average outlet humidity ratio of the processing period. In addition, if this
purged flow is then used to regenerate the desiccant the heat needed to regenerate
the desiccant can be reduced. Figure 1.7 shows the flow of air through a desiccant
dehumidifier operation with purged flow. Purged flow increased the dehumidification
capacity of a silica gel wheel 4% for a low thermal capacitance matrix and 8% for a

high thermal capacitance matrix [Jurinak, 1984].
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Cross Cooling

The performance of a silica gel dehumidifier can be improved by removing the heat
that is generated during the adsorption process [Mei, 1983]. The amount of dehumid-
ification capacity is increased because the equilibrium amount of water the desiccant
can adsorb decreases with increased temperature. Mei showed that for a constant
regeneration temperature the COP increases with the amount of moisture cycled in
the adsorption/desorption process. Cross cooling the experimental setup increased
the amount of moisture cycled from 0.05 to 0.08 kg water/kg silica for a cross cooling
flow rate of 150% of the process flow. For a regeneration temperature of 63-66°C, the
resulting COP changed from 0.2 to about 0.35 for the experimental setup.
Majumdar and Worek [1988] explored the performance of a cooled-bed desic-
cant dehumidifier operating in recirculation mode with varying indoor and outdoor
conditions and regeneration temperature. The results showed that the indoor and
regeneration temperature and outdoor humidity ratio affect the COP more than the
outdoor temperature and indoor humidity ratio and that low temperature heat (i.e.

50°C) can provide cooling.

1.1.4 Desiccant Air-Conditioning System Summary

Desiccant dehumidification systems are a viable alternative to vapor compression
air-conditioning machines [Jurinak et. al., 1984]. The advantages of desiccant air-
conditioning systems lie in the elimination of the vapor compression cycle. First,
the potentially harmful refrigerant is eliminated, and second, the on-peak electric
peak and demand are reduced. The result is an air-conditioning system that saves
the operator money from reduced electricity demand rates and consumption. The
reduced electric usage is offset by heat from a solar collector, waste heat from another

process, or heat from a gas furnace.
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The disadvantages of desiccant air-conditioning lie in the equipment. A simple
desiccant air-conditioning system involves a rotary desiccant wheel, a thermally large
heat exchanger, two evaporative coolers and a gas furnace or solar collector array.
These components lead to a large capital investment compared to conventional air-
conditioning systems. In addition to its cost, the rotary desiccant wheel is large to
compensate for the low transfer coefficients.

Basic systems reduce electric demand and energy despite COPs less than 1 at
ARI conditions. Advanced systems and methods not only accomplish the reduction
of electrical energy and demand but also increase the COP of the system to more
effectively compete with conventional systems. The state-of-the-art advanced systems
have COPs greater than 2 at ARI conditions.

Advanced concepts also increase the performance of desiccant systems. Staged
regeneration reduces the regeneration heat by only heating a portion of the regener-
ation air stream. Purged flow expels the hot, moist air that initially comes out of
the dehumidifier after regeneration, this is recirculated into the regeneration stream
to reduce the regeneration heat. Cross cooling involves introducing a cool air stream
that passes through the desiccant dehumidifier to reduce the heating of the process
stream from the liberation of heat in the adsorption process; therefore, cross cooling
is limited to switched bed applications.

Regardless of the simplicity or complexity of the desiccant air-conditioning cycle
and its operational control, the performance of the desiccant dehumidifier is critical

to the cycle performance.

1.2 Basic Concepts and Experimentation

Desiccants and desiccant air-conditioning systems have been extensively researched

in the past 30-40 years. Many numerical studies and experiments to determine the
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performance of the desiccant and the system have been done. The literature that is
most applicable to the current project are studies to determine the heat and mass
transfer coefficients and methods for solution of the governing partial differential

equations.

1.2.1 Desiccant Equilibrium Properties

Desiccant equilibrium properties define the performance of the desiccant dehumidi-
fier. Many models for the description of the adsorption and desorption of adsorbate
on a desiccant have been proposed. The test of the models is how well they represent
the isotherms that are acquired by static sorption experiments. Static sorption exper-
iments determine the amount of moisture that the desiccant can hold when in contact
with moist air at a given temperature and relative humidity. Exposed to a range of
relative humidities at the same temperature, the resulting amount of water contained
in the desiccant is an isotherm. Several isotherms contain all the information that is
needed to predict desiccant performance; that is, the equilibrium humidity ratio of
the air in contact with the desiccant and the heat of adsorption. Many references are
available on adsorption properties and processes [Ruthven, 1984].

The models for representation of the equilibrium isotherm range from the very
simple to very complex. However, with today’s computer capabilities, a simple model

is not a priority.

1.2.2 Methods of Solution of Governing Equations

The performance of a desiccant dehumidifier or enthalpy exchanger requires solution
of a system of partial differential equations that includes the conservation of mass

and energy and rate equations that define the heat and mass transfer.

0w MW
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where the coordinate nomenclature is given in Figure 1.1, M, T, W and I are the
mass, temperature, water content and enthalpy of the desiccant material respectively,
m, t, w and ¢ are the mass flow rate, temperature, humidity ratio and enthalpy of the
moist air, h; and h,, are the overall heat and mass transfer coefficients respectively,
twy 1 the enthalpy of water vapor, and we, is the humidity ratio of the air if it were
in equilibrium with the desiccant.

Solution to the conservation and rate equations has be done by using an analogy

with heat transfer or with more general finite difference or finite element methods.

Analogy with Heat Transfer

Maclaine-cross [1972], Close and Banks [1972] developed a method of transforming
the system of coupled hyperbolic non-linear partial differential equations into a sys-
tem of uncoupled hyperbolic partial differential equations by assuming that mass
transfer is analogous to heat transfer. In order to perform the transformation, sev-
eral assumptions were required: 1. Axial conduction and diffusion were neglected, 2.
constant inlet and initial boundary conditions, and 3) infinite heat and mass transfer
coefficients.

The transformed equations are:

OF; OF; -
5z_+/\i¥_0 i=1,2 (1.5)

F; and F;, which are called the combined potentials for heat and mass transfer, are

state properties of the desiccant-fluid system. These potentials pass through the



14

desiccant like waves with speed A;. The result of this transformation is a set of
equations for heat and mass transfer in a rotary desiccant dehumidifier that are the
same form as the equations for a rotary sensible heat exchanger. Lines of constant
Fy and F; for silica gel resemble lines of constant moist air enthalpy and relative
humidity respectively on psychrometric coordinates. The combined potentials and
wave speed correspond to temperature and the ratio of the heat capacities of the
matrix and humid air respectively [Van Den Bulck, 1983; Klein, 1988]. The following

assumptions are utilized in uncoupling the equations:

6E’f — an,m Leo _ Ntut

3i; 04, = Ny (1.6)

where Le, is called the overall Lewis number and the Ntus for heat and mass transfer

respectively are defined as follows:

Ntuy = _htA Ntu,, = f"_'fm_é (1.7)

mcp,s

The first assumption is equivalent to saying that the combined potentials are
linear functions of the moist air enthalpy and relative humidity of the air in contact
with the desiccant [Jurinak, 1982]. The second assumption means that the Ntuy, for
mass transfer is equal to the Ntu, for heat transfer. Both assumptions are true for
systems with infinite transfer coefficients (i.e. equilibrium performance) but are only
approximations for systems with finite transfer coeflicients.

Waves of temperature and humidity ratio travel together through the desiccant
matrix, but the combined potentials travel at distinctly different speeds. Since the
combined potentials change independently, the equilibrium performance of a desiccant
dehumidifier can be determined quickly and easily by the intersection point method.
The intersection point is the minimum humidity ratio plateau in the processing period

and corresponds to the intersection of the constant F; potential that passes through
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the processing state and the constant F> potential that passes through the regenerat-
ing state. However, solution to the performance of the non-ideal (i.e. finite transfer
coefficients) desiccant dehumidifier is more difficult because the F; potentials cannot
be analytically determined and therefore a curve fit of the combined potentials is

needed to solve the equations [Jurinak, 1982].

Finite Difference Methods

Finite-difference methods for solution to the governing equations are the most practi-
cal way to solve for the performance of a desiccant dehumidifier with non-infinite heat
and mass transfer coefficients. Unlike the combined potentials derived by Banks and
Close [1971] that require the ratio of the number of transfer units for heat and mass
transfer to be unity, there are no limits on the value of this ratio for finite-difference
methods. Unfortunately, the methods are complex and computationally intense.

Maclaine-cross [1974] developed a finite-difference method that used a second
order representation of the governing equations. Second order accuracy is achieved
by performing a Taylor’s series expansion around the center of the element. The
finite-difference equations are solved implicitly. The program MOSHMX [Maclaine-
cross, 1974] uses this finite-difference formulation. MOSHMX utilizes algorithms for
determination of time and space step sizes and extrapolates the results to zero grid
size. MOSHMX solves for the periodic steady-state of the dehumidifier given the inlet
process and regeneration states and the time of each period.

Zheng and Worek [1993] presented a finite-difference formulation that has high-
order accuracy, is numerically implicit, and is unconditionally stable. The finite-
difference formulation of the governing equations utilize a central-difference scheme
with average values used at the midpoint of the nodes in time and space. The start-

ing scheme is formulated identically except a backward difference scheme is used.
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This isotherm is linearized by performing a first order Taylor series expansion. The
resulting grid size for this finite difference method required 5 steps in space and 20
steps in time compared to 100 steps in space and 2000 steps in time for an explicit
method [Zheng and Worek, 1993]. The authors conclude a considerable computer

time reduction compared to explicit numerical methods.

1.2.3 Numerical Performance Evaluation

Numerical simulations of desiccant dehumidification are relatively easy to accomplish
using finite difference or finite element methods. Therefore, a large number of numer-
ical parametric studies have been done to determine the effect of desiccant properties
(i.e. isotherm shape, total moisture content, and matrix thermal capacitance) and
the heat and mass transfer coefficients [Collier et al., 1990; Collier and Cohen, 1991;
Epstein and Grolmes, 1985; Farooq and Ruthven, 1991; Jurinak, 1982; Zheng and
Worek, 1993; Mei, Chen, Lavan, Collier, Meckler, 1992]. The influence of these prop-

erties on performance are discussed below.

Desiccant Properties Choice

Much discussion has resulted from the proposal of optimum desiccant properties, that
is, total desiccant water content, heat of adsorption and isotherm shape. Questions of
advantages of addition of inert material to the matrix to increase the thermal capacity
of the matrix have also been debated.

The isotherm shape of a desiccant has been qualified by Brunauer [1945]. Fig-
ure 2.2 shows the five isotherm types defined by Brunauer. Briefly, a Brunauer Type I
isotherm shape shows considerable water capacity except at very low relative humidi-
ties. Conversely, a Brunauer Type III isotherm shape shows low water capacity except

at very high relative humidities.



17

Jurinak [1982] varied the isotherm shape to determine the optimum isotherm
shape. The heats of adsorption were assumed to be typical for the isotherm shape.
The results showed that the Type I was the best for adsorption; that is, for the
same process and regeneration states the dehumidification capacity is greater than
the other four Brunauer types or a linear isotherm.

Collier et al. [1990] showed that the moderate Type I was the best choice for
systems with staged regeneration and the nearly linear isotherm was the best choice
without staged regeneration. Farooq and Ruthven [1991] did a numerical study of
a fixed bed desiccant dehumidifier subjected to cyclic operating conditions. The
conclusion was that there is a large range of acceptable isotherm shapes.

Zheng et. al. [1993] determined that the moderate Type I was the best isotherm
shape. The Type I also had the longest cycle time and therefore the lowest rotation
speed and least carryover. Zheng measured the dehumidification performance as the
average minimum outlet humidity ratio.

The moderate Type I isotherm shape is the optimum isotherm for adsorption
processes (i.e. provides the most dehumidification); however, the optimum is very
flat and a wide range of isotherm shapes (from moderately Type I to linear) provide
adequate dehumidification performance.

The total water content of the desiccant is the amount of water that the desiccant
can adsorb when in contact with saturated air. The maximum amount varies for
different desiccants; for example, molecular sieves usually have a maximum in the
range of 0.2-0.3 kg water/kg dry desiccant and silica gel has a range of 0.35-0.5 kg
water/kg dry desiccant for microporous and up to 1.0 kg water/kg dry desiccant for
macroporous silica gel [Jurinak, 1984].

Jurinak [1984] studied the effect of total water content and concluded that in-

creasing the amount adsorbed increased the cooling performance; however, the effect
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of doubling the total water adsorbed was easier accomplished by a small change in the
isotherm shape from linear to Type I. Jurinak measured the performance of the desic-
cant as the equilibrium intersection point compared to the intersection of the constant
relative humidity and constant enthalpy lines for the process and regeneration states.

Collier et al. [1990] found that the COP and capacity decreased for decreased
total water content without staged regeneration. The nominal desiccant was Type I
with a total water content of 0.4 kg/kg. The COP and capacity were reduced 2%
and 4% for a reduction of total water content to 0.25 kg/kg. The COP and capacity
were reduced 6% and 10% for a reduction of total water content to 0.15 kg/kg.
Collier [1990] found that for a dehumidifier with staged regeneration the COP was
unaffected by reduction of total water content, but the capacity was decreased by 15%
for a reduction of total water content from 0.4 to 0.08 kg water/kg dry desiccant.

Zheng et. al. [1993] concluded that changing the total water content of the
desiccant matrix from 0.1 to 0.4 kg water/kg dry desiccant produced nearly the same
performance when operated at the optimum cycle time (i.e. the time that corresponds
to the time averaged minimum outlet humidity ratio). However, the performance of
a dehumidifier with a high maximum water content exhibited less sensitivity to cycle
time. The only difference was that lower total water content reduced the cycle times.
However, as the cycle time decreases the amount of carryover between the process
and regeneration streams increases thus decreasing performance.

The total water content of the desiccant matrix effects the rotation speed of the
rotary dehumidifier more than the dehumidiﬁcatiqn capacity when operated at the
optimum cycle time. A reduction in the total water content increases the rotation
speed of the dehumidifier.

Jurinak [1982] concluded that increased thermal capacitance decreased the capac-

ity of the desiccant dehumidifier. Increased thermal capacitance also increased the
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cycle time. Collier and Cohen’s [1991] analysis agrees with Jurinak’s, but also stated
that the waves associated with heat and mass transfer in desiccant dehumidification
“smeared” together for high thermal capacitance. Although the capacity of the dehu-
midifier decreased, the COP increased because the desiccant retains the regeneration
energy and transfers it to the process stream thus providing higher preheat temper-
atures out of the sensible heat exchanger. However, this benefit is only realized with

high sensible heat exchanger effectiveness (> 94%) [Collier and Cohen, 1991].

Heat and Mass Transfer Coefficients

The effect of the heat and mass transfer coefficients on the performance of a desiccant
dehumidifier is simple. The performance (i.e. COP and capacity) increases with
increasing transfer coefficients. Equivalently, for the same dehumidification load the

dehumidifier size is reduced with increasing transfer coefficients.

1.2.4 Experimental System Performance Evaluation

Lof et al. [1988] studied an American Solar King Energymaster desiccant cooling
unit operated in ventilation mode. The desiccant material on the rotary desiccant
dehumidifier matrix was lithium chloride. The system was regenerated using heat
from a evacuated tube solar collector array and storage tank with water as the working
fluid. The space (residential building) was temperature controlled to be 22°C. The
results showed that a thermal COP of 1 can be exceeded with this system, and for
every unit of solar energy incident on the collector array a half of a unit of cooling
can be delivered with solar heated water temperatures of 50-65°C.

Krishna and Murthy [1989] studied a cylindrical honeycomb matrix of 0.2 mm
paper board impregnated with silica gel. The matrix was held together with a fiber-

reinforced plastic drum. The dehumidifier was operated continuously, i.e. regen-
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erating half of the matrix while the other half was processing air. The range of
regeneration temperature was 60-75°C, the range of rotational speeds was 4-12 rota-
tions per hour, and the range of process stream velocity was 1.4-2.2 m/s. The results
show an optimum rotation speed for maximum water adsorbed for constant process
- and regeneration air stream velocities and regeneration temperature. A ratio of ve-
locity of process to regeneration air stream of 1.3 produced the maximum amount of
moisture adsorbed for a given rotation speed and regeneration temperature.

Prasad and Kumar [1984] considered three desiccant materials.: calcium chlo-
ride, copper sulfate and silica gel. Silica gel was determined to be the best of the
three because the calcium chloride and copper sulfate had lower dehumidification and

regeneration. The silica gel proved to be the most stable under cyclic conditions.

1.2.5 Experimental Transfer Coefficient Determination

Schultz [1987] performed rotary steady state experiments on silica gel-coated tape that
was spiral wound into a parallel plate matrix. The overall heat and mass transfer units
were determined from comparison of high rotational speed experiments and a finite-
difference code MOSHMX [Maclaine-Cross, 1974]. The results were used to predict
the performance at medium rotational speeds with good agreement and confirmed
the use of overall transfer coefficients. The overall Lewis number was in the range 1
to 1.2.

Bullock and Threlkeld [1966] performed single-blow adsorption experiments on
silica gel that was initially dried by hot, dry air, cooled with cool, dry air and then
subject to a humid air stream at the same temperature. Using overall heat and mass
transfer coefficients developed by Hougen and Marshall [1947], the authors obtained
good agreement between experiment and numerical simulation. They concluded that

the agreement between experiment and simulation did not justify further refinements
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in the mathematical model to include intra-particle properties due to the lack of
knowledge of these properties and their non-uniformity within the matrix.

Van Den Bulck [1987, 1990] developed a methodology for single-blow heat and
mass transfer test. Point matching techniques for evaluating performance of exchang-
ers involves the determination of the Ntu of the matrix based on a single experimental
point. This point may be the effectiveness at breakthrough, the maximum slope of
the breakthrough curve, or another characteristic of the breakthrough curve. An-
other technique is curve matching, which involves determination of the Ntu that
minimizes the root-mean-square error between the experimental breakthrough and
the theoretical breakthrough distribution.

Van Den Bulck [1990] concluded that neither of these methods is reliable for
single-blow adiabatic sorption experiments because of the non-linearity of the gov-
erning equations and equilibrium properties [Van Den Bulck, 1990]. Curve matching
provided satisfactory results, but similar results could be obtained with several differ-
ent parameter sets; therefore, curve matching was deemed of limited use as a method
for determination of performance characteristics of heat and mass exchangers.

Van Den Bulck showed numerically [1983] and experimentally [1987] that for the
regeneration period of operation the waves become constant-pattern waves. Constant-
pattern waves retain their shape as they pass through the matrix and are less depen-
dent on repeatable inlet step conditions. The properties of constant-pattern waves
allow‘a dimensionless flow length to be defined that shifts the time dependent curves
of outlet temperature and humidity ratio to obtain a single curve for temperature and
humidity ratio distributions in the desiccant matrix. The data that make up these
curves and the numerical simulation of the governing differential equations for heat
and mass transfer allow the determination of the overall Lewis number (i.e. the ratio

of Ntu for heat transfer to the Ntu for mass transfer as given in Equation 2.11). The
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effect of the overall Lewis number was to skew the distribution of the outlet curves
[Van Den Bulck, 1990]; however, the effect was small and a single overall Lewis could
not be determined. The acceptable overall Lewis numbers ranged from 3 to 7 [1990].
The results were only for the regeneration period of desiccant dehumidification be-
cause the process period results were too dependent on the inlet step conditions since
the waves expand as they pass through the matrix.

Van Den Bulck [1987, 1990] proposed a procedure for single-blow adiabatic heat
and mass transfer experiments. First, pressure drop experiments should be done to
determine the hydraulic diameter, flow area, transfer area and porosity of thé matrix.
Secondly, experiments with different inlet and initial matrix conditions should be
done to determine the active mass of desiccant on the matrix. The isotherm should be
determined from static sorption experiments. And lastly, dynamic experiments with
varying air mass flow rates should be done in order to get an accurate determination
of the wave shapes in the desiccant matrix.

Chuah et. al. [1989] experimented with isothermal transient mass transfer on par-
allel plates covered with a thin layer of silica gel. The method used for determination
of the heat transfer coefficient was a point matching method based on the slope of
the outlet humidity ratio curve. The experimental results were compared with nu-
merical simulation using a two-film model: the solid side resistance was determined
by modeling the desiccant as a slab of uniform thickness and a linear moisture distri-
bution, the gas side resistance was assumed constant and was based on analytically
calculated results for a constant flux boundary condition. The results show that the
difference between the experiment and simulation is sensitive to the uncertainty in

the equilibrium isotherm.
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1.2.6 Summary of Basic Concepts

A overview of the literature on desiccant dehumidification has been presented. The
role of desiccant equilibrium properties, solution methods for the governing differential
equations, parametric studies of desiccant dehumidifier performance and experimental
studies were discussed.

The methods for solution of the governing partial differential equations that were
investigated were the analogy method and the finite-difference method. The finite-
difference method was more general than the analogy method because fewer assump-
tions are needed.

The parametric studies on the desiccant equilibrium properties concluded that
there are a wide range of acceptable isotherm shapes, but that the moderate Type I
is preferred. The maximum water content of the desiccant was less important than
the isotherm shape and the major difference in a reduction of maximum water content
is an increase in the rotation speed of a rotary desiccant dehumidifier. Additional
matrix thermal capacitance reduced the capacity of the dehumidifier but increased
the COP.

Experimental studies confirm that desiccant dehumidification is viable and the
COP’s can exceed unity. In addition, several methodologies for adiabatic single-blow
heat and mass transfer were investigated. Bullock and Threlkeld [1966] offered a
methodology for experimentation of the adsorption of water on an initially dry silica
gel matrix with good agreement with theory. Van Den Bulck’s [1987] methodology
was only applied to the desorption (regeneration) of a silica gel matrix. Adsorption
was not applicable to the methodology because the results obtained were sensitive to
the inlet step condition and were not repeatable. Most of the experimental studies
found dealt with isothermal or cooled-bed boundary conditions. In addition, many

experiments only determined the system performance and determination of the heat
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and mass transfer coefficients was not done.

1.3 Thesis Objective

The objective of this thesis is the experimental determination of desiccant heat and
mass transfer for a commercially available core geometry coated with a relatively un-
researched polymer desiccant. The experiments done in this thesis will have adiabatic
boundary conditions. The experiments will be done on both adsorption and desorp-
tion and will loosely follow the methodology set forth by Bullock and Threlkeld [1966].
The experiments use the humidity of the inlet air stream as the driving force for the
adsorption and desorption of water from the desiccant matrix. The matrix is regen-
erated with very dry compressed air and processed with humid air. These conditions
result in the outlet response of the dehumidifier to be easily measured with outlet
temperature profiles rather than humidity ratios. Comparison of the experimental
results with numerical simulation will be done.

The experiment will have two major parts: 1) the validation/determination of the
heat transfer coefficient of the matrix geometry without desiccant; and 2) the deter-
mination of the mass transfer coefficient of the matrix geometry with desiccant with
the determined heat transfer coefficient. The equilibrium isotherm for the polymer
coating on the commercial matrix was determined by Stiesch [1994].

The numerical simulation involves three parts: 1) determination of the equilibrium
performance (infinite heat and mass transfer coefficients) with the method of charac-
teristics and the combined potentials for heat and mass transfer developed by Close
and Banks [1972]; 2) determination of performance with finite heat and mass transfer
coefficients using the finite difference method developed by Zheng and Worek [1993];
and 3) simulation of the experimental conditions. The combination of numerical sim-

ulation and experimentation will provide insight into the parameters that affect the
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desiccant dehumidifier.

1.4 Thesis Outline

1.4.1 Equilibrium Performance

The equilibrium (infinite transfer coefficients) will be investigated. Chapters 2 and
3 will discuss desiccant properties and equilibrium performance. Equilibrium perfor-
mance is the upper limit for the desiccant dehumidifier and was solved with the com-
bined potentials derived by Maclaine-cross, Close and Banks [1972], Jurinak [1982]
and Van Den Bulck [1983].

1.4.2 Non-equilibrium Performance

Once the upper limit to desiccant dehumidification performance is known the non-
equilibrium performance will be determined and discussed in Chapter 4. A computer
code that utilizes the finite-difference method developed by Zheng and Worek [1993]
will be developed that can be an analysis tool for the experiment with time-varying
inlet conditions. The code will also be used to perform a parametric study on the
effect desiccant properties and regeneration temperature have on optimal performance

and resulting size of a counterflow dehumidifier.

1.4.3 Experimental Description and Methodology

The non-equilibrium theory requires the knowledge or assumption of the heat and
mass transfer coefficients. A single-blow experiment will be developed to investigate
the heat and mass transfer for a commercially available core geometry subject to step
changes in inlet humidity ratio and described in Chapter 5.

Single-blow heat transfer experiments will be performed on the experimental setup
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without desiccant to determine the heat transfer coefficient without mass transfer. A
discussion of the heat and mass transfer for the adsorption and desorption periods
will be done in Chapter 6, highlighting the trends and the effect on the heat and mass
transfer coefficients and isotherm shape.

The finite-difference program will be used to predict the outlet humidity ratio and
temperature for the experimental inlet humidity ratio and temperature and differences

between the simulation and the experiment will be discussed in Chapter 6.
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Chapter 2

Desiccant Properties

The driving force of mass transfer in desiccant dehumidification is chemical potential
or concentration gradient [Ruthven, 1984]. Assuming that the air-water mixture is
an ideal gas and the air in contact with the surface is in local equilibrium with the
desiccant material, the driving force for mass transfer is the humidity ratio difference
between the moist air and the humidity ratio in equilibrium with the surface of
the desiccant desiccant. The equilibrium humidity ratio is a property of a desiccant
material and is defined by the isotherm. The isotherm is a measure of the equilibrium
amount of water that the desiccant can adsorb at a given temperature and humidity

ratio of the moist air in contact with the desiccant.

2.1 Definition of adsorption

Adsorption is the attraction and “capture” of a gas molecules on the surface of a solid.
There are two types of adsorption: chemical and physical. Chemical adsorption, or
“chemisorption,” behaves more like a chemical reaction and is usually considered
irreversible due to the high temperatures required to desorb the adsorbed molecules,

or adsorbate.

Physical adsorption occurs when molecules in the fluid above the desiccant become
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I Desiccant Material

@ Water vapor molecule

Figure 2.1: Physical adsorption.

trapped on the surface of a desiccant material, or “adsorbent.” Figure 2.1 shows a
simple schematic of physical adsorption. The driving force for physical adsorption is
van der Waal’s forces between the vapor molecules and the surface of the desiccant
material. Since these forces are relatively weak, physical adsorption can be reversed,
i.e. the adsorbed molecules can be desorbed by the adsorbent. Desorption is usually

accomplished by increasing the temperature of the adsorbent.

2.2 Desiccant Isotherm

An important desiccant property is the isotherm. The isotherm is the equilibrium
amount of water adsorbed on the desiccant as a function of the relative humidity
of the air in contact with the desiccant at a constant temperature. The isotherm is
determined by plotting the locus of equilibrium water adsorbed in the desiccant for
different amounts of water vapor in the air in contact with the desiccant at the same

temperature. The different isotherm shapes are classified by Brunauer and are shown
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in Figure 2.2. Ruthven, in his book Principles of Adsorption & Adsorption Processes

describes the Brunauer classifications:

“The isotherms for true microporous adsorbents, in which the pore
size is not very much greater than the molecular diameter of the sorbate
molecule, are normally of Type I. This is because with such adsorbents
there is a definite saturation limit corresponding to complete filling of the
micropores. Occasionally if intermolecular attraction effects are large an
isotherm of Type V is observed, as for example in the sorption of phospho-
rous vapor on NaX. An isotherm of Type IV suggests the formation of two
surface layers either on a plane surface or on the wall of a pore very much
wider than the molecular diameter of the sorbate. Isotherms of Types II
and III are generally observed only in adsobents in which there is a wide
range of pore sizes. In such systems there is a continuous progression with
increasing loading from monolayer to multilayer adsorption and then to

capillary condensation.”

A collection of isotherms at differing temperatures is needed to determine the
desiccant’s performance. Figure 2.3 shows an isotherm for silica gel [Van Den Bulck,
1987].

The difference between the air humidity ratio and the humidity ratio in equilibrium

with the desiccant with a given amount of water adsorbed in the desiccant is the

driving force for mass transfer.

2.2.1 Dubinin-Polanyi Theory

In order to evaluate the equilibrium performance over a range of temperature, hu-
midity ratio, and equilibrium behavior, a model for the isotherms is needed. The

model chosen for this analysis is the Dubinin isotherm formulation. Dubinin [1975]
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Type I Type 11 Type III
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Amount Adsorbed

Relative Humidity

Figure 2.2: Brunauer classification of isotherms.

theorized that the temperature dependence of the isotherms can be predicted by the

introduction of the adsorption potential, AP,
AP =—-RTn¢ (2.1)

where R is the ideal gas constant, T is the absolute temperature and ¢ is the relative
humidity of the air in contact with the desiccant.
The form of the isotherm equation given by Dubinin [1975] for microporous des-

iccants (i.e. pore diameters < 20 A) is as follows:
W = W exp (— (AP/E))™) + Waexp (— (AP/E3)™) (2.2)

where W, = W) + Wy, E;’s are the characteristic energies of adsorption, and n;
are small integers. W, is the total amount of water that the desiccant can hold

at any temperature and is determined by the amount of water in the desiccant
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Figure 2.3: Desiccant moisture content for silica gel plotted versus relative humidity
[Van Den Bulck, 1987].

when in equilibrium with a saturated air-water mixture. The isotherms for silica
gel shown in Figure 2.3 are plotted on desiccant water content versus adsorption
potential coordinates in Figure 2.4. The adsorption potential theory collapses the
family of equilibrium isotherms into a single curve plotted on adsorption potential
coordinates. Dubinin states that the adsorption potential theory holds for activated
carbon, molecular sieves, and silica gel. Van Den Bulck [1987] verified the validity of

the adsorption potential theory for silica gel and determined the parameters for the

(2.3)
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Figure 2.4: Desiccant moisture content versus adsorption potential.

In addition to the driving force for mass transfer, the equilibrium behavior of
the desiccant determines the amount of thermal energy liberated in the adsorption
process. Determination of the heat of adsorption is done using several isotherms and

the Clausius-Clapeyron equation. The Clausius-Clapeyron equations states:

Olnp
AH,=-R ——— 2.4
0(1/T) |y 24)

The Clausius-Clapeyron equation assumes that the specific volume of the vapor phase

is much larger than the liquid phase and can be represented by the ideal gas law.
Using the Clausius-Clapeyron equation and the assumption that the amount of

moisture adsorbed by the desiccant is only a function of the adsorption potential the

heat of adsorption is determined as follows [Dubinin, 1975; Van Den Bulck, 1987]:

AH, = AH;y + AP (2.5)
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where AHy, is the heat of vaporization of water at the same temperature.

The advantages of using the adsorption potential to characterize the isotherm are
the simplification of the determination of the heat of adsorption and the applicability
to a large number of desiccants.

The Dubinin-Polanyi theory simplifies the equilibrium properties by accounting
for the temperature effect of the isotherm with the introduction of the adsorption

potential. The heat of adsorption is related to the heat of vaporization and the

adsorption potential.

2.2.2 Variation on Dubinin-Polanyi Theory

Chuah [1989] incorporated the advantage of the Dubinin-Polanyi adsorption potential
theory to represent the temperature dependence of the isotherm and the heat of
adsorption with the flexibility of a polynominal fit of the isotherm. Stiesch [1994]
used the Dubinin-Polanyi form but allowed non-integer exponents, n;. The adsorption
potential theory is used to account for the temperature dependence of the isotherm,

but the form of the equation is expanded.

2.3 Desiccant Enthalpy

In order to solve the conservation of energy in the desiccant dehumidifier, the enthalpy
of the moist desiccant must be determined. The enthalpy depends not only on the dry
desiccant properties, and the adsorbed water properties, but also on the heat liberated
by the phase change during adsorption. From the Clausius-Clapeyron equation, it can
be proven that the adsorption potential is equal to the differential heat of adsorption
(Equation 2.5). The differential heat of adsorption is the added heat that is liberated
in addition to the heat of condensation.

The enthalpy of the desiccant is the sum of the sensible change of the matrix
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material, dry desiccant and the adsorbed water and the phase change associated with

adsorption.
w
I=(1~=f)em+f(catcaW)T+ /0 (AH;, — AH,) dW (2.6)

where ¢,,, c¢q and c4 are the specific heats of the matrix, dry desiccant and water
respectively and f is the fraction of the matrix mass that is desiccant material. Sub-

stituting Equation 2.5 into the integral simplifies the equation to:
w
I=(1—f)Cm+f[(cd+cwW)T——/o APdW] (2.7)

where the integral is determined from the desiccant isotherm. However, the adsorption
potential, AP, cannot be rearranged into an explicit function of W in either the
Dubinin-Polanyi theory or the variation used in this work. Therefore, the integral is

rewritten as follows:
w (o)
/ AP dW = APW + [ WdAP (2.8)
0 P

Integer values of unity for n allow for analytic solution of this integral, but in general

the integral will require numerical determination.

2.4 Conclusion

The isotherm is the most important property of a desiccant. From it, both the driving
force for mass transfer and the heat of adsorption can be determined. The Dubinin
adsorption potential theory is used to account for the temperature dependence of the
isotherm. The adsorption potential is equal to the difference between the heat of

adsorption and the heat of vaporization at the same temperature.
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Chapter 3

Equilibrium Performance

In order to understand the performance of a desiccant dehumidifier, one must un-
derstand its limiting performance; that is, the equilibrium performance. Equilibrium
performance is defined as the performance such that at every point in the desic-
cant matrix the air is in equilibrium with the desiccant matrix. In other words, the

performance is as if the system has infinite heat and mass transfer coefficients.

3.1 Dehumidification Analysis

The nomenclature and coordinate system for a rotary desiccant dehumidifier are
shown in Figure 3.1. The axial coordinate z is defined as positive in the direction of
flow. The total length of desiccant in the direction of flow is L. Since the rotation
speed is assumed to be constant, the angular coordinate 6 is equivalent to time. The

assumptions used in the analysis follow [Van Den Bulck, 1983]:

1. Parallel passage matrix with constant characteristics and porosity.
Constant air velocity with negligible pressure drop.

Spatially uniform inlet properties for each period.

Ll

Matrix initial condition constant in equilibrium with previous period air tem-
perature and humidity ratio.
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Regeneration
Air Stream

Process
Air Stream

Figure 3.1: Nomenclature and coordinate system.

5. One-dimensional fluid flow in the axial direction.

6. Axial heat conduction and water vapor diffusion are negligible in both the ma-
trix and the air streams.

7. Thermal and moisture capacities of the air are negligible compared to the matrix
capacities.

8. No flux coupling of heat and mass transport by thermal diffusion or Dufour
effects.

9. The air is locally in thermal and moisture equilibrium with the desiccant at
every point in the dehumidifier, i.e. infinite transfer coefficients for heat and

mass.

3.2 Governing Equations

The mass and energy conservation equations for the modeling of an equilibrium ro-

tary heat and mass exchanger with the assumptions listed above simplify to a set
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of hyperbolic partial differential equations that are given as follows [Van Den Bulck,

1983]:
.Ow  MOowW
.01 MOl
m-a-g + f'a—e =0 (32)

The lower- and upper-case letters refer to the dry air, moist air and desiccant matrix
respectively. M is the mass of dry desiccant and 7 is the mass flow rate of air through
the dehumidifier. The moist air humidity ratio, w, is in equilibrium with the desiccant
water content, W, at every point in the dehumidifier. That is, the desiccant and air
humidity ratio are coupled using the equilibrium isotherm.

The introduction of the following dimensionless variables allows the conservation

equations to be simplified.

T mé

With these dimensionless variables, the conservation equations can be written in the

following form:

ow oW
oz  Or 0 (34
ot 01

The boundary conditions for the processing period are uniform over the inlet.
t(0,7) =tp w(0,7) = wp

The initial conditions of the fully reactivated desiccant matrix for the processing

period are equilibrium with the regeneration temperature and humidity ratio.

T(z,0) =tg Weq(Z,0) = wpg
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For the reactivation period, the boundary equations are uniform over the inlet and
the initial conditions of the fully processed desiccant matrix are equilibrium with the

processing temperature and humidity ratio.
t(O,T)=tR w(O,r):wR

T(z,0) =tp Weq(z,0) = wp

3.3 Combined Potentials

In order to simplify the discussion of the governing equations, combined potentials
of temperature and humidity ratio are introduced. The combined potentials were
developed by Close and Banks [Banks, 1972; Close, 1971] and further studied by
Jurinak [1982] and Van Den Bulck [1983]. The combined potentials are state property

functions.

3.3.1 Derivation

The equilibrium desiccant water content can be written in terms of temperature and
humidity ratio and substituted into Equations 3.4 and 3.5 to eliminate it from the

mass and energy balances.

ow oT ow

5; —+ a)— a + ag9— 67’ =0 (36)
Ot ow ot
G35 + i+ 055 =0 (3.7)

where the functions a, are state properties and defined as:

_ow
“E e,
e W
2_6wt
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a3=a—zw (3.8)
1

T ow|, aw|,

_ o
as = atW

Introduction of the total differentials of air temperature and air humidity ratio yields

the following conservation equations.

— (a1dz) gg + (d7 — aqd2) g—f = —a4dt — axdw (3.9)
ot 0
(asdT — asdz) % + (aq4dT) —a% = —aqdt (3.10)

This system of partial differential equations is linear in derivates 0t/0z and dw/dz,

and can be written in matrix form.

—a;dz dr — asdz 0t/0z _ —a4dt — apdw (3.11)

azdT — asdz asdt ow/dz —aydt

Define a variable A, which is a velocity.

_dz

A= —
dr

Substitution of this variable into the previous set of equations and setting the de-
terminant of the coefficient matrix to zero determines )\ as a function of the state

property functions ax. The result is a quadratic equation in \.
§
(12(15/\2 + ((11(14 — Qo043 — 05) A+ az = 0 (312)

The two roots to this equation are the state property functions A; and A,. The

quadratic formula gives the following relation for the roots.

—(a104 — agaz —a5) \/(0104 — aza3 — a5)” — dazasas

3.13
20,205 ( )

A=
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Substituting the solution vector from Equation 3.11 into column 2 of the coefficient
matrix and setting the determinant to zero gives the differential expressions for the
characteristic lines of the system of partial differential equations. The characteristic
lines are lines of constant combined potential, called F;. The combined potentials are

the Riemann invariants [Van Den Bulck, 1983).

a1a3dt + (0,2(1,3 - a2a5)\,~) dw=20 1= 1, 2 (314)
where
dz
Ai = A (t,w) o (3.15)

Klein [1988] has shown that the Equation 3.14 is not an exact differential. Equa-

tion 3.14 can be transformed into an exact differential by the introduction of an

integrating factor, G;.
dE = Gia1a3dt -+ Gi ((120,3 - a2(15/\,-) dw 1= 17 2 (3'16)

In order for G;(t,w) to be the integrating factor, the following must be true.

0?F; 0?F;
L= 17
otow  Owot (3.17)
or
0 0
a—w (Gialag) = a (Gl ((12(13 - a2a5/\,-)) (318)

Expanding this expression gives the following partial differential equation for the

integrating factor:

(aga3 — az205);) —— — @103 50 T 50

aa(ii aG; N (0 (aza3 — aza5\i) 6a1a3) Gi=0 (3.19)
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This partial differential equation is linear because a; and A; are not functions of
G; [John, 1971]. The integrating factor can be determined by solving two ordinary

differential equations for each combined potential.

dw —aya3
- = 2
dt (a2a3 — 020,5/\,') (3 0)
dGi 0 (0203 - a2a5/\i) Balag Gi

= -~ 21
dw ( ot ow /| a;a;3 (3.21)

where the second ordinary differential equation is integrated along the first ordinary
differential equation. The first ordinary differential equation is the equation for con-
stant combined potentials (Equation 3.14). The initial condition for G; can be chosen
arbitrarily so that the initial condition is nowhere parallel to the curves defined by
the first ordinary differential equation. The integrating factor allows the combined
potentials to be used like any other state property function because they can be de-
termined by integrating Equations 3.20 and 3.21 in order to assign them numerical
values.

The conservation of mass and energy equations can be written in terms of the
combined potentials to give the following:

oF; 0F; .
Pl =1, 22
5 + A P 0 i=1,2 (3.22)

where J; is the speed of propagation of the F; potential. Since the )\;’s are positive,.
Equation 3.22 is a system of hyperbolic partial differential equations.

The F; potentials simplify not only the appearance of the conservation equations,
but also the determination of equilibrium performance. In order to completely de-
scribe the performance of the desiccant, both lines of constant F; and wave speeds,
A; are required. Lines of constant F; are plotted on psychrometric coordinates in Fig-

ure 3.2 for silica gel. Figure 3.2 is generated using a simplified representation of silica
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Figure 3.2: Lines of constant F; and F; for silica gel.

gel used by Jurinak [1984] and Van Den Bulck [1983] and is the nominal design para-
metric study later in this chapter. Each curve is generated by solving Equation 3.14

from an starting state point of temperature and humidity ratio.

3.3.2 Wave types

The outlet of the processing period is transient (or spatial in the case of a rotary device
operating in periodic steady state); therefore, the wave speeds are an important aspect
of the determination of desiccant performance. When air having a state different than
that which is in equilibrium with the desiccant is passed through a desiccant matrix,
two waves occur [Close, 1971]: 1) a fast wave in which both the temperature and
humidity ratio decrease, and 2) a slow wave in which the temperature continues to

decrease and the humidity ratio increases. The speeds of these waves are given by A;.
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There are three types of waves: 1) expansion waves, 2) shock waves, and 3)
waves with contact discontinuities. The air state changes as it passes through the
desiccant matrix. If the wave speed decreases as a result of this change in air state,
the wave spreads out and is called an expansion wave. Alternatively, if the wave
speed increases the wave becomes a sharp discontinuity and is called a shock wave.
Waves can also exhibit properties of both of these wave types if the wave speed is not
strictly increasing or decreasing. These waves are said to have contact discontinuities
[Pan, 1971; Knight, 1992].

The wave behavior of the adsorption or desorption process can be categorized in
four possible ways: 1) both the fast and slow waves are expansion waves; 2) both the
fast and slow waves are shock waves; 3) one of the waves is an expansion wave and the

other is a shock wave; and 4) one or both of the waves have contact discontinuities.

3.3.3 Air Flow through a Regenerated Desiccant

During the dehumidification period of desiccant dehumidification operation, both
waves are usually expansion waves. The first wave is significantly faster than the
second wave; therefore, between the trailing edge of the fast wave and the leading
edge of the slow wave is a region of constant temperature and humidity ratio, called
the “intersection” state (temperature and humidity ratio). Within the waves the
humidity ratio and temperature of the air change simultaneously; however, the com-
bined potentials (i.e. F; and F3) change independently. Figure 3.3 shows the waves
of temperature and humidity ratio at specific time in the processing period, and the
waves of F} and F, at the same dimensionless time. Figure 3.3 also shows that the
intermediate state I has the same F} as the processing state (P), and the same F; as
the reactivating state (R); therefore, state I is referred to as the intersection point.

A chart of F; and F, makes determination of equilibrium performance as easy as
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Figure 3.3: Waves of temperature, humidity ratios and combined potentials in space

during the processing period.
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finding the intersection of two lines (Figure 3.4). The waves shown in Figure 3.3 are
both expansion waves, that is, the leading edge is moving at a speed greater than
the trailing edge; therefore, the waves widen or “smear” as they pass through the
desiccant matrix. The solution technique for this case is to solve Equation 3.14 to
determine the outlet temperature and humidity ratio. The temperature and humidity
profile for the fast wave is determined by solving along the line of constant F), equal
to the F; of the fully reactivated desiccant matrix. The inverse of A; determines
the dimensionless time (Equation 3.3) at which that temperature and humidity ratio
exits the desiccant. Similarly for the slow wave, the temperature and humidity ratio
are determined by solving along the line of constant F; equal to the Fj of the fully
processed desiccant matrix and the inverse of )\, determines the dimensionless time
at which that temperature and humidity ratio exits the desiccant. Figure 3.5 shows

the outlet humidity ratio and temperature as a function of dimensionless time for this

case.

3.4 Shock Wave Analysis

If the trailing edge speed of a wave is faster than the leading edge, a shock wave
occurs [Lax, 1973; Van Den Bulck, 1983]. The method of characteristics (i.e. the
Fi-F; charts) cannot be used to solve this case. Lax [1973] presents a method for
solving this case. Similarly to the behavior to the expansion waves, a fast shock and
a slow shock occur separated by a region of constant temperature and humidity ratio.
Similar to the expansion wave speeds, )\;, described in Section 3.3.1, the shock wave
speeds are dimensionless. The speeds of the shocks are S; and S, for the fast and
slow shock respectively. Van Den Bulck [1983] derived the following equations from

integral conservation laws for mass and energy.

(ws — we) = Sy (W5 — W) (ts — 1a) = S1 (I — 1) (3.23)
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Figure 3.4: Determination of intersection point with F; potentials.

(wp — ws) = Sz (Wy — W) (ip — is) = Sa (Ip — I,) (3.24)

State a is before the first shock, state b is after the second shock, and state s is between
the first and second shock (see Figure 3.6). Equations 3.23 and 3.24 are called the
Rankine-Hugoniot jump conditions [Lax, 1973]. Elimination of the shock speeds from
the equations allows the temperature and humidity ratio of the shock state, s, to be
determined. Equations 3.23 and 3.24 provide two solutions of which one is physically
possible. The shock wave speeds must satisfy the following constraints in order for

the solution to be possible [Lax, 1973; Van Den Bulck, 1983].
’\1,0 < S1 < /\1,5

/\2,3 < 52 < /\2,1,
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Figure 3.5: Outlet humidity ratio and temperature for two expansion wave case.

where the \’s are the wave speeds determined in the method of characteristics deriva-
tion. These conditions are called entropy conditions because in compressible flow
problems they require that the entropy across a shock increases. Figure 3.6 shows
the outlet temperature and humidity ratio as a function of dimensionless time is for
the regeneration of silica gel.

Unlike the case of expansion waves, the shock wave speeds cannot be determined
at a given temperature and humidity ratio. The shock wave speeds are dependent
on both the initial condition of the matrix (temperature and humidity ratio in equi-

librium with the process stream) and the regeneration temperature and humidity

ratio.
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Figure 3.6: Outlet temperature and humidity ratio for two shock wave case.

3.5 Combination Wave Set

As stated earlier, it is also possible for one of the waves to be an expansion wave,
and the other a shock wave [Pan, 1971]. In this case, the solution technique contains
parts of both of the previous techniques. Equation 3.14 is used to solve for the
expansion wave profile, and Equation 3.23 or 3.24 is used to solve for the shock wave.
The intersection point is determined by solving these equations simultaneously. For
example, if the fast wave is an expansion wave and the slow wave is a shock wave,

the solution is determined by the following system of equations.

F (ts,ws) = Fop

(wp — ws) (Ip — 1) = (Wp — W) (ip — i)
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where s is the state between the first and second wave. The shock wave speed, Ss,

can be determined by substituting the states into either of the equations in 3.24.

3.6 Contact Discontinuities

The previous cases outline only waves that are of a single type; however, it is also pos-
sible for waves to exhibit behavior of both expansion and shock waves. For example,
the wave starts as an expansion wave and at some point become a shock wave because
the speeds are not strictly decreasing along the characteristic. This phenomenon is
called a contact discontinuity [Pan, 1971; Knight, 1992]. The state at which the shock
occurs is determined by the requirement that the expansion wave speed is equal to
the shock wave speed. The solution to this case is complicated, but does not require
any equations additional to those discussed earlier for both the expansion and shock
waves.

The complexity arises from the determination of the ranges of application of each
equation. For example, consider the process period for a desiccant whose first wave
is an expansion wave and the second wave starts as an expansion wave but has a
contact discontinuity at the trailing edge. The first wave (constant F; equal to the
regeneration state, R) and beginning of the second wave (constant F; equal to the
process state, P) are solved using the method of characteristics; however, at some
point in the second wave the speed, A,, increases and the method of characteristics
is no longer able to solve the problem. The point at which the speed increases is not

the point at which the contact discontinuity occurs. It occurs such that the following

equations hold:
(wp — wep) (Ip — Icp) = (Wp — Wep) (ip — icp)

(wp —wep) = S2 (Wp — Wep)
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Aocp < So < Agp

where CD is the point at which the contact discontinuity occurs and lies on the same
F1 characteristic as the process state.

The previous example is relatively simple because contact discontinuity occurs
at the end of the wave and between points on the same F) characteristic. A more
complicated case has the contact discontinuity occur at the trailing edge of the first
wave or the leading edge of the second wave, requiring solution of the shock equation
between points on the F} p and F; g characteristics. Note that the state between the

first and second wave in this case is not at the intersection of F; p and F5 g.

3.7 Effect of Desiccant Properties on Performance

The Dubinin isotherm form (Equation 2.2) with only a single term and an exponent
of unity is used to investigate the effects of desiccant properties on the performance
of a desiccant dehumidifier. This isotherm was chosen because it represents Type I to
Type III isotherms well and the wave speeds do not result in contact discontinuities
for a large range of isotherm types and total water contents. The isotherm form used

is as follows:
W = Wtot exp ("‘AP/E)

where W,,, is the total water content and E is the characteristic energy of adsorption
and dictates the shape of the isotherm. The effect of E on the isotherm shape on both

relative humidity and adsorption potential coordinates is shown in the Figure 3.7.

3.7.1 Adsorption

For the following parametric study, the definition of performance for the equilibrium

adsorption process is the difference between the inlet and the intersection humidity
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Figure 3.7: Effect of characteristic energy of adsorption, F, on the isotherm plotted
versus: a) relative humidity, and b) adsorption potential.

ratios. This definition simplifies the analysis. In addition, the non-dimensional time
difference at the intersection point (i.e. the time between the trailing edge of the first
wave and the leading edge of the second wave) will also be considered because of its
important in system sizing and operation strategy. Nominal values of the isotherm
approximate properties of silica gel (E = 2000 kJ/kmol, W;,, = 0.50 kg water/kg dry
desiccant and ¢y = 1 kJ/kg-K) [Jurinak, 1984; Van Den Bulck, 1983].
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Effect of Isotherm Shape on Performance

Figure 3.8 is a plot of the F; potentials on psychrometric coordinates for a range
of isotherm shapes. Figure 3.8 shows that as the isotherm becomes more similar to
Type III (Figure 2.2), the F; characteristics become horizontal at higher temperature
and lower humidity ratio (high adsorption potential) when plotted on psychrometric
coordinates. The F, characteristic becomes vertical in the same area. These effects
correspond to the lack of water adsorbing capacity in this region (high adsorption
potential) for Type'III desiccants. Figure 3.7 shows that at high adsorption potential
a more Type III desiccants cannot adsorb any water. Therefore, a more Type I
desiccant will have a higher potential for dehumidification for the same regeneration
and process states.

In addition to the change in the shape of the characteristics, the speeds at which
the waves propagate change. As the isotherm becomes more similar to Type III, Ta-
ble 3.1, which summarizes wave speeds and intersection states for a range of isotherm
shapes, shows that the first wave speeds up and becomes a shock wave and the lead-
ing edge of the second wave “breaks through” faster but the trailing edge is much
slower. Therefore, the speed difference between the trailing edge of the first wave and
the leading edge of the second wave decreases. This decreases the duration of the
intersection state in Figure 3.3.

In addition to the decreased potential dehumidification capacity of Type III des-
iccants, the shorter duration at the intersection point means either that more mass
of desiccant or a faster rotational speed is required for the same process air flow rate

(Equation 3.3).
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Table 3.1: Wave speeds and intersection state as a function of isotherm shape.

E =1000 kJ/kmol | E = 2000 kJ/kmol | E = 4000 kJ/kmol
Type I11 Silica Gel Type I
Regeneration State: 75°C, 11.0 g/kg
A1 S; = 108.6 [ 3.526 | 2.321
Intersection State:
t, °C 74.83 53.75 49.30
w, g/kg 4.391 1.440 2.258
A S; = 108.6 1.446 1.190
A2 1.003 0.413 0.049
Process State: 25°C, 11.0 g/kg
Ao 0.0142 | 0.0136 | 0.0187

Effect of Total Water Content on Performance

As the total water content of the desiccant decreases, the change in the characteristics
has the same effect as that of the Type III isotherm. This is shown in Figure 3.9
which is a plot of the F; potentials plotted on psychrometric coordinates. Table 3.2
outlines the wave speeds and intersection states for a range of total water contents and
illustrates that the intersection state is at both a higher temperature and humidity
ratio. Therefore, desiccants with low total water content have decreased potential for
dehumidification.

Table 3.2 also shows that desiccants with lower‘total water content display in-
creased wave speeds for all states during the adsorption process. Note in the table
that for the chosen isotherm form, the first wave has a contact discontinuity when
the desiccant has a low total water content.

Decreasing the total water content increases both the speed at which the dehumid-
ifier is rotated and the outlet temperature and humidity ratio. Therefore, desiccants
with lower total water content have decreased potential for dehumidification and re-

quire more desiccant mass or increased rotation speed to process the same air flow
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Table 3.2: Wave speeds and intersection state as a function of total water content.

l ” Wtot =0.125 kg/kg l Wtot =0.500 kg/kg l

Regeneration State: 75°C, 11.0 g/kg
A 7.244 | 3.526
Intersection State:
t, °C 70.86 53.75
w, g/kg 2.267 1.440
/\1 S1 =711 1.446
A2 0.952 0.413
Process State: 25°C, 11.0 g/kg
A2 0.05315 | 0.01363

rate.

3.7.2 Desorption

While the dehumidification period is the desired effect of a system, regeneration
plays a necessary and equally important role. Properties of the desiccant will effect
the regeneration period of operation; therefore, neglecting their effect would lead to
an incomplete assessment of the effect that the desiccant properties have on perfor-
mance. Using the second (slow) shock wave speed as an assessment of the speed of
regeneration, it can be concluded that desiccants that exhibit more Type III behavior
and desiccants that have low total moisture contents will be.the fastest to regenerate.
This is concluded because the shock wave speeds are bounded by the expansion wave

speeds on either side of the shock and both of these changes increase the wave speed

Az

3.8 Assessment of Adsorption Potential Theory

The advantages of the Dubinin adsorption potential theory are: 1) the temperature

dependence of the isotherm and the heat of adsorption are accommodated; 2) rela-
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Figure 3.9: Characteristic charts for total desiccant water contents: a) Wi, =
0.125 kg/kg, and b) Wy, = 0.500 kg/kg. All other values nominal.

tively few parameters are needed to define the isotherm; 3) the theory is applicable to
a wide range of desiccant types [Dubinin, 1975]; and 4) data for silica gel are replicated
[Van Den Bulck, 1987]. The disadvantages are: 1) the heat of adsorption cannot be
varied independently of isotherm shape; and 2) the wave behavior of isotherms with
n = 2 and with isotherms with n = 1 and low characteristic energies of adsorption,

E, and/or low total water content, Wy, predicts combination and/or contact discon-
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tinuity wave behavior which may or may not occur in reality. The advantages of the
adsorption potential theory outweigh the disadvantages because the for applicable
desiccants the heat of adsorption is correctly accounted for and non-infinite transfer

coefficients diffuses the exact equilibrium wave behavior.

3.9 Conclusions

Although equilibrium behavior is impossible in real desiccant applications, the study
of the equilibrium behavior of adsorption and desorption processes provides insight
into the effect of desiccant parameters on dehumidifier performance. This will prove
invaluable when evaluating non-equilibrium behavior.

The effects of desiccant isotherm shape and total water content were investigated
and “linear” to Type I desiccants with relatively large total water contents were found
to have advantages both in dehumidification capacity and parameters that effect sizing
and operation.

A more detailed parametric study and assessment of the effects of the isotherm is

left for the next chapter in order to include the effects of finite transfer coefficients

and time-averaged values.
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Chapter 4

Non-equilibrium Performance

Non-equilibrium performance is heat and mass transfer with finite transfer coeffi-
cients. Unlike equilibrium performance, which was solved using the Method of Char-
acteristics, non-equilibrium performance evaluation must be solved with a numerical
solution method like finite difference or finite element. The non-equilibrium cannot
be solved with the Method of Characteristics because the assumptions required for
transformation of the governing equations are not met, i.e. the combined potentials,
F;, are not linear functions of the moist air enthalpy and relative humidity and the
heat and mass transfer coefficients are not infinite. A finite difference method was
used to solve the non-equilibrium problem that allows more flexibility in simulation

and a more completeness in parametric study.

4.1 Assumptions

The assumptions for non-equilibrium performance are identical to the equilibrium case
discussed in Chapter 3 except that the requirement of desiccant matrix equilibrium
with the contacting moist air is eliminated. The difference between the matrix and
moist air state is defined with finite heat and mass transfer coefficients that are

assumed to be uniform around the perimeter of the flow passage and constant over
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the length of the dehumidifier. The resistance to both heat and mass transfer is

assumed to be controlled by the air-side resistance.

4.2 Governing Equations

The governing equations for the solution of the non-equilibrium performance of a
desiccant dehumidifier are the conservation of mass and energy along with the rate
equations that define the transfer of heat and mass between the air stream and the

desiccant matrix [Van Den Bulck, 1983, 1987; Jurinak, 1982; Zheng, 1993; Maclaine-

Cross, 1974].
mg—: + %—%—VZ =0 (4.1)
mg—; + %% =0 (4.2)
00 = T vy (7, W) ) (43)
2= BT 1) 410222 g (1, W) — ) (4.4

where 1., is the enthalpy of water vapor. The desiccant isotherm is represented as
Weq (T, W) in the mass transfer rate equation above. Non-dimensionalizing the system

of governing equations results in the following:

ow oW

(5‘2— + 6—7' =0 (4°5)
ot 0dI

—3; + '5;_’ =0 (4.6)
ow

5, = Nttn (we (T, W) — w) (4.7)
9 A | ,

EZ- = 7 (T - t) + 'L—vatum (weq (T, W ) - w) (48)
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where the non-dimensional time, 7, and space, z, are defined as follows:

om T

The number of transfer units for mass transfer, Ntu,,, is defined as:

Ntuy, = h—"'m4 (4.10)

Representing the enthalpy of the matrix with a first-order Taylor series expansion

in temperature and water content, the conservation of energy equation (Equation 4.6)

becomes:
ﬁ ﬁ QZ_ 3_w+ﬂ Q_F_Q{_ _a_vz— (411)
ot|, 0z oOw|, 0z OT|, O BWTar- )

Substitution of the conservation of mass (Equation 4.5) into the previous yields:

aw
t) S =0 (4.12)

_ o
r Ow

0i

ot OI| or oI
ot

Loz T, o T\aw

Performing a similar operation with the moist air enthalpy on the energy rate

equation (Equation 4.8) results in the following:

o, o
w92 Ow

oi

ot 3w _ htA
ot -

I (T = t) + buy Nt (weq (T, W) — w) (4.13)

Substitution of the mass transfer rate equation (Equation 4.7) and utilizing that

0i/0w|, is equal to i, results in the following for the energy rate equation:

ot

where Ntu,; is the number of heat transfer units and is defined as:

hoA
- 4.1
Now = ot (4.15)
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4.3 Methodology

The finite difference method used to solve the governing equations follows Zheng and
Worek [1993] and represents both time and space derivatives with central differences.
The finite difference scheme is unconditionally stable and second order accurate in
both time and space coordinates.

The governing equations are rearranged as follows:

%;‘i = Nttip, (weq — w) (4.16)
%? — Ntum (1 — weq) (4.17)
% = Ntu, (T — t) (4.18)
%W?;:Ntum(%t—%T) (w-weq)+Ntut%w(t—T) (4.19)

The time and space derivatives are evaluated using a central difference scheme at the
points (n+1/2,i+ 1) and (n + 1,¢ + 1/2) respectively. An example of this method

is shown for Equations 4.16 and 4.17 respectively:

n+1 n+1

Wiy — W~ ) )
l Az — = Ntun (weq?fl/z - w?fl/z) (4.20)
n+l _ wn
J J 1/2 1/2

—H = Ntug, (0757 ~ wegit?) (4.21)

where quantities at the center of time or space increments are evaluated as follows:

n+1 n
n+1/2 _ Wiy + Wiy,
e

A first-order Taylor series expansion of the isotherm is used to linearize the gov-

erning equations [Zheng, 1993].

dW (4.22)
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The full equation set is shown in Appendix C.
The solution method is to solve the system of equations (Equations 4.16-4.19) at
each space node for the new time and then step in time. A backward space scheme

is used to “start” the simulation and solve the first space node at each time.

4.4 Effect of Desiccant Properties on Performance

The effect of the desiccant equilibrium behavior on the non-equilibrium performance
of a desiccant dehumidifier was determined for ranges of isotherm shapes, total des-
iccant water content and matrix specific heat. Desiccant performance is quantified
by the minimum time-averaged outlet humidity ratio because it represents the max-
imum dehumidification capacity of a rotary heat and mass exchanger. Figure 4.1
shows the instantaneous and time-averaged outlet humidity ratio. A desirable crite-
rion for choice of desiccant is a low minimum time-averaged minimum outlet humidity
ratio.

The non-dimensional time at which the minimum time-averaged humidity ratio
occurs and its fraction of the total non-dimensionless time are other important param-
eters because they relate to the total mass, M, of the dehumidifier required and/or
the rotational speed, 8, of dehumidifier for a given mass flow rate. Considering both

the processing and the regeneration periods, the total non-dimensional time is defined

as:
Ttot = TP + TR (4.23)
where
Omp Orp
— = —= 4.24
TP Mp TR MR ( )

If both the process and regeneration mass flow rates are equal and the desiccant

mass is uniformly distributed throughout the matrix, then the matrix mass in a given
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Figure 4.1: Minimum time-averaged outlet humidity ratio.
period can be written as the total matrix mass times the fraction of the total face
area, F, for that period. The non-dimensional time for the process period can be
written as follows:

Ornp
"=t (4.25)

The dehumidification capacity is the most important aspect in sizing and operating

a desiccant dehumidifier; therefore, both the non-dimensional processing time and the
fraction of total face area for the process period are important in determining the total
desiccant dehumidifier mass and rotation speed. The fraction of total face area for
the process period was determined by taking the ratio of the process and total non-
dimensional time after simulating both the optimum process period and regeneration
period resulting in total regeneration. For a unit process period desiccant mass, an

increased non-dimensional time means a larger mass flow rate of air can be processed,
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or a higher time, 8. For a rotary dehumidifier, a higher time is equivalent to a slower
rotation speed. An increased fraction, Fp, results in smaller total dehumidifier mass
because the fraction of the dehumidifier used to regenerate the desiccant is smaller.
A desirable desiccant will have process period with a large non-dimensional time and
fraction of total face area. The inverse of F, is the total desiccant dehumidifier mass
per unit mass of desiccant in the process period.

The initial desiccant matrix temperature and water content are assumed to be
uniform and in equilibrium with the regeneration air state. The inlet processing
air state was assumed to be constant. The regeneration state temperature is 75°,
125°, or 175°C and humidity ratio is 11 g/kg. The process state temperature is 25°C
and humidity ratio is 11 g/kg. The dehumidifier was assumed to be counterflow
(Figure 3.1) and the matrix was considered fully regenerated when the difference
between the regeneration temperature and the outlet air temperature was less than
0.5% of the regeneration temperature. The number of transfer units for both heat
and mass were assumed to be the same for both the process and regeneration periods.

A range of isotherm shapes, total water content and dry desiccant specific heat
was investigated to determine the best desiccant properties for the processing period.
The nominal value and the ranges are shown in Table 4.1. The nominal design
approximates the silica gel properties used by Jurinak [1982] and Van Den Bulck
(1983]. The total water content and specific heat are per mass of desiccant and
supporting matrix (i.e. f =1 in Equation 2.7).

The single sited Dubinin isotherm representation with an exponent of one was

used and is defined as follows:
W = Wi exp (—A/E)

A high F value is more Brunauer Type I and a low E value is more Brunauer Type III

(Figure 3.7).
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4.4.1 Isotherm shape

The shape of the desiccant isotherm has been given much attention in attempts
to improve desiccant dehumidification air-conditioning. According to Collier [1990]
and Jurinak [1982] a Brunauer Type I isotherm shape is superior for adsorption. Fig-
ure 4.2 is a plot of the minimum time-averaged humidity ratio and the time-averaged
temperature at the outlet of the dehumidifier over the range of isotherm shapes.
Figure 4.2 shows that the most desirable performance (i.e. minimum time-averaged
outlet humidity ratio) occurs at a moderate Type I (E > 3000 kJ/kmol) isotherm
regardless of regeneration temperature; however, based solely on dehumidification ca-

pacity there are a wide range of acceptable isotherm shapes. Figure 4.2 also shows:
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Figure 4.2: Minimum time-averaged outlet humidity ratio and temperature for range
of isotherm shapes and regeneration temperatures. All other values nom-

inal.
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1) that the dehumidification capacity of desiccants with £ < 1500 kJ/kmol (similar
to Type III) is uneffected by increasing the regeneration temperature; 2) that for
desiccants with E > 1500 kJ/kmol that an increase in the regeneration temperature
from 75°C to 125°C increases the capacity of the dehumidifier; and 3) in order to be
beneficial to increase the regeneration temperature to 175°C, the isotherm must be
more Type I with an E > 2500 kJ/kmol.

Figure 4.3 is a plot of the process dimensionless time that gives optimum perfor-
mance and the total mass of the dehumidifier per mass of the process section over
the range of isotherm shapes. Figure 4.3 shows that the as the isotherm shape varies

from more Type III to more Type I the non-dimensional time at which the minimum
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Figure 4.3: Optimum dimensionless time and total dehumidifier mass per unit process
period mass for range of isotherm shapes and regeneration temperatures.
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outlet humidity ratio occurs increases thus leading to a slower dehumidifier rotation
speed or smaller desiccant wheel for all regeneration temperatures. Figure 4.3 also
shows that the effect of isotherm shape and regeneration temperature on the total
dehumidifier mass per unit process mass. For the regeneration temperature of 75°C,
the isotherm shape does not have a large effect the total dehumidifier mass per pro-
cess period mass; however, for the higher regeneration temperatures, a more Type I
isotherm decreases the total dehumidifier mass per process period mass resulting in
a smaller total dehumidifier mass.

A more Type I isotherm increases the dehumidification capacity for the entire
range of regeneration temperatures considered and can result in a decreased rota-
tion speed or increased process air flow rate and decreased total dehumidifier mass
depending on combination of isotherm shape and regeneration temperature. These
results are consistent with the findings of Jurinak [1984], Collier [1990] and Zheng
and Worek [1993].

4.4.2 Total Water Capacity

The total water capacity, W, is ﬁhe amount of water that is adsorbed when the
desiccant is in equilibrium with saturated air at any temperature. Figure 4.4, which
is a plot of the minimum time-averaged humidity ratio and time-averaged tempera-
ture at the outlet of the dehumidifier for a range of desiccant total water capacities,
shows that as the total water capacity of the desiccant increases, the dehumidification
performance increases. Figure 4.4 also shows that the effect of increased regeneration
temperature is more pronounced with desiccants with higher total water capacities.
There is no dehumidification performance advantage to increasing the regeneration
temperature from 125° to 175°C for the nominal isotherm shape. Figure 4.5 is a plot

of the dimensionless time that results in optimum dehumidification performance and
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values nominal.

the total mass of the dehumidifier per mass process section for a range of desiccant
total water contents. Figure 4.5 shows that the increased water capacity increases the
optimal non-dimensional process time which increases the amount air mass flow rate
per mass of process period mass or decreases the rotation speed of the rotary dehu-
midifier. These results are consistent with those of Jurinak [1984], Collier [1990], and
Zheng and Worek [1993]. The total dehumidifier mass is reduced both as the total
water capacity and regeneration temperature are increased. Although there was no
capacity or non-dimensional process time increase when the regeneration temperature

was increased from 125° to 175°C the total mass of the dehumidifier decreases.
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and regeneration temperatures.

4.4.3 Matrix Specific Heat

The specific heat of the matrix effects the enthalpy of the matrix (Equation 2.7)
and the derivatives in the conservation of energy (Equation 4.19), which effects the
temperature of the matrix and thus, the equilibrium water capacity of the desiccant.
The matrix specific heat is defined as the total specific heat of the the desiccant
specific heat and the non-adsorbing matrix. Figure 4.6, which is a plot of the min-
imum time-averaged humidity ratio and time-averaged temperature at the outlet of
the dehumidifier over a range of matrix specific heats, shows that increased matrix

specific heat reduces the dehumidification capacity of the desiccant and decreases the
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All other values nominal.

advantage of increased regeneration temperature.

Figure 4.7 is a plot of the dimensionless time that results in optimum dehumidifi-

cation performance and the total mass of the dehumidifier per process section mass.

Figure 4.7 shows that although the dehumidification capacity is reduced as shown

in Figure 4.6, the additional matrix thermal capacity increases the optimal non-

dimensional time thus increasing the amount of process air mass flow rate or de-

creasing the rotation speed of the rotary dehumidifier. Increased thermal capacitance

increases the total dehumidifier mass per unit process period mass. These results are

consistent with those of Jurinak [1982, 1984] and Collier and Cohen [1991].
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4.5 Effect of Transport Properties on Performance

In the previous section, the importance of desiccant properties was addressed; how-

ever, the transport properties, i.e. heat and mass transfer coefficients, are equally

important. The number of transfer units for heat and mass transfer will be varied
f

and their importance will be addressed.

4.5.1 Number of Heat Transfer Units

The number of heat transfer units affects both the temperature and humidity ratio

of the outlet state since both temperature and humidity ratio effect the amount of
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water that the desiccant can adsorb. As expected, the dehumidification capacity
increases with increasing number of heat transfer units and an overall Lewis number
held constant (so the number of mass transfer units increases as well).

Figure 4.8 is a plot of the minimum time-averaged humidity ratio and time-
averaged temperature at the outlet for a range of number of heat transfer units.
As expected, Figure 4.8 shows that as the number of transfer units are increased the
dehumidification capacity is increased. A high regeneration temperature requires a
high number of transfer units in order to realize the benefit of increased dehumidifi-

cation capacity.

1 ' I ! I ' | '. . d e e T ] 120 .‘0_3
LeeentT 1110 &
4100 3 =
P : 7 -: 90 —8 o
-7 180 ¥ 5
ad 70 &%
N - 60 q‘}; é’.
1 50
e / 10 E 2
2% 00w |/ ) 110 £
vy - Regeneration 75°C
A 0.008 | Temperature — — -125°C
S N\ 1 ----- 0,
.S 0.006 175°C
el I
=5 0004 | N
== x
BT o0002f e _
'Eg OOOO I L | L | L Il L I— -u— -T —1—
== U
0 10 20 30 40 50 60

Number of Heat Transfer Units

Figure 4.8: Minimum time-averaged humidity ratio for a range of number of heat
transfer units and regeneration temperatures.
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4.5.2 Overall Lewis Number

The overall Lewis number, Le,, is the ratio of the number of transfer units for heat and
mass transfer. Therefore, for a constant number of heat transfer units a change in the
overall Lewis number is a change in the number of mass transfer units. Figure 4.9 is
a plot of the minimum time-averaged humidity ratio and time-averaged temperature
at the outlet of the dehumidifier over a range of overall Lewis numbers. As expected,
the dehumidification capacity decreases as the overall Lewis number increases. The
trends are independent of regeneration temperature. Similarly to the requirement
that the number of heat transfer units must be high in order to realize the increased

dehumidification capacity that results from increased regeneration temperature, the
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Figure 4.9: Minimum time-averaged humidity ratio for a range of overall Lewis num-
bers and regeneration temperatures.
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overall Lewis number must be low (i.e. high number of mass transfer units).

4.6 Conclusions

The equations to solve for the non-equilibrium performance of a desiccant dehumid-
ifier were developed and solved numerically. A parametric study on the effects of
desiccant properties, transport properties and regeneration temperature on the per-
formance of an optimally controlled counterflow rotary dehumidifier was performed.

The desiccant properties included in the study were the isotherm shape, total
water capacity and matrix specific heat. It was found that a more Type I isotherm has
several benefits: 1) increased dehumidification capacity, 2) smaller total dehumidifier
mass per process period mass, and 3) lower rotation speed or increased process air
flow rate.

Desirable desiccants have larger total water contents. The advantages were that
the dehumidification capacity was increased slightly and the rotational speed was
lower or the process air flow rate was higher.

Matrix thermal capacitance decreases the performance of the dehumidifier and
increases the total dehumidifier mass per unit process period mass. However, added
capacitance allows lower rotational speeds or increased process air flow rate.

Increased heat and mass transfer coefficients (higher number of transfer units and
an overall Lewis number of unity) increase the performance of the dehumidifier.

Increased regeneration temperatures are advantageous because not only is the
the dehumidification capacity increased, but the overall size of the dehumidifier is
reduced. The effect of increased regeneration temperature is more pronounced for

more Type I desiccants and high number of transfer units for both heat and mass

transfer.



Table 4.1: Nominal design and ranges for parametric study.

Ntu; | Le, E Wiot Cd
kJ/kmol | kg/kg | J/kg
Nominal 20 1 2000 0.50 | 1000
Low 0 1 1000 0.05 | 50.0
High 60 | 20 6000 2.00 | 3000

75
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Chapter 5

Experimental Description

The purpose of the experiment is determine parameters needed to simulate the adia-
batic operation of a rotary desiccant dehumidifier. The experiment is single blow and
uses a commercially available desiccant matrix. In the single blow experiment, the
outlet temperature and humidity ratio of the test section is measured as a function

of time.

5.1 Matrix Specifications and Properties

The commercially available matrix consists of a myriad of triangular channels. The
matrix was fashioned by winding a flat sheet (2.5 mil) of 1145 H19 aluminum and a
corrugated sheet of the same aluminum stock around a spool approximately 15 cm
(6 in) in diameter. The sheets had been previously coated on both sides by immer-
sion in a liquid polymeric desiccant bath. The polymer coating was measured to be

approximately 0.7 mil thick.

5.1.1 Experimental Test Section

To ensure adiabatic boundary conditions, a circular section of the larger matrix was

extracted using a sharpened stainless steel pipe approximately 3.49 cm (1-3/8 in) in
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Figure 5.1: Matrix test section schematic.

diameter. The extracted piece is insulated by extruded polystyrene and fitted into a
5 cm (2 in) diameter PVC pipe. The assembled test section is shown in Figure 5.1. A
rubber seal keeps the air from bypassing the matrix. The passages along the edge of
the extracted section are fractional and could allow air to possibly bypass the matrix
and flow through the space between the matrix and the insulation; therefore, these
passages are filled with silicone sealant to keep air from flowing through them.

Tl‘le number of passages and total mass of the 3.49 cm (1-3/8 in) diameter by
20.32 cm (8 in) deep extracted test section was measured to verify the measured pas-
sage dimensions. The test section has 290 active (full) passages and weighs 50.18 g
(0.111 Ib). The measured dimensions of a representative passage are shown in Fig-

ure 5.2. The thickness of the aluminum sheet and desiccant coating is 3.95 mil. The

polymer desiccant coating has negligible mass compared to the aluminum matrix.
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Figure 5.2: Measured passage dimensions. All values are in cm.

The thickness is assumed to be 2.5 mil and the density and specific heat of the ma-
trix are thus assumed to be that of the pure aluminum sheet (p = 2700 kg/m® and
¢ =900 J/kg-K).

Comparison of the measured mass and the calculated mass from the geometric
measurements and property assumptions yielded significantly different results. The
calculated test section mass from the measured geometry, measured number of pas-
sages and assumed density and sheet thickness was 43.86 g (0.097 1b), compared to
the measured value of 50.18 g. The density was checked on both coated and uncoated
sheet samples to try to explain the discrepancy. A section of sheet was cut, weighed
and dimensions were measured (thickness as assumed to be 2.5 mil). The samples
ranged from 1 to 3 g total. The resulting densities were from 2% lower to 10% higher
than the tabulated value for pure aluminum. Density measurements on a polymer
desiccant coated sample resulted in similar densities to the uncoated aluminum. This
confirms that the polymer contributed negligible mass.

Erroneous passage dimensions could also explain the discrepancy between the

measured and calculated mass of the test section. Therefore, the total frontal area
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was estimated from the passage dimensions shown in Figure 5.2. The tool used to
extract the test section has an inside diameter of 3.49 cm (1-3/8 in). The calculated
frontal area was 9.546 cm? (1.480 in?) which compares well to the 9.580 cm? (1.485 in?)
area of the tool inside area.

The difference between the measured and calculated mass of the test section is

due to neglecting fractional passages on the perimeter of the extracted matrix when

the mass was calculated.

5.1.2 Calculated Matrix Properties

The quantities of interest to the thermal performance are the hydraulic diameter,
the ratio of passage length to hydraulic diameter, the Reynolds number and the heat
transfer coefficient.

The hydraulic diameter is 0.150 cm (0.0592 in). The typical face velocity for
the experiment is 2.0 m/s (394 ft/min) resulting in a Reynolds number of approx-
imately 200. The flow is considered fully developed when the L/D ratio is greater
than approximately 0.05Rep [Incropera, 1996], which is 10.0 for the Reynolds number
approximation for the experiment. Since the L/D ratio for the matrix passage is ap-
proximately 540, the flow can be considered to be hydrodynamically fully developed.

Since the heat transfer coefficient is not known a priori, it is assumed that the
Nusselt number based on the hydraulic diameter is provided by the fully developed
laminar Nusselt number of a isosceles right trigngular channel for a constant heat
flux boundary condition [Van Den Bulck, 1987] of 3.05 [Abdel-Wahed, 1984]. For the
geometry shown in Figure 5.2, the resulting heat transfer coefficient is 52.3 W/m?-K
and independent of air flow rate. For a air velocity of 2.3 m/s, the Ntu, is 10.5. The
temperature can be assumed to be uniform in the matrix perpendicular to the flow

direction because the Biot number is less than 1.0 x 10~5.
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In order to check the assumption of constant Nu an uncoated matrix with the
same passage geometry was subjected to a temperature pulse in time. The pulse was
created with a brief step change of power to the electric resistance heater. Due to the
capacitance effects in the heater and experimental flow passages, etc. the result is a
pulse as opposed to a step change in temperature. The measured input to the matrix
was used as the input to a finite difference program that models the transient response
of a heat exchanger with adiabatic boundary conditions, negligible axial conduction
and constant heat transfer coefficient subject to an arbitrary inlet temperature profile.
Figure 5.3 is a plot of the experimental inlet and outlet temperature and the simulated
outlet with the calculated number of heat transfer units of 10.5, aluminum matrix
mass, and assumed physical properties of aluminum. Comparison of the experimental
and simulated output is very good, especially at the beginning of the experiment. The
maximum temperature difference between the experimental and simulated outlet is
less than 0.5°C.

While the theoretical number of transfer units reasonably describes the experi-
ment, the experiment is not very sensitive to the number of heat transfer units. If
the number of heat transfer units is determined that best represents the experimen-
tal output data near the maximum outlet temperature, it is significantly lower than
theory. The value that best represents the maximum temperature is an Ntu, value
of approximately 3, nearly 3.5 times smaller than the theoretical value of 10.5.

Three conclusions are drawn from Figure 5.3: 1) the experiment is not sensitive to
heat transfer coefficient, 2) the fully developed heat transfer coefficient is a reasonable
estimate for this matrix, and 3) the calculated matrix mass and measured mass flow
rate accurately defines the time scale of the experiment.

Caiet. al. [1984] claims that for a step change in temperature input to test section

the effect of axial conduction must be considered when the number of heat transfer
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units, Ntu,, is greater than 3 or heat conduction parameter of the solid material,

Ntu, ), is greater than 0.06, where

A= kAm (5.1)

mceL
In the previous equation, k is the thermal conductivity of the matrix, A,, is the cross
sectional area of the matrix available for heat conduction in the flow direction, rn and
c are the mass flow rate and specific heat of the air passing through the matrix, and L
is the flow length of the test section. Since the number of heat transfer units and the
aluminum matrix properties and air flow conditions of the experiment correspond to
value of Ntu, and Ntu,\k of 10.55 and 0.39, axial conduction must be investigated.

Figure 5.3 also shows the output with the effect of axial conduction. The effect of
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Figure 5.3: Comparison of experimental and simulated outlet response to an inlet
temperature pulse test on a test section with no desiccant coating.
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axial conduction is less that 0.1°C at all times. The effect of axial conduction in
this case is insignificant because the inlet temperature rise is very spread out. Closer
inspection of Cai et. al. [1984] showed that as the step inlet became more spread out

the effect of axial conduction was reduced.

5.1.3 Polymeric Desiccant Isotherm

The desiccant coating on the aluminum sheet is a water based polymer. The desiccant
isotherm was determined by Stiesch [1994] for temperatures of 5°, 22° and 40°C and
is shown in Figure 5.4 as a plot of desiccant water capacity as a function of adsorption
potential. Stiesch used the Dubinin [1975] adsorption potential theory, but relaxed
the recommended form to include non-integer exponents. The resulting isotherm

representation is
W = 0.03878 exp (— (AP/618.9)***") +0.04668 exp (- (AP/193.5)"*°) (5.2)

where W has units of kg of water per kg of total (aluminum and desiccant) dry
matrix and AP has units of kJ /kmol. Stiesch states that the accuracy of the measured
isotherm data was approximately £6%. The isotherm was verified by a series of single
static sorption measurements at ambient temperature by the author from a portion
cut from the experimental matrix. Figure 5.4 also shows the isotherm data from the
extracted matrix plotted with Equation 5.2. The isotherm is Brunauer Type III and

has a relatively low total moisture content of approximately 0.085 kg/kg.

5.2 Experimental Setup

The experimental setup schematic is shown in Figure 5.5. An equipment list for the
experiment is found in Appendix D. Compressed air from the University of Wisconsin

Physical Plant is used as the input to the experiment. The pressure of the compressed
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Figure 5.4: Polymer coated aluminum isotherm.

air line is approximately 690 kPa gauge pressure (100 psig). The air stream travels
through either thick wall PVC pipe or Tygon tubing to the test section.

Depending on the whether experimentation of adsorption or desorption was being
done, the dry air is either passed directly to the matrix test section or humidified
before being passed to the matrix test section. The humidification is accomplished
by bubbling the dry air stream through a temperature controlled column of water.
Direction of the dry air stream is done with three valves. The valve at the outlet of
the humidifier ensures that the pressure difference between the humid air above the
water column and the dry air stream results in no flow and subsequent mixing of the
two air states.

An electric resistance heater attached to a voltage regulator is used to manually

increase the temperature of the air stream. This heater is used to keep the humid
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Figure 5.5: Schematic of the experimental setup.

air from being saturated and possibly condensing in the PVC pipe upstream of the
matrix test section.

The air stream passes through several flow straightening devices before entrance
to the matrix test section. Care was taken to choose materials that do not adsorb

considerable water vapor.

5.2.1 Humidification Water Column

The dry air stream is humidified by bubbling it through a water column at a constant
temperature. A schematic of the humidifier is shown in Figure 5.6. A 10 cm (4 in)
diameter PVC pipe is sealed at both ends and filled approximately half full with

water. The water is conditioned by temperature controlled heat transfer equipment
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Figure 5.6: Humidifier schematic.

that can both add or remove energy. The air is passed through a “sparger” to ensure
that the bubbles are small enough to effectively humidify the air. The pressure in the
space above the water column is measured in order to verify the state of the exiting

humid air stream.

5.2.2 Temperature Measurement

The experimental temperatures are measured with 0.02 in-diameter T-type (Copper-

Constantan) thermocouples. The thermocouples are connected to a Keithley A/D
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Board and the voltage difference between the thermocouple and reference junction is
logged with LabTech Notebook. The voltage difference was measured rather than the
absolute temperature to improve the incremental temperature measurement. Since
LabTech Notebook uses a voltage range large enough to measure the entire tempera-
ture range of Type-T thermocouple measurement, the smallest increment in temper-
ature was +0.6°C. Measurement of voltage differences allowed measurement with a
smaller voltage range resulting in an incremental temperature difference of +0.13°C.
These voltage differences are converted to temperatures by taking a temperature
measurement with a Solomat MPM 500e to determine the reference voltage and then
using the equation that converts the thermocouple voltage to temperature.

The thermocouples were positioned at the center of the flow area and subjected
to a common air stream and the temperature was measured to determine any com-
parative bias between the thermocouples. Measurements were taken at 0.5 s intervals
for 1000 s. The average of the six thermocouples at each measurement was assumed
to be the true temperature. The air stream temperature varied less the 1°C during
the measurements. The average difference between the true temperature and mea-
sured temperature for each thermocouple for the duration of the experiment is shown
in Table 5.1. This is considered the bias error. The table also shows the standard
deviation of the measurements after the bias is eliminated. Since the Keithley A/D
board claims that the uncertainty of the reference temperature is +0.25°C and the
average bias errors between the individual thermocouples are much smaller than this,
the uncertainty of the dry-bulb temperature measurements is assumed to be £0.25°C.

The location of the six temperature measurements on the schematic of the exper-
iment are shown in Figure 5.5. The inlet and outlet humidity ratios are determined
from dry and wet-bulb temperature measurements. The inlet and outlet dry-bulb

temperatures are measured very close to the matrix. The humidity ratio is assumed
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Table 5.1: Bias and random errors in thermocouple temperature measurement.

Location Average Bias Error | Standard Deviation
°C °C

Inlet Dry-Bulb -0.005 0.039
Inlet Wet-Bulb -0.051 0.051
Matrix Inlet 0.021 0.035
Matrix Outlet 0.022 0.033
Outlet Dry-Bulb -0.076 0.042
Outlet Wet-Bulb 0.089 0.060

to be unchanged between the humidity ratio determination locations and the matrix.

The wet-bulb temperature measurement is done in the high velocity areas of the
experiment to ensure accurate measurement. According to Tuve and Domholdt [1966],
velocities of greater than 5 m/s (1000 ft/min) are required for the wet-bulb tempera-
ture to approach the adiabatic saturation temperature. Figure 5.7 shows a schematic
of the dry and wet-bulb temperature measurement at the outlet of the test section.
The inlet dry- and wet-bulb temperature measurements are done similarly. For a
typical mass flow rate for the experiment, the velocity in the tygon tubing where the
wet-bulb temperatures are measured is 15 m/s (3000 ft/min). The uncertainty of the
wet-bulb temperature measurement is estimated to be £0.5°C. The uncertainty is
greater than the dry-bulb temperature uncertainty because of the sensitivity to the
placement of the thermocouple in the cotton wet-bulb sock.

The dry- and wet-bulb temperature of the dry air are approximately 22.5°C and
9.5°C respectively. The resulting calculated humidity ratio is 2.09 + 0.46 g of water
per kg of dry air. The humid air state was dependent on the experimental air flow
rate. The higher the flow rate the higher the pressure above the water column in the
humidifier and the lower the wet-bulb temperature relative to the dry-bulb temper-
ature. For a wet-bulb temperature of 20°C, the humidity ratio is 13.65 + 0.68 g/kg

(dry-bulb temperature is equal to that of the dry air).
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Figure 5.7: wet-bulb temperature measurement.

The humidity ratio was determined at the inlet and outlet of the experiment. The
two measurements agreed for high wet-bulb temperature (high humidity ratio), but
did not agree for low wet-bulb temperature. The wet-bulb temperature measurement
was always higher than the outlet wet-bulb temperature during both the steady state
portions of the experimental measurements. While the means of measurement of
the wet-bulb temperature are nearly identical, the inlet wet-bulb measurement has a
tighter seal to avoid air leakage than the outlet. The seal limits the water available to
maintain the saturation of the wet-bulb sock and results in an artificially high wet-
bulb measurement. Therefore, the inlet calculated humidity ratio is adjusted to agree

with the outlet calculated humidity ratio at both the humid and dry steady state
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values. Values between these values are adjusted by linearly interpolating between

the two steady state adjustments.

5.2.3 Mass Flow Rate Measurement

The air mass flow rate is determined from measurements of the volume flow rate with
a rotameter and the inlet pressure. The uncertainty is +£2% of the full scale reading
of 20.5 scfm. The mass flow rate of the air is determined with the following relation

which accounts for inlet pressure different from standard conditions of 21.1°C (70°F)

and 101.3 kPa (14.7 psia):

= pV,| -”—;fﬂ (5.3)

where V is the volume flow rate displayed on the rotameter and psq and p are the

air densities at standard and actual conditions respectively. The typical volume flow

rate is 4 4+ 0.41 cfm.

5.3 Conclusions

In conclusion, an experimental setup was built to measure the time dependent per-
formance of a commercially available desiccant matrix. The isotherm measured by
Stiesch was verified with single static sorption measurements at ambient temperature.

The dimensions of the triangular passages and the properties were determined
for the matrix. The hydrodynamic conditions of the experiment are fully developed
laminar flow. The heat transfer coefficient can be determined from the fully devel-
oped laminar flow Nusselt number for a triangular passage with a constant heat flux
boundary condition and used to predict the transient heat transfer process; however,
the experiment to verify the heat transfer coefficient was reasonably simulated with

a wide range of heat transfer coefficients.



90
The uncertainty of the temperature measurements is £0.25° and +0.5°C for dry-
and wet-bulb temperature measurement respectively. The uncertainty in the volume

flow rate is approximately £+0.4 cfm.
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Chapter 6

Experimental Procedure and Discussion

of Results

In desiccant air-conditioning systems, desiccant dehumidifiers are regenerated with
relatively hot, dry air and processed with cool, humid air. For the regeneration pe-
riod, the desiccant is initially cool and relatively saturated with water and the inlet
air temperature is high. For the process period, the desiccant is initially hot and dry
and the inlet air is cool and humid. These conditions exhibit a maximum or mini-
mum in outlet humidity ratio for the regeneration and process periods respectively.
An experiment using these boundary and initial conditions would require a fast, ac-
curate measurement of humidity ratio of the outlet of the test section. Fast, accurate
measurement of humidity ratio is more difficult and expensive than the measurement
of dry-bulb temperature; therefore, an alternative methodology was implemented for
the experiment such that the outlet dry bulb temperature was the more important
measurement. A description of the procedure, simulated outlet profiles and a discus-
sion of the experimental results is presented. Two sub-experiments are described: 1)
an inlet humidity step up with a constant temperature, and 2) an inlet humidity step

down with a constant temperature.



92

6.1 Experimental Results

The procedure and results are presented for both the humidity step up (adsorption)

and the humidity step down (desorption) experiments.

6.1.1 Experimental Procedure

The desiccant matrix is initially regenerated with a dry air stream from the com-
pressed air line provided by the University of Wisconsin Physical Plant. The air
temperature and humidity ratio werr approximately 22°C and 1 g water per kilogram
of dry air respectively. Once regenerated fully, the temperature measurements are
started and the air stream is directed through the humidifier. After the test section
is fully processed, the air stream bypasses the humidifier and the test section is re-
generated with the dry air. Each experiment contains a humidity step increase and
a humidity step decrease. The electric resistance heater is used to ensure that the
dew point of the humid air is higher than any of the experimental surfaces so that

condensation does not occur.

6.1.2 Humidity Step Increase: Adsorption Experiment

Table 6.1 shows the experimental conditions for the experiment and the calculated
number of transfer units for heat transfer as outlined in Section 5.1.2. Figure 6.1a
shows the inlet and outlet temperature profiles as a function of time for an inlet
humidity step experiment.

The maximum temperature rise across the matrix occurs 30 s after the beginning
of the humidity step increase and is approximately 5°C. The test section is fully pro-
cessed approximately 500 s after the humidity step increase occurs. Figure 6.1b is a
plot of the outlet temperature and humidity on psychrometric coordinates. Imme-

diately (less than 5 s) after the humidity step is implemented, the outlet humidity
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Table 6.1: Experimental conditions for an adsorption experiment (HST102a).

Quantity | Value | Units
Measured Values
Initial Temperature 23.0 | °C
Initial Humidity Ratio 1.1 | g/kg
Passage Mass Flow Rate | 7.5 x 1077 | kg/s
Final Temperature 23.0 | °C
Final Humidity Ratio 15.1 | g/kg
Calculated Values
Ntu, ] 12.4 |

Table 6.2: Experimental conditions for a desorption experiment (HST102d).

Quantity Value | Units
Measured Values
Initial Temperature 23.0 | °C
Initial Humidity Ratio 15.1 | g/kg
Passage Mass Flow Rate | 7.8 x 1077 | kg/s
Final Temperature 23.0 | °C
Final Humidity Ratio 1.1 | g/kg
Calculated Values
Ntu, | 11.6 |

ratio increases and the outlet temperature is unchanged. Since the temperature rise
is caused by the liberation of the heat of adsorption, the lack of temperature rise
indicates that very little mass is transferred during the very early stages of the ex-

periment.

6.1.3 Humidity Step Decrease: Desorption Experiment

Table 6.2 shows the experimental conditions for the desorption experiment and the
calculated number of heat transfer units. Figure 6.2a shows the inlet and outlet

temperature profiles as a function of time for an inlet humidity step experiment.
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The maximum temperature drop across the matrix occurs 22 s after the begin-
ning of the humidity step decrease and is approximately 13°C. The test section is
fully regenerated in approximately 150 s. Figure 6.2b is a plot of the outlet tempera-
ture and humidity on psychrometric coordinates. Unlike the adsorption experiment,
immediately after the humidity step decrease is implemented, the outlet humidity
ratio is equal to that of the air stream that processed the test section and the outlet
temperature drops. The large humidity difference between the inlet and outlet and
the associated temperature drop indicates that mass is transferred during the very

early stages (less than 5 s) of the experiment.

6.1.4 Experimental Repeatability

Since neither the temperature or humidity ratio is precisely controlled, the repeata-
bility is as good.as the agreement of the initial test section temperature and humidity
ratio and the steady state temperature and humidity ratio between experiments.
Figure 6.3 is a plot of experimental outlet temperature as a function of time and
the experimental outlet temperature and humidity ratio on psychrometric coordi-
nates for two adsorption and desorption experiments. The repeatability is within the

uncertainty outlined in Chapter 5.

6.2 Comparison of Numerical and Experimental Results

Calculation of the equilibrium wave speeds discussed in Section 3.3.1 for the isotherm
provide by Stiesch [1994] and shown in Figure 5.4 predicts that the outlet temperature
profile from an inlet step change in humidity from dry to humid air at the same
temperature is a fast shock wave temperature increase followed by an slower expansion

wave temperature decrease.

Using the isotherm provided by Stiesch, the number of transfer units for heat
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transfer in Table 6.1 and the historically used value of unity for the overall Lewis
number, the outlet temperature profile for the experiment was numerically determined
with the finite-difference scheme outlined in Section 4.3 and is shown in Figure 6.4
versus time and on psychrometric coordinates.

The difference between the adsorption experimental and simulated outlet temper-
ature is significant and beyond the uncertainty limits of the experimental measure-
ments outlined in Chapter 5. The maximum temperature is 35.5°C and 28.4°C for
the simulation and experiment respectively. A comparison of the wave behavior of the
simulation and experiment is difficult to do because of the difference in the maximum
temperature rise. Figure 6.4b indicates that the simulation i)redicts too much mass
transfer at the beginning of the adsorption experiment.

The equilibrium expected outlet temperature profile from the step change in hu-
midity from humid to dry air at the same temperature is a fast expansion wave
followed by a slower shock wave.

Once again, using the number of transfer units for heat transfer given in Ta-
ble 6.2 and an overall Lewis number of unity, the outlet temperature profile for the
experiment was numerically determined and is shown as a function of time and on
psychrometric coordinates in Figﬁre 6.5.

The agreement between the desorption experiment and simulated outlet is better
than the adsorption test. The difference between the simulated first wave and mini-
mum temperature of the experiment agree well. The experimental second wave starts
faster and is more spread out than the simulation suggests.

The agreement between simulation and experiment for both the adsorption and
desorption processes is reasonable during the high humidity areas and poor for the

low humidity areas.
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Comparison of experimental and simulated adsorption outlet results.
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6.3 Reasons for Differences

The differences between the experimental and simulated results is significant and it
suggests there is something more fundamentally wrong than the assumption of the
constant heat and mass transfer coefficients. Some possible reasons for the differences
are that the resistance to mass transfer with this polymer desiccant is much larger
than expected, the number of heat transfer units is overestimated by theory, or the

driving force for mass transfer (desiccant isotherm) is in error.

6.3.1 Effect of Overall Lewis Number

A large overall Lewis number would explain the low temperature rise in the adsorption
experiment and the expansion of the second wave in the desorption experiment. The
effect of overall Lewis number on the simulated outlet is shown in Figure 6.6 for
adsorption and desorption. Figure 6.6 is a plot of the outlet temperature in time and
outlet temperature and humidity ratio on psychrometric coordinates for a range of
overall Lewis numbers. The adsorption simulation is less sensitive to overall Lewis
number than the desorption simulation. A high overall Lewis number does not allow
the numerical simulation to replicate the first wave of the desorption test.

The overall Lewis number that best represents the experimental data is found
by minimizing the sum of square error between the experimental outlet temperature
and the simulated outlet temperature. The best fit overall Lewis number for the
adsorption experiment is approximately 50. This means that the number of transfer
units for mass transfer is 50 times smaller than for heat transfer. The best fit overall
Lewis number for the desorption experiment is approximately 7. Since the overall
Lewis numbers for adsorption and desorption that best represent the experimental
data are very different, the overall resistance to mass transfer alone is not the cause

of the discrepancy between the experiment and simulation.
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6.3.2 Effect of Number of Heat Transfer Units

The number of heat transfer units is calculated from theory for fully developed laminar
flow in triangular passages with an adiabatic boundary condition. The experimental
temperature rise in adsorption and drop in desorption are both larger than simula-
tion suggests. If the number of heat transfer units is overpredicted by theory, the
magnitudes of the maximum temperature changes will be increased.

Figure 6.7 is a plot of the experimental and simulated outlet temperature with
both the theoretical and reduced number of heat transfer units calculated in Sec-
tion 5.1.2 as a function of time and the outlet state on psychrometric coordinates
for both the adsorption and desorption experiments. As expected, the magnitudes of
the maximum temperature changes are reduced. The simulated outlet with the lower
Ntu; still overpredicts the maximum temperature rise in the adsorption experiment,
but it underpredicts the maximum temperature drop in the desorption experiment.

Comparing Figure 6.7d and Figure 6.6d shows that regardless of the number
of transfer units for heat transfer, the first wave of the desorption experiment on
psychrometric coordinates is best represented with a number of transfer units for mass

transfer that is of the same order of magnitude as that for heat transfer (Le, =~ 1).

6.3.3 Effect of Isotherm Shape

Mass transfer rate is a function of the mass transfer coefficient and the driving force,
which is the difference between the air humidity ratio and the humidity ratio that
is in equilibrium with the desiccant at the matrix temperature and water content.
The equilibrium humidity ratio is determined from the isotherm of the desiccant.
The isotherm is very important in this experiment because no heat transfer occurs
without mass transfer because the inlet air stream is at the same temperature as the

initial matrix temperature. The combination of experimental conditions that include
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very dry air states, low maximum water capacity and a Brunauer Type III isotherm
shape makes the simulation very sensitive to the isotherm shape.

Stiesch [1994] measured isotherms at three temperatures (5°, 22° and 40°C) and
five relative humidities corresponding to pure water; saturated salt solutions of mag-
nesium chloride, sodium chloride, potassium nitrate and water; and sodium pentox-
ide. The data are shown in Figure 6.8 versus both relative humidity and adsorption

potential. The lines are best fit following the same form as the Stiesch equation:
W = Wyexp (— (AP/E;)™) + Wy exp (— (AP/E3)™) (6.1)

Table 6.3 contains the fitted isotherm parameters for the individual isotherms. Plotted
on adsorption potential coordinates (Figure 6.8b), the three isotherms agree well at
low adsorption potential, but deviate significantly at higher adsorption potential. As
the temperature is increased, the isotherm becomes more Brunauer Type III.

The effect of the difference in isotherm is shown for both adsorption and desorption
in Figure 6.9 as plots of outlet temperature versus time and outlet temperature and
humidity ratio on psychrometric coordinates.

The isotherm fit provided by Stiesch [1994] overpredicts the temperature rise
shown in Figure 6.9a in the adsorption experiment because it has a relatively high
equilibrium water content at high adsorption potential (low relative humidity). Fig-
ure 6.9a and c shows that the high adsorption potential region of the isotherm controls

the maximum temperature rise of the adsorption experiment and the second wave of

Table 6.3: Fitted parameters of individual isotherms from Stiesch [1994].

Temperature | W, E, m W, E, o
°C kg/kg | kJ/kmol kg/kg | kJ/kmol

5 0.073 220 0.59 | 0.014 3070 14

22 0.079 220 0.74 | 0.008 2590 1.3

40 0.071 170 0.81 | 0.015 1310 1.0
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the desorption experiment. As the capacity is decreased in this region, the maxi-
mum temperature rise decreases and the speed of the second wave of the desorption
period varies. The different isotherm shapes effect the time scale of the desorption
experiment more than the adsorption experiment.

Figure 6.9a and c also shows that the low adsorption potential region (high relative
humidity) of the isotherm controls the second wave of the adsorption experiment and
the first wave and minimum temperature of the desorption experiment.

Figure 6.9b and d show that the isotherm shape has a larger effect on the outlet
state on psychrometric coordinates of the adsorption experiment than the desorption
experiment.

The effect of the isotherm shape is very significant. However, variation within the
experimental uncertainty of Stiesch’s data does not adequately explain the difference

between the experimental and simulated outlet.

6.3.4 Problem Formulation

To this point, overall resistance to mass transfer has been assumed to be controlled by
the air-side resistance, that is, assuming that there is no distribution of water content
in the desiccant coating. According to Suzuki [1990] when the non-linearity of the
isotherm is large, the difference between the simulation assuming a controlling air-side
resistance and a controlling solid-side resistance is significant. The representation of
the mass transfer with solid-side resistance is as follows:

=22 Wegm w1y - W) (62)
where Weqr, is the desiccant water content in equilibrium with the moist air humidity
ratio and the desiccant matrix temperature at the surface of the desiccant coating,
K is the coefficient that describes the diffusion of mass through the desiccant, and 7

is the non-dimensional time.
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The trends exhibited for an increase in solid-side mass transfer resistance were
identical to an increase in air-side resistance to mass transfer; however, the sensitivity
of the experiment to increased solid-side resistance was changed. If the solid-side
resistance to mass transfer is increased relative to the resistance to heat transfer,
the adsorption experiment became more sensitive to the increase than the desorption
experiment. This is contrary to the results for an air-side controlling resistance. The
first wave of the adsorption experiment became more spread out and the magnitude of
the temperature rise was reduced more than for a similar increase in air-side resistance.
The magnitude of the temperature drop during the desorption experiment was less
effected by an increase in solid-side resistance.

Despite the improved qualitative description of the experiment, a simulation with
controlling solid-side resistance still suffers from the same quantitative problems as
the simulation with controlling air-side resistance: the magnitude of the temperature
rise is too large for the adsorption experiment and the second wave of the desorption

experiment is too sharp and slow.

6.4 Conclusions

The differences between the experimental and simulated outlet states of the test
section are significant and cannot be explained as due to the variation of heat transfer
coeflicient, air-side mass transfer coefficient, or solid-side diffusion coefficient.

The first wave of the adsorption experiment suggests that the desiccant has very
little water capacity at very dry conditions or a resistance to mass transfer that is
over one magnitude larger than the resistance to heat transfer (high overall Lewis
number). The first wave of the desorption experiment suggests that the resistance
to mass transfer is on the same order of magnitude as heat transfer. The diffuse

character of second wave of the desorption experiment in time suggests that the
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resistance to mass transfer is large. The second wave of the desorption experiment on
psychrometric coordinates suggests that the desiccant has non-zero capacity at high
adsorption potential because the slope is not zero on psychrometric coordinates.

The experiment is very sensitive to isotherm shape. If the isotherm is more
Type III (has lower water capacity at low relative humidities) the maximum tem-
perature rise during the adsorption experiment decreases. If the isotherm is steeper
in the high relative humidity region of the isotherm the the speed of the second wave
of the desorption experiment increases.

The sensitivity to the isotherm shape coupled with the uncertainty of the isotherm
shape at low relative humidities and its possible temperature dependence are a major

reason for the difference between the experiment and simulation.
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Chapter 7

Conclusions and Recommendations

7.1 Conclusions

A single-blow experiment was designed and implemented that measured the heat and
mass transfer in a commercially available aluminum core matrix of triangular pas-
sages with a polymer desiccant coating. The experimental procedure used a step in
inlet humidity ratio to drive the adsorption and desorption processes. The advantage
of this method is the outlet temperature response undergoes a maximum or min-
inum for adsorption and desorption respectively. This allows the performance to be
more accurately determined by the measurement of dry-bulb temperatures instead of
humidity ratios.

The experiment showed that very little mass is transferred after a step increase in
humidity ratio at the same temperature implying that the resistance to mass transfer
is large. Since the mass transfer is small, the corresponding temperature rise is also
small. For a step decrease in humidity ratio at the same temperature, however, the
experiment showed immediate, significant mass transfer. The second wave of the step
decrease in humidity ratio is very spread out in time.

The simulated outlet of the experimental conditions was significantly different
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than the experimental data. For the step increase in humidity, when using the the-
oretical value of heat transfer coefficient for laminar flow in triangular passages and
an overall Lewis number of unity, the simulated temperature rise is nearly 2.5 times
larger than the experiment. Similar analysis on the step decrease in humidity showed
that the first wave was in good agreement and temperature drop was only approxi-
mately 10% larger, but the second wave was expected to be start sooner and finish
later (shock) than the experiment.

Increasing the overall Lewis number did not explain the discrepancies between
simulation and experiment. An increased overall Lewis number represented the low
mass transfer rate early in the adsorption experiment, but failed to represent the mass
transfer rate early in the desorption experiment. The overall Lewis number that best
fits the step increase in humidity experimental data was approximately 50. The best
fit overall Lewis number for the step decrease was approximately 7. The differences
between the overall Lewis numbers that best fit the experimental data for adsorption
and desorption suggest that the resistance to mass transfer alone is not the reason
for the differences.

An experiment on a test section without desiccant coating to determine the heat
transfer coefficient resulted in satisfactory agreement with the theoretical fully devel-
oped Nusselt number for an isosceles right triangle with a constant heat flux boundary
condition. However, a large range of number of transfer units provided satisfactory
results. Therefore, a reduction of the number of transfer units for heat transfer by a
factor of 3.5 was investigated. A reduction of the number of transfer units for heat
transfer by a factor of 3.5 was investigated. The reduced Ntu, decreased the maxi-
mum temperature rise during the step increase in humidity, but it still overpredicted
the temperature rise by nearly 2 times. The temperature drop during the humidity

step down was underpredicted by approximately 10% when the number of transfer
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units for heat transfer was decreased.

The simulation of experimental conditions are very sensitive to isotherm shape
at low relative humidities (high adsorption potential). Since no isotherm data was
collected between 0% and 33% for the polymer desiccant [Stiesch, 1994], the isotherm
is not well defined in the that region. Closer inspection of the Stiesch data showed
that the isotherm may not be independent of temperature when plotted on adsorption
potential coordinates. Therefore, the heat of adsorption could also be in error.

The sensitivity to the isotherm shape coupled with the uncertainty of the isotherm
shape at low relative humidities and its possible temperature dependence are a major

reason for the difference between the experiment and simulation.

7.2 Recommendations

Previous studies [Schultz, 1987; Van Den Bulck, 1987] confirmed that the use of overall
transfer coefficients is valid; however, an accurate assessment of the applicability of
overall transfer coeflicients could not be made for the experimental conditions and
polymer desiccant coating due to the large differences between the simulation and
experimental results. Therefore, the experiment method should be tested with a
desiccant that has well defined equilibrium behavior and higher water capacity. The
higher water capacity increase both the time of the experiment and the temperature
increase during the step increase in humidity ratio experiment.

The simulated outlet of the experimental conditions was very sensitive to the
isotherm shape. The isotherm for the polymer should be measured at more tem-
peratures and relative humidities and the isotherm should be checked for hysteresis
between adsorption and desorption. In addition, the temperature dependence of the
isotherm at low relative humidities should be investigated. The significant differ-

ence between individual isotherms measured by Stiesch [1994] suggests that the heat
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of adsorption may not be adequately predicted by the adsorption potential theory.

Therefore, independent measurements of the heats of adsorption should also be done.



Appendix A

Nomenclature

Roman symbols

state property functions (Equation 3.8)

heat transfer area [length?]

cross sectional area of the matrix available for heat conduction in the
flow direction [length?]

adsorption potential [energy/mole]

specific heat [energy/mass-temperature]

characteristic frce energy of adsorption [energy/mass]

ith combined potential [dimensionless]

fraction of total dehumidifier mass [dimensionless]

mass transfer coefficient [mass/time-length?]

heat transfer coefficient [energy/time-length-temperature]
heat of vaporization [energy/mass]

heat of adsorption [energy/mass]

moist air enthalpy [energy/dry mass]

desiccant enthalpy [energy/dry mass]

desiccant matrix thermal conductivity [energy/time-length-temperature]
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Roman symbols continued

axial flow length through matrix [length]

mass flow rate of m: ist air [mass/time]

desiccant mass in dehumidifier matrix [mass]

power in Dubinin isotherm equation [dimensionless]
number of heat transfer units [dimensionless]

number of mass transfer units [dimensionless|

perimeter of flow passage [length]

regeneration heat [energy/mass]

ideal gas constant [energy/mass-temperature]

shock wave speed [dimensionless]

moist air temperature [temperature]

desiccant matrix temperature [temperature]

moist air humidity ratio [mass water/mass dry air]
humidity ratio in equilibrium with T, W [mass water/mass dry air]
desiccant moisture content [mass water/mass dry desiccant]
desiccant maximum moisture content [mass water/mass dry desiccant]
axial coordinate [length)]

axial coordinate [dimensionless]

Greek symbols

half thickness of desiccant matrix [length]

expansion wave speed [dimensionless]

conduction parameter, kA, /mc,L [dimensionless]

relative humidity of moist air [dimensionless]

time [time]

time coordinate [dimensionless]



~.

SRS

V)

wv

Subscripts

air

dry desiccant

combined potential index
period index

matrix

process state or period
regeneration state or period
saturated

water

water vapor
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Appendix C

Finite Difference Equation Set

The governing equations for simulataneous heat and mass transfer in desiccant ma-

trices are as follows:

g—f = Nttm (Weg — w) (C.1)
gg = Nty (W — Weq) (C.2)
58‘2' = Ntu, (T — t) (C.3)
g—;lwg—=Ntum<g;—t— —B%T) (w—weq)+Ntmg%w(t“T) (C4)

The finite difference representations of the governing equations are as follows:

n+1 n+1

w; — W
HIA—ZI = Ntum (weq?:11/2 - w:l:ll/z) (C.5)
Wit - wn

i+1 A,T i+l _ Ntu,, (w?-:-ll/z _ weq?:llm) (C.6)
e =t +1 +1
1 1

o = Ntw (TR, — 1) (C.7)

or| TiA'-Tp, 9 o1 n+1/2 n+1/2
oT |, AT Um \ Sw . OW|, (wz+1 eqi+1 )

J n 2 n+1/2
+Ntuy, 7). (ti-:ll/ _ Ty ) (C.8)
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where Ntu; has been updated from the input value based on dry air specific heat to

the moist air specific heat as follows

(C.9)

Ntu; = Ntulc,/ %

A first-order Taylor series expansion of the isotherm is used to linearize the above

equations [Zheng, 1993].

ow, ow
d eg = eq €q .
Weq ¥id WdT+ ETG TdW (C.10)
or
n n awe n n awe n n
Wegiry = Weqjy; + aTq (Ti+4il - Ti+1) + m;Vq (W'iﬁl - I’Vi+1) (C.11)
T

Arranging all n + 1 variables on the left hand side gives:

Ntup Az 41 NtunAz 0w, 41 NtunAz Oweg
— BT ) wrtl nt+l _ Tl
(1 + ) )wz+1 2 oW TVV1+1 ) aT |, i+1
- (1 - ]—Vfi‘;ﬁ) Wit 4 (C.12)
Ntunh Az ( +1 Oweq Oweq )
- we :{L + we :L = T ﬂn - in 1
) g %i+1 aT |, + 7T AW - +
Ntun, At Ntu, AT Ow Ntu, AT Ow,
_mal n 1 eg| | pyntl g ntl
2 Wipr +( 2 oW T) i1 T 2 aT |, it+1
Ntup AT Oweg
— n 1
| (1 +— W T) Wi+ (C.13)
NtUmAT n n awe n
— 9 (wi+1 — 2Weq;y, + aTq Tz‘+1>
w
Ntu,Az\ , Ntu,Az
(1 + _Qt ) thn = 2t Ty = (C.14)

(1 4 Ntu;Az) gy Ntz;tAzTin+l
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(o] oI NtumA'erl_H _ Ntw, AT 0 g1
dw|, OW|, 2 wH 2 at|,
0i oI ) Ntun AT Oweg
R Wit + (C.15)
(8w , W) 2 aw |, !
(?_{ N (_81 oI ) Ntup AT Owe, Ntu, AT 0i )T,’_',_"il _
or|,, ow|, OW|, 2 orT |, 2 ot
or 4 Ntun AT Oweq|  NiwAT 00 ™
oT |, 2 oT |, 2 at),)
Ntu,At 01| ,
2 —a—t ti+l

_ar
oW

ﬁ
ow

Ntu, At OWeq
T) ; (w?ﬂ - 2weq?+1 +
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Experimental Equipment List
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Item

Description

Serial Number

Keithley 500A
AMMI1A

AIM7

Measurement and Control Center

8 channels of single-ended analog input
and 12-bit A/D

16 channel thermocouple input with
isothermal block, noise reduction and
cold junction reference sensor

526216

King Rotameter

Full Scale 20 scfm

N/A

Omega subminiature
thermocouple probes

0.02 in sheath dia grounded Copper-
Constantan thermocouple

TMQSS-020 G-6

transformer

Polyscience Refriger- | Model 575 913194
ated Recirculator

Solomat MPM 500e 222924
Staco Variable Auto- | Type 2PF-1010 N/A







