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Abstract

The development and design of rotary desiccant dehumidifiers for use in

air conditioning systems depends in part on models which describe the heat and

mass transfer processes in the dehumidifier. Two particular models which have

been used extensively in the past are described. One is a finite difference

solution of a set of governing partial differential equations. The other uses a

heuristic approach in which discretized sections of the dehumidifier are modeled

as simple steady-state counterflow heat and mass exchangers.

Errors in the system of equations comprising the heuristic model are

exposed by deriving a similar set of equations directly from the partial

differential equations. The significance of these errors and the overall accuracy of

the heuristic model are tested by comparison with the finite difference model.

A facility for testing the performance of rotary desiccant dehumidifiers is

described. The facility includes all necessary controls and instrumentation and is

operated with the aid of a microcomputer-based data acquisition and control

system. Three spirally wound parallel passage rotary desiccant dehumidifiers

are also described.

The accuracy of the finite difference model is tested by comparison with

experimental data. Pressure drop results are used to estimate the distributions

of the nonuniformly sized passages. Procedures are presented for determining

the active amount of desiccant in the dehumidifier and for estimating the

effective overall heat and mass transfer coefficients. The model is adjusted to

account for nonuniformly sized passages and nonhomogeneous distributions of

matrix properties which significantly affect the performance of dehumidifiers.
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Chapter 1

Introduction

Open-cycle desiccant air conditioning systems have been investigated

extensively over the past two decades. These systems have the potential to be

economically competitive with conventional vapor compression air conditioning

and provide the consumer with lower cooling costs (Booz-Allen and Hamilton,

1980, 1981; Scholten and Morehouse, 1983). Desiccant systems are driven by

low-temperature thermal energy and are compatible with the use of solar energy

and waste heat resources (Jurinak, et al., 1984; Mitchell, 1986). It is this aspect

that has spurred much of the past research and development of desiccant

systems.

Interest in solar-powered air conditioning has dwindled with the demise of

renewable energy tax credits and the falling price of oil. However, increasing

prices for electricity have opened opportunities for gas-fired cooling technologies

including desiccant systems (Kosar, 1986). In addition, many electrical utilities

are facing future shortfalls of generating capacity. Large scale penetration of

desiccant systems into the cooling market may allow construction of expensive

new electrical generating capacity to be delayed (Chinery, 1986).

A variety of air conditioning systems which use desiccant dehumidifiers

have been proposed for applications in residential and commercial buildings. The

performance of these systems is steadily improving. ASK Corp. (formerly

American Solar King) is marketing a ventilation cycle1 residential desiccant air

1 The ventilation cycle desiccant air conditioning system and the ASK Corp.
machine are described in Appendix A.



conditioning system (Venhuizen, 1984; Coellner, 1986). Cargocaire Engineering

Corp. is developing a desiccant dehumidifier/vapor compression hybrid system

(Bowlen, 1986). In these combined systems, the dehumidifier efficiently removes

moisture from the air stream to be conditioned leaving only the sensible cooling

load for the vapor compression system. Initial testing has occurred in

supermarket applications (Cohen, et al., 1984,1986). Meckler (1987) has

integrated central dehumidification using desiccants into institutional building

HVAC systems. However, further development is needed if desiccant cooling is to

successfully compete with conventional systems in a wider range of applications

and markets.

Desiccant systems employ both liquid and solid desiccants. The work

presented here considers only dehumidifiers which use solid desiccants and are

operated adiabatically. Liquid desiccant and cross-cooled solid desiccant systems

have been reviewed by Schlepp and Schultz (1984).

1.1 Solid desiccant cooling research

Jurinak (1982) has compiled a history of solid desiccant cooling research

and development through the early 1980's. Penney and Maclaine-cross (1986)

and Chinery and Penney (1987) have summarized current desiccant cooling

activities. The major areas of research confronting desiccant cooling concern

desiccant materials, component performance and design, and system

configuration and optimization. While representing a convenient grouping, these

catagories are by no means independent of one another.
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1.1.1 Desiccant materials

The sorption properties of the desiccant greatly affect the performance of

the dehumidifier and of the complete system. The choice of desiccant and matrix

thermal properties depends on the system configuration, operating conditions,

and dehumidifier design constraints. Accurate characterization of desiccant

properties and an understanding of how the sorption properties affect the heat

and mass transfer processes are necessary to the design of high performance

dehumidifiers. A variety of models have been used to study the effects of the

desiccant and matrix thermal properties on the performance of dehumidifiers (for

example: Barlow and Collier, 1981; Jurinak and Mitchell, 1984b; Grolmes and

Epstein, 1985; and Collier, et al., 1986).

1.1.2 Components

The performance of each individual component affects the overall

performance of the system. Research on desiccant cooling system components is

directed at establishing an understanding of the fundamental processes occurring

in each and the design and development of practical high performance

components.

Desiccant dehumidifiers are the most difficult of the components to

characterize and the least developed. The design of matrix geometries with high

heat and mass transfer and low pressure drop characteristics which can be cost-

effectively manufactured is crucial to the success of desiccant cooling systems.

Models can be used to aid the design and development of high performance

dehumidifiers. However, accurate models require a complete understanding of



4

the heat and mass transfer processes occurring in the dehumidifier and should be

subjected to experimental verification.

1.1.3 Desiccant cooling systems

A variety of desiccant cooling system configurations have been considered.

Much of the past work has focused on the development of residential-sized

systems based on the ventilation cycle. Several advanced cycles have been

proposed (Maclaine-cross, 1985a) and have been shown to potentially have

substantially higher performance (Crum, et al., 1987). In addition to the

Cargocaire hybrid system under development, a variety of other hybrid systems

have been studied (for example: Howe, et al., 1983; Sheridan and Mitchell, 1985;

Burns, et al., 1985a,b; Worek and Moon, 1986).

Estimates of the overall performance of a system must be made to

determine its competitiveness with conventional systems. Design point analyses

are informative but not generally sufficient. Simulations of system performance

require accurate, computationally simple models. Tests of actual systems are

needed to prove design concepts and ensure that component interactions are

properly accounted for. Development of control strategies which optimize system

performance and analyses of the effects of transient operating conditions are also

called for.

1.2 Analysis tools for desiccant dehumidifiers

A complete experimental investigation of desiccant systems would require

considerable time and money. Theory, supported by experiment, provides a basic

understanding of the processes occurring in a component or system. Models,
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based on theory, then become tools for the efficient investigation of desiccant

cooling topics. Indeed, much of the work mentioned above has been done using

models.

1.2.1 Detailed models

The detailed modeling of adiabatic desiccant dehumidifiers is a difficult

task. The mathematical formulation is described by partial differential equations

for the conservation of mass and energy, for the rate of heat and mass transfer

between the air and the desiccant, and for the rate of transfer within the

desiccant. The equations are coupled by generally nonlinear equilibrium

properties. Rotating wheels and switched beds require periodic boundary

conditions. In addition, the equations contain transfer coefficients and other

parameters that are difficult to quantify.

Ruthven (1984) discusses many of the models used in the analysis of

batch-type adsorption processes. Analytical and numerical solutions have been

developed for isothermal and adiabatic operation with various assumptions about

transfer resistances, equilibrium relations, and initial conditions.

The diffusional resistance to the transfer of moisture in desiccant particles

(the "solid-side" resistance) is an important factor in the performance of

dehumidifiers. In many of the past dehumidifiers, this resistance was significant

and was a major reason for the low performance of the systems of which they

were a part. Pesaran (1983) has surveyed diffusion mechanisms and Pesaran and

Mills (1984) have solved the diffusion equation within the desiccant particle in

modeling the behavior of silica gel packed-beds. Majumdar, et al., (1985) have
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taken a similar approach in modeling the moisture transfer resistance in the

voids of a desiccant felt.

By constructing a dehumidifier from parallel plates coated with small

silica gel particles, Biswas, et al., (1984) were able to reduce the effect of solid-

side resistance. Kim, et al., (1985) successfully predicted single-blow

experimental results with an overall air-side resistance model. The use of

parallel channel, laminar flow dehumidifiers with small solid-side resistances has

lead to improved performance of desiccant cooling systems. This also simplifies

the modeling of high performance dehumdifiers.

Finite difference solutions of a set of partial differential equations

assuming overall air-side transfer coefficients have proven to be versatile tools in

the analysis of desiccant dehumidifiers. Bullock and Threlkeld (1966) used such

a model to successfully predict the performance of a "thick" batch-type

dehumidifier. Pla-Barby, et al., (1978) and Barker and Kettleborough (1980a)

have extended this model to investigate the periodic steady-state performance of

rotary packed-bed silica gel wheels. Holmberg (1979) has also derived a similar

model and has included longitudinal heat conduction in the matrix.

The finite difference model developed by Maclaine-cross (1974) has been

used extensively to investigate the steady-state performance of desiccant

dehumidifiers and cooling systems (for example: Jurinak, 1983; Jurinak and

Mitchell, 1984ab). The model is similar to Lambertson's (1958) model for rotary

heat exchangers. Comparison of the model with experimental data (van Leersum

and Close, 1982) from a rotary packed-bed silica gel wheel was not successful

because of the large solid-side resistance present. Brandemuehl (1982) has also
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used this model to investigate the effects of nonuniform inlet states and transient

operation.

Barlow (1982) has proposed a "pseudo-steady-state" model which considers

discrete sections of the dehumidifier to act as simple steady-state heat and mass

exchangers. The heat and mass transfer calculations are uncoupled at each time

step to simplify the procedure. Fair agreement with limited experimental data

from a single-blow parallel passage matrix coated with silica gel has been

obtained (Schlepp and Barlow, 1984).

In spite of its heuristic nature, studies using Barlow's model have been

influential in desiccant cooling research. The computer code is well documented

and easy to follow. The program has been used to estimate the performance of

desiccant cooling systems (Schlepp and Barlow, 1984), study the effects of

desiccant properties (Barlow and Collier, 1981; Collier, et al., 1986), and has been

modified to model a direct solar regenerated collector/dehumidifier (Schultz, et

al., 1987). The availability and ease of use of the program have made the model

an attractive research tool.

1.2.2 Equilibrium models

Several models have been developed which assume that equilibrium exists

between the air stream and the desiccant, for example, Epstein, et al., (1985),

Grolmes and Epstein (1985), and Van den Bulck, et al., (1985a). These models

have been used only for qualitative investigation of the effects of sorption

properties and ideal dehumidifier behavior.
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1.2.3 Simplified models

A variety of simplied models have been used for system design point

calculations and long term simulations. Maclaine-cross and Banks (1972) have

transformed the dehumidifier equations into two uncoupled sets of equations

which are analogous to those for heat transfer alone. The dehumidifier is then

modeled as the superposition of two independent exchangers using the known

heat exchanger solutions (Kays and London, 1984). Simplifications of this

analogy method have been used extensively in system simulations (for example,

Howe, et al., 1983; Jurinak, et al., 1984; Turner, et al., 1987). Jurinak and Banks

(1982) and Banks (1985) have numerically evaluated the analogy method against

Maclaine-cross' finite difference model and found it to be satisfactory for

simulation purposes.

Van den Bulck, et al., (1985b) have generated an effectiveness - number-

of-transfer-units (e-Nt u) model for a silica gel dehumidifier based on their

equilibrium model and Maclaine-cross' finite difference model. Van den Bulck, et

al., (1986) and Crum, et al., (1987) have used this model in systems studies.

Another technique used has been to simply correlate the results of more

detailed models (for example: Barker and Kettleborough, 1980b; Majumdar, et

al., 1982). These sorts of models can only be as good as the more detailed models

on which they are based.

1.3 Thesis objectives

The detailed models described above are mathematical representations of

the heat and mass transfer processes in the dehumidifier. In general, it is not the



technique for solving the equations that is in question regarding the accuracy

with which the behavior of real components can be predicted. Rather, it is the

assumptions and approximations that were made in arriving at the original set of

equations that must be tested.

A major assumption made in the models is the use of overall air-side

transfer coefficients, especially for mass transfer. These coefficients should be

obtainable from established heat and mass transfer theory for the models to be

useful. In addition, the flow channels are generally assumed to be uniformly

sized and the matrix and desiccant materials to be homogeneously distributed.

This may not be the case for real dehumidifiers.

Accurate predictions of actual dehumidifier and system performance are

needed to improve current desiccant cooling systems and to judge the benefits of

future advances. Many dehumidifier models have been developed to aid the

investigation of desiccant cooling systems. However, few experimental results on

high performance rotary dehumidifiers and desiccant cooling systems have been

reported and so the accuracy with which many of the models describe real

dehumidifiers has not been fully determined.

1.3.1 Comparison of models

The detailed models for rotary desiccant dehumidifiers discussed above

have been derived from essentially the same set of governing equations. The

models should therefore generate nearly identical results if carefully

implemented, even though the differencing techniques may not have been the

same. Barlow's model, however, is less rigorous due to its uncoupling of the heat

and mass transfer calculations.
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The objective of Chapter 2 is to verify the accuracy of Barlow's model and

the results that have been obtained from its use. A comparison of the "pseudo-

steady-state" equations is made with a set of finite difference equations derived

from a conventional set of partial differential conservation and rate equations.

The results of Barlow's model are then compared with those from Maclaine-cross'

finite difference model to assess its accuracy and efficiency.

1.3.2 Comparison of models with experimental data

None of the rotary dehumidifier models have been compared satisfactorily

with experimental data from high performance rotary dehumidifiers. Chapter 3

describes the test facility established at the Solar Energy Research Institute for

this purpose. The author spent two years at SERI participating in the design,

construction, and operation of the facility. The data acquisition, reduction, and

correction procedures developed by the author are also given. The parallel

passage silica gel dehumidifiers used in the experiments are described in

Chapter 4.

The objective of Chapter 5 is to verify the accuracy of Maclaine-cross' finite

difference model (that is, the assumptions upon which it is based) by comparing it

with the experimental data. The experimental data are used to deduce the

pressure drop characteristics and the overall air-side transfer coefficients for the

model and these are related to established theory. The effects of nonuniformly-

sized flow channels and a nonhomogeneous distribution of matrix properties is

taken into account. The accuracy of the model is assessed by direct comparison

with the experimental data over a wide range of operating conditions.
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1.3.3 Supporting work

The conclusions drawn from this work and recommendations for

continuing work are presented in Chapter 6.

In addition, several appendices are attached. Appendix A presents a

description of the ventilation cycle desiccant cooling system and a summary of its

development. Appendix B contains the air, water, and desiccant property

relations used in this work. A brief outline of the analogy theory of Maclaine-

cross and Banks is presented in Appendix C to support its use in Maclaine-cross'

finite difference model and the analysis of the experimental heat and mass

transfer results. A discussion of the analysis of the uncertainties in the

experimental measurements and parameters is presented in Appendix D. A

summary of the experimental data is tabulated in Appendix E.
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Chapter 2

Models of Rotary Heat and Mass Exchangers

Of the models developed to investigate rotary desiccant dehumidifiers, the

three most used have been those based on the analogy theory of Maclaine-cross

and Banks (1972; Jurinak, 1982), the finite difference model of Maclaine-cross

(1974; Jurinak, 1982), and the "pseudo-steady-state" model of Barlow (1982). The

analogy solutions have been compared with Maclaine-cross' finite difference

model (Jurinak, 1982; Jurinak and Banks, 1982; Banks, 1985). Since the finite

difference solutions of Pla-Barby, et al., (1978) and Holmberg (1979) were derived

from essentially the same set of partial differential equations, they should

produce very similar results to Maclame-cross' model.

Barlow's (1982) "pseudo-steady-state" model is not as rigorous as the finite

difference models. The model results in a straightforward computational

procedure based on dimensional engineering quantities and is set in a modular

program that is well documented and easy to follow. Up to ten flow streams, each

with different inlet conditions, flow rates and directions, and period lengths, can

be handled. The properties of the desiccant and matrix can be varied along the

flow length.

The model has been used to study the effects of desiccant properties

(Barlow and Collier, 1981; Collier, et al., 1986), estimate desiccant cooling system

performance (Schlepp and Barlow, 1984), and has been modified to model the

performance of a direct solar-regenerated collector/dehumidifier (Schultz, et al.,

1987). Validation of the model is limited to fair agreement with single-blow

experimental data (Barlow, 1982; Schlepp and Barlow, 1984).
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The purpose of the work in this chapter is to test the validity of the

"pseudo-steady-state" model. The basis for the concept is established by

comparing the equations used with a set of finite difference equations derived

from a conventional set of governing partial differential equations. The

predictions of the model for the performance of a rotary dehumidifier are then

compared with those from Maclaine-cross' finite difference model.

2.1 Mathematical description of rotary heat and mass exchangers

2.1.1 Nomenclature, coordinate system, and assumptions

Fig. 2.1 illustrates the nomenclature and coordinate system for a

counterflow rotary exchanger. The coordinate system is fixed with respect to the

wheel. Also shown is a small element of the exchanger idealized as a parallel

passage channel. The following assumptions are made:

1. There is no carryover or leakage of fluid from one air stream to the
other.

2. The air and matrix states within the wheel are radially uniform as are
the inlet air states.

3. The thermal and moisture storage capacities of the air in the matrix
are small compared to the matrix capacities.

4. The axial and circumferential diffusion of heat and moisture in both
the matrix and the air streams is small.

5. The heat and mass transfer processes between the matrix and the air
stream can be described by composite or overall transfer coefficients
which include both the air-side and solid-side transfer resistances.

6. The coupling of heat and mass transfer occurs only through the
interdependence of the tranfer potentials. Thermal diffusion and
Dufor effects are negligible.

7. The pressure is constant throughout the wheel.
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Fig. 2.1 Nomenclature and coordinate system for a rotary dessicant
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Molar concentration, mass fraction, and humidity ratio have all been used

as driving potentials for mass transfer in the analyses of desiccant dehumidifiers.

For the small concentrations of water vapor in air encountered in desiccant

cooling systems, the differences between the various potentials are negligible.

Since Maclaine-cross' model uses humidity ratio and Barlow's model uses mass

fraction as the mass transfer potential, both formulations will be presented

below.

2.1.2 Humidity ratio as mass transfer potential

For simplicity, the humidity ratio is commonly used as the driving

potential for mass transfer and the following transfer rate and conservation

equations for water and energy can be formulated (Bullock and Threlkeld, 1966;

Maclaine-cross and Banks, 1972; Holmberg, 1979; Van den Bulck, et al., 1986):

(2.1)
water transfer rate

a~w
- =Ntuw, j (wE-w) (a)

conservation of water

+ 0jj7- = 0 (b)

energy transfer rate

- = Nt ut, jcA (T-t) + Nt Uw, w ( WE~ w) (C)
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conservation of energy

Dh aH
x-+ r - = 0

The independent variables of axial distance and time have been

nondimensionalized with

X = z/L

(d)

(2.2)S= I

Time and rotation angle are related by

T 2n
T 2x (2.3)

The period fractions, Oj, may not sum to unity if portions of the frontal area of

the wheel are blocked by seals or other obstructions separating the two flow

streams.

The parameter Fj is the mass capacity rate ratio (the ratio of the mass

"flow rate" of the matrix to that of the dry air) and is given by

MDD/T
IF-

mDA, j

The number-of-transfer-units for mass and heat transfer are given by

(2.4)

=gAs,
Ntu ,3 =D

MDA j
(2.5)Ntut,=hAsNtut'3=rnDA, jCA

where the overall transfer coefficients, g and h, account for resistances in both the
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air and the solid. An overall Lewis number is defined as the ratio of the heat and

mass tranfer Nt u's,

Nt ut  h
Le o = Nut -- h(2.6)Ntuw gcA

The above equations are nonlinear and coupled through the equilibrium

relations

W = W(T,wE) H = H(T, W) h = h(t, w) (2.7)

The property relations for moist air and the desiccants used in this work are

presented in Appendix B.

2.1.3 Mass fraction as mass transfer potential

Other authors (for example, Barlow, 1982; Pesaran and Mills, 1984) have

used water vapor mass fraction as the driving potential for mass transfer. The

conservation equations are the same as above in this formulation, however, the

transfer rate equations become

(2.8)

Jyx= Ntuy, j (1-y) (YE-Y) (a)

h Ntut, jcA (T - t) + Ntuyj (l-)(YE Y) (C)
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The mass tranfer Nt u's in this case are defined as

Ntu gA "J(2.9)
Ma,j

where ma is the total mass flow of moist air (air and water vapor). Using an

analogy to heat transfer, the coefficients g and g* will generally be evaluated

from identical relationships and the resulting Nt uy will be smaller than Nt uw by

the ratio of the total to dry air flow rate ( 1 + w, about 1-2%). Because of this and

the small differences in the mass transfer potentials, the two formulations will

produce slightly different results. These differences are quantified in the next

section.

2.2 Maclaine-cross' finite difference model - MOSHMX

Maclaine-cross has developed a FORTRAN program called MOSHMX 2

which represents a finite difference solution of Eqs. (2.1). The version of

MOSHMX used here models the periodic steady-state operation of a rotary heat

and mass exchanger with two counterflow air streams. Jurinak and Mitchell

(1984a) have modeled additional purge streams. In addition, the inlet air states

are assumed to be uniform and constant. Brandemuehl (1982) has considered

nonuniform and transient inlet conditions with MOSHMX. Also, the heat and

mass transfer Nt u's are assumed to be constant throughout each period. This is

expected to be reasonable for parallel channel laminar flow matrices and

simplifies the analysis.

2MOSHMX stands for Method Of Solving Heat and Mass X(trans)fer.
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A summary of the method and equations are presented here. The

complete development is contained in Maclaine-cross (1974).

2.2.1 Finite difference equations

By using Eqs. (2.7), Maclaine-cross replaced enthalpies with temperatures

as dependent variables. He also combined Eqs. (2.1a) and (2.1c) to arrive at the

following set of partial differential equations (Maclaine-cross, 1974; Jurinak,

1982),

(2.10)

ax NtuW, j ( wE-w) (a)

axW- + Pore = 0 
(b)

x NtutjcA(T-t) (c)

ah at Ih aw asrT aHaW
-_ + - + +r j = 0 (d)at ax awax 33 T a0 aWaO

To obtain the difference equations, the "inlet" and "outlet" states of a

discrete element, shown schematically in Fig. 2.2, are expressed as a Taylor's

series about the "center" of the element, for example,

at Ax k 2 t Ax 2  a 3 t Ax 3

ti t -3 3  
+ (2.11)

ax 2 ax 2 8 ax 48

Subtraction of Eq. (2.11) from a similar equation for t o gives a second order

accurate estimate of the derivative at the "center" of the node. A second order
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accurate estimate of the state at the "center" of the node is obtained by adding

these same equations. Substitution of these and similar relations for the other

dependent variables into the partial differential equations results in a set of

difference equations which can be written in matrix form as shown in Eqs. (2.12)

on the following page. The parameter B has been introduced to allow both

formulations of the mass transfer potentials to be included. The formulation is

second order accurate and implicit. It is similar to that used by Lambertson

(1958) in his study of rotary heat exchangers.

2.2.2 Solution procedure

Through various row operations, Eqs. (2.12) can be placed in upper

triangular form and solved by back substitution without need for iteration. Two

passes are used however. In the first pass, properties are evaluated at the "inlet"

states and estimates of the "outlet" states are calculated. In the second pass,

properties are evaluated at the average of the "inlet" and estimated "outlet"

states and the "outlet" states are recalculated. This procedure is analogous to a

second order Runge-Kutta method and maintains the second order accuracy of

the difference scheme (Maclaine-cross, 1974).

The calculational procedure essentially follows an angular slice of the

wheel as it rotates from one air stream to the other. To begin, the temperature

and water content of the matrix as it rotates into the process stream are

estimated. Together with the specified process air inlet state, Eqs. (2.12) are

solved for the first element's "outlet" air state (which becomes the "inlet" air state

to the next element) and the "outlet" matrix state (which becomes the "inlet"

matrix state at the next time step). The procedure then marches down the length
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of the wheel and then rotates to the next time step. The average air outlet states

are the time-step-weighted-averages of the "outlet" states from the last element

as the slice of the wheel rotates through each period.

The periodic steady-state operation of a dehumidifier is obtained by two

methods. In one, the slice of the wheel is followed until the change in outlet

states from one rotation to the next and the overall mass balance closure are

within a small tolerance, for example,

Mj(wj -wj
Ewr = (,i ,o < 2.10-6 (2.13)(Mnj Iwj, i - Wj, o I)/ 2

This procedure essentially follows the transient response of the wheel from the

initial assumed matrix profile to that at periodic steady-state. In addition, a

matrix method (essentially a Newton-Raphson technique) is used to enhance the

rate of convergence when the transient method is slow (Maclaine-cross, 1974;

Jurinak, 1982). Because the water conservation equation, Eq. (2.10a), is linear

with constant coefficients, the finite difference scheme explicitly conserves water

(except for roundoff errors). Although the coefficients in the energy equation,

Eq. (2.1Oc), are nonlinear, an energy balance analogous to Eq. (2.13) generally

closes to within 2.10-4.

MOSHMX contains algorithms for choosing appropriate space and time

step sizes. The number of space steps was determined mainly through numerical

experimentation (Maclaine-cross, 1974),

Nm = Int[O.85(Max(Ntum,j))-/ 2 + 1.6] (2.14)

The time step is then chosen with the aid of the analogy theory which is briefly
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described in Appendix C. In the analogy theory (Banks, 1972; Maclaine-cross and

Banks, 1972), the partial differential equations are transformed into two sets of

approximately uncoupled equations which have the same form as those for heat

transfer alone. They describe two transfer zones that move through the wheel at

speeds inversely proportional to the quantity yjjFj where yi is analogous to the

ratio of the specific heat of the matrix to that of the air in sensible heat

exchangers. To follow the ith wave front, the space and time steps should be

related to the wave speed by

Ax Nfi1Ax 1 (2.15)

A (ei/Pj) Nm Yijrj

where Nf, i j is the number of time steps for the ith transfer wave in period j.

Ideally, only Nm of the Nf, 1 j small time steps of size AO01 are needed to follow the

faster first wave through period j of the wheel. However, to account for the

spreading of the wave front due to nonconstant properties and finite transfer

coefficients, more are used; 2Nm time steps have been found adequate for silica

gel and halide salt wheels (Maclaine-cross, 1974; Jurinak, 1982). The rest of the

period is covered by larger time steps of size A02 determined from Eq. (2.15).

The number actually used is Nf, 2 j times the fraction of the time remaining in

the period. The version of MOSHMX used here also allows the user to input

explicit values for the number of space and time steps.

By using the second order accuracy of the difference equations, an

estimate of the solution at zero grid size can be obtained by quadratically

extrapolating the results from three progressively smaller grid sizes in which the

ratio of Ax/AO is kept constant (Maclaine-cross, 1974, Carnahan, et al., 1969).

For Ax 1 /Ax 2 = 2 and Ax 1 /Ax 3 = 3, the extrapolation is given by
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Sex = (27S3 - 16S2 + sj)/12 (2.16)

where s represents temperature and humidity ratio.

2.2.3 Comparison of MOSHMX using humidity ratio and mass fraction potentials

From the finite difference equations, Eqs. (2.12), it can be seen that the

only difference between the humidity ratio formulation (referred to as

"MOSHMXw") and mass fraction formulation ("MOSHMXy") is a small difference

in the effective mass transfer Nt u's, Nt um/B. If the mass transfer coefficients

are identical in the two formulations, the effective mass transfer Nt u for

MOSHMXy will be smaller than that for MOSHMXw by a factor of approximately

1 / (1 + w) 2, or about 2-4% smaller for nominal air conditions. The overall Lewis

number for MOSHMXy should be (1 + w) times larger so that the heat transfer

Nt u's remain the same.

Numerical experimentation has shown that the largest differences in

predicted outlet states of the two formulations occur near minimum dehumidifi-

cation. Table 2.1 shows a such a comparison. The differences are larger at lower

Nt u's as the effectiveness of an exchanger is more sensitive to Nt u there.

However, the differences are small and negligible from a practical standpoint.

2.3 Barlow's "pseudo-steady-state" model - DESSIM

Barlow (1982) developed the program DESSIM 3 , based on his "pseudo-

steady-state" (PSS) model, as a simple tool for modeling the periodic steady-state

3 DESSIM stands for DESiccant SIMulation program.
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Table 2.1 Comparison of MOSHMX predictions for rotary dehumidifier outlet
states using humidity ratio (MOSHMXw) and mass fraction
(MOSHMXy) as mass transfer potentials.

Operating conditions:

tl, i = 30.0 C w,i=14.0 g/kg
t 2 , i = 80.0C w2 , i = 12.5 g/kg

CDM = 1500 J/kgDD-C Pvot = 101325 Pa

IF1l=F 2 = 0.20 Ntu 1 = Ntu 2

Silica gel dehumidifier (IDES=A)'

Ntum tl o  wI , 0  h1 0  
2 Atl o  Aw I,0  Ah1,

C g/kg kJ/kg C g/kg kJ/kg

MOSHMXw - humidity ratio as potential, Leo, 1 = Leo, 2 = 1.0

5.00 57.048 6.865 75.349
10.00 60.927 5.603 76.011
20.00 63.134 4.930 76.497

MOSHMXy - mass fraction as potential, Leo, 1 = Leo, 2 = 1.0136

4.93 57.010 6.886 75.365 -0.038 0.021 0.016
9.87 60.902 5.616 76.019 -0.025 0.013 0.008

19.73 63.124 4.936 76.502 -0.010 0.006 0.004

MOSHMXy - mass fraction as potential, Le o , 1 = Leo 2 = 1.0

5.00 57.031 6.874 75.356 -0.017 0.009 0.007
10.00 60.916 5.609 76.014 -0.011 0.006 0.003
20.00 63.130 4.932 76.499 -0.004 0.002 0.002

1See Appendix B.
2A =- (humidity ratio model) - ( mass fraction model)
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operation of rotary dehumidifiers. The model is of a heuristic nature based on the

assumption that the dehumidifier can be described as a set of uncoupled steady-

state heat and mass exchangers. A summary of the PSS concept is presented

here in nondimensional form. To simplify the comparison of DESSIM and

MOSHMX, the heat and mass transfer Nt u's are assumed to be constant

throughout each period. Barlow (1982) and Schultz, et al., (1987) give a more

detailed description in the original dimensional terms.

2.3.1 Description of PSS concept

As in MOSHMX, DESSIM follows a differential angular slice of the wheel,

discretized along its length, as it rotates from one air stream to the next.

However, rather than applying a true finite differencing procedure to the

governing partial differential equations, each element is considered as a simple

steady-state counterflow heat and mass exchanger. A representative element is

shown in Fig. 2.3 and is essentially identical to the MOSHMX element in

Fig. 2.2.

In the PSS concept, each element is first considered to be an isothermal

counterflow mass exchanger. This effectively uncouples the heat and mass

transfer for the time interval. The "outlet" air mass fraction from the element is

given by

y = Yi - Em(Yi-YEi) (2.17)

where E is the counterflow effectiveness,

1 - e-A(1-C)
S = (2.18)

1 - Ce -A(l-C)
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Fig. 2.3 Representative element for "pseudo-steady-state" model in
DESSIM.
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and the local number-of-transfer-units, A, and capacity rate ratio, C, for mass

transfer for the element are given by

1 AO
Am = NtuyAX Cm = OmIF Ax

(2.19)

l+WE l+WE W
m =1+w I+W )WE) T

The subscript j denoting the period under consideration has been dropped for

convenience. The derivatives of matrix properties will be written on a dry mass

basis as the property relations, Eqs. (2.7), are generally of this form and have

already been worked out for use in MOSHMX. am is analogous to the ratio of

specific heats for heat transfer. The derivative term replaces the inverse of the

Henry number used in gas/liquid mass exchangers (Edwards, et al., 1973). The

water adsorbed by (or desorbed from) the matrix element is then determined from

a simple mass balance,

1 AO
Wo = Wi -- (wo - wi) (2.20)

Second, an energy balance is performed on the matrix alone (no heat

transfer to the air) to account for the thermal energy released by the adsorbed

water. The resulting intermediate matrix temperature is given by

T= T i + (hs/cM) (Wo0 - Wi )
(2.21)

cM = cDM + Wo CWL
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In Barlow's development, the heat of sorption is approximately accounted for by a

separate term in the intermediate energy balance rather than through the

integral heat of wetting term in the matrix enthalpy function (Eq. B.??). As a

result, the specific heat of the matrix incorrectly neglects the temperature

dependence of the integral heat of wetting (compare Eq. (2.21) with Eq. (2.33)),

although the error is only about 3% for a silica gel matrix. 4

Third, the heat transfer from the matrix to the air stream is calculated

considering the element to be a counterflow heat exchanger. The "outlet" air

temperature is given by

t o = t i - Eh (ti - T*) (2.22)

where Eq. (2.18) is used for the effectiveness with the following parameters,

1 AO
Ah = LeoNtuy Ax Ch =OP

G hPF AX

(2.23)

ah = CM/CA

A final energy balance then determines the "outlet" matrix temperature at the

end of the time step,

1 AO
To = T. + -- (ti-to) (2.24)

hp]F Ax

The "outlet" states of an element are calculated by one pass through the

4This is for the Brandemuehl isotherm (IDES=B) in Appendix B, which is similar
in formulation to that used by Barlow in his original development of DESSIM.
For Van den Bulck's isotherm (IDES=A), the integral heat of wetting is
independent of temperature.
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above set of equations resulting in a potentially efficient numerical procedure.

Property evaluations are made at the "initial" conditions that exist when the

calculations are performed. Two time step sizes are used. The size is changed

when the outlet humidity ratio from the wheel passes through its minimum

(maximum) value during the process (regeneration) period. Choice of space and

time step size is at the discretion of the user; optimum values must be

determined through numerical experimentation and past experience.

To determine the periodic steady-state solution of a dehumidifier, a

transient procedure identical to that in MOSHMX is used. The periodic steady-

state condition is reached when the average air outlet state from one revolution is

within a small tolerance of the state from the previous revolution as measured by

the amount of water adsorbed during the process period.

2.3.2 Modifications to PSS model

Eqs. (2.21) and (2.24) do not explicitly conserve energy due to the

nonlinear nature of the coefficients with respect to the dependent variables. 5

This situation is easily corrected by replacing these equations with

H. = H(T i ,W i ) - (1/ p) [h(t i ,w o ) - h(t i ,w i ) ]

T.= T(H.,WO )

(2.25)

Ho = H. - ('/ F) [h(to, w o ) - h(tiw o )]

To = T(Ho, Wo)

5 Energy balances were not checked in Barlow's original program. This author
has inserted a calculation of the energy balance closure into the version of the
program used here.
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respectively, where enthalpy is used as an intermediate dependent variable and

the corresponding temperatures are found from the property relations. When

modeling a dehumidifier at periodic steady-state, this formulation significantly

improves the energy balance closure to the same order of magnitude as for

MOSHMX.

Coupling between the heat and mass transfer can be introduced by

replacing Eq. (2.17) with

yo = Yi - Em (Yi -YE ( TWi))

where the equilibrium mass fraction is evaluated at the average matrix

temperature for the time step. This can also be written as

1 1 / °
WE

i  ( .6

y = Yi - Em(Yi-YEi) + Em) 2 (T-T)W(2.26)
2 (1+wE)2 DTW

where YE has been expanded in a Taylor's series about T. An iterative procedure

is now required to solve the complete set of equations which destroys the

simplicity of the "pseudo-steady-state" concept.

2.3.3 Alternate set of finite difference equations

Writing Eq. (2.8b) on a wet-mass basis and combining with Eq. (2.8a)

results in the following transfer rate equation,

-It^) - , -yN ( 1 Y ) (YE -Y) (2.27)

which can be written as
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&YE 1 wE DT_ 1
1+W2 TaaT = (1+WE) 2 awNtuy(YE -Y)

E/E(2.28)
1+w aWET

by expressing the time derivative of Y ( T, YE) in terms of T and YE.

Using a differencing scheme identical to that used in MOSHMX (see

Eq. (2.11)), the following set of equations is obtained,

(2.29)

1 1 aWE
yo = Yi - Km(Yi-YEi) + Km 2-((ToE-2TT)w (a

=(1+wE)w
2

.0 1L

to = ti -

To= Ti

1AO
(Wo - W±)

r Ax
1 h3

Kh--(Wo-Wi)
2 CM

h s  1 AO
CM (w-hwi)PAX(t

o ti)CM 0 (h F Ax0

A

(b)

(c)

(d)

The "effectiveness" parameters, Km and Kh, are given by

K = (2.
1 + (A/2) (1+C)

This equation is identical in form to that obtained by Lambertson (1958) in his

finite difference analysis of rotary sensible heat exchangers. The appropriate

parameters for mass and heat transfer are

30)

Ntu
Am =- Ax1+w

1 AO
Cm =amplFAx m = )1+w I aWE T

(2.31)

,fo-.



34

1 AO CM
Ah= LeoNtuyAx Ch = hPFAx -=- (2.32)

CM TD= - CDM + , + aAHw(2.33)
CMT)CDMWCL+aT )

Note that the temperature dependence of the integral heat of wetting has been

correctly accounted for. As for MOSHMX, this difference scheme is also second

order accurate. Stability of the numerical solution is maintained by choosing Ax

and AO such that K is less than unity.

Because of the modular nature of the DESSIM program, it is very easy to

insert the various sets of equations into the overall calculational procedure. This

has been done by the author for Eqs. (2.29) (referred to as "DES-FD") and for

Eqs (2.12) ("DES-MXy" 6 ). Again, the nonlinearities in the energy conservation

equation prevent Eqs. (2.29) from exactly conserving energy. This problem can

be corrected by using enthalpies as intermediate variables ("DES-FDe") as

discussed in section 2.3.3. As expected, the two formulations predict nearly

identical dehumidifier outlet states as shown in Fig. 2.4. The differences
V

between the DES-FD and DES-FDe results are mainly due to errors in energy

closure which are approximately 2 orders of magnitude larger for the DES-FD

model. The figure also shows that the discretization errors quickly become

negligibly small as the grid size is reduced.

Since Eq. (2.29a) depends on the temperature calculated in Eq. (2.29d),

6DES-MXy and MOSHMXy predict identical outlet states through 3 decimal
places when identical discretizations are used. This verifies that the overall
DESSIM structure is equivalent to MOSHMX.
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an iterative procedure is required. Convergence of various schemes was found to

be slow. Because of this, DES-FD requires approximately 5 times the

computation time of DES-MXy to determine the steady-state performance of a

rotary dehumidifier. However, Eqs. (2.29) have been shown to be equivalent to

the MOSHMX equations and are in a form that are easily compared to the PSS

equations.

2.3.4 Comparison of the PSS equations with the finite difference equations

For comparison with the finite difference equations, Eqs. (2.29), the PSS

equations are rewritten below in which Eq. (2.21) for the intermediate matrix

temperature has been substituted into Eqs. (2.22) and (2.24),

(2.34)

yo = Yi - Em(Yi-YEi) (a)

1 AO
WO = Wi - - x ( W° - wi )  (b)

f3F Ax

to = ti - Eh(ti - Ti) + Eh (Wo - Wi ) (c)
CM

h 1 AO
To = r i - -(W o - Wi )  (t o - t i )x(d)

CM0 h F AX

Comparison of Eqs. (2.34b,d) and Eqs. (2.29bd) show that the water and energy

conservation equations are identical. The major difference occurs in the PSS

mass transfer equation, Eq. (2.34a), which lacks the temperature term that

couples the heat transfer to the mass transfer in Eq. (2.29a). Note that the

modification to the PSS model through Eq. (2.26) results in the correct coupling.
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Other major differences occur in the "effectiveness" relations, Eqs. (2.18)

and (2.30), and the absence of a factor of 1/2 in the third term of PSS Eq. (2.34c)

compared with Eq. (2.29c). The definitions of the "effectiveness" parameters, A

and C (Eqs. (2.19,23) and (2.31-33)), and the states used to evaluate properties

represent minor differences.

The finite difference "effectiveness", K, and the PSS counterflow

effectiveness, E, are compared in Fig. 2.5. The equations are identical for C = 1.

There is very little difference between the two relations at the same C for A < 1.

Therefore, with the proper choice of sufficiently small space and time steps, the

use of the counterflow effectiveness in the PSS model should not lead to large

errors.

As the space step, Ax (and therefore A), decreases, the element "effec-

tiveness" also decreases and so the difference between the element "outlet" and

"inlet" states becomes small. In Eqs. (2.29a,c), the last term goes to zero like K2

as Ax goes to zero, while the second term goes to zero like K. The last term

becomes negligible compared with the second term at sufficiently small space

steps. Eqs. (2.34a,c) then become equivalent to Eqs. (2.29a,c). Therefore, the

PSS concept and the finite difference solution should converge as the

discretization becomes small.

2.3.5 Comparison of the PSS and finite difference solutions

The "pseudo-steady-state" (DES-PSS and DES-PSSe, the energy-

conserving version) and finite difference (DES-MXy 7 ) solutions are compared

7 DES-MXy was used as the finite difference solution because it is much more
efficient computationally.
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here by modeling a silica gel dehumidifier at two levels of performance for the

conditions shown in Table 2.2. The two time step sizes were chosen based on the

discretization derived from the analogy method in MOSHMXy. Using the

DES-MXy results extrapolated to zero grid size as a basis, Figs. 2.6 and 2.7 show

the differences in the steady-state outlet temperatures and humidity ratios

predicted by the models as a function of grid size.

The behavior of the DES-PSS solution as the grid size becomes small

confirms that it does indeed converge to the finite difference solution as discussed

in the previous section. Errors caused by the nonconservation of energy tend to

be small. However, the discretization errors tend to be much larger for the PSS

models than for the finite difference solution, especially when a second large time

step (A0 2) is used. For small Ax where the "effectivenesses" E and K are nearly

equal, the absence of the temperature term in the PSS mass transfer equation,

Eq. (2.34a), is responsible for much of the error. Without this term, DES-PSS

tends to overpredict the amount of water adsorbed in the process period, resulting

in a lower outlet humidity ratio. Because more water is transferred, more

adsorption energy is released, resulting in a higher process outlet temperature

from DES-PSS. For large Ax, the "effectiveness" EM can be sufficiently less than

KM that DES-PSS underpredicts the amount of water adsorbed in the process

period, resulting in a larger outlet humidity ratio. In addition, the heat transfer

is also underpredicted, resulting in a lower outlet temperature. A range of other

operating conditions showed similar errors.

Fig. 2.8 shows the process stream outlet temperature and humidity

profiles as a function of rotation angle. DES-PSS predicts the proper outlet

profiles in general. This is because errors passed from one space or time step to
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Table 2.2 Description of dehumidifier and conditions modeled for comparison
of PSS and finite difference models.

Dehumidifier description and operating parameters:

t1 , i=30C wl, i = 14 g/kg
t 2 , i = 80 C w2 , i = 14 g/kg

Ntuy, j =10,20 1]j =0.2

Le., j = 1.0

silica gel (IDES=B 1)
CDM = 921 J/kdDD-C

Model parameters:

AO,
= 0.454Axf31F1

A02
-=1,10
AO,

Extrapolated DES-MXy outlet states:

Ntuy, =10: tlo,ex = 58 .7 4 4 C

Ntuy, j=20: t Io, ex = 60.707 C

Wlo,ex = 5.471 g/kg

Wlo, ex = 4.823 g/kg

1 See Appendix B.
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the next tend to produce compensating errors. However, DES-PSS predicts an

unrealistic initial outlet humidity ratio at 0=0 that is greater than the

regeneration inlet state. For large grid sizes, this initial overprediction is

significant and adversely affects the profile for the rest of the period. For large

time step sizes, the DES-PSS procedure begins to show some apparent

instabilities to which the finite difference scheme is not subject. These

instabilities are created by the errors, which increase as the time step increases,

introduced by the local decoupling of the mass transfer from the heat transfer. In

addition, a comparison of the profiles inside the wheel reveals that the DES-PSS

errors are even greater there.

Experimentally, the process stream outlet temperature and humidity ratio

can be measured practically to within ±0.5 C and ±0.2 g/kg, respectively.

Therefore, the differences between the PSS solution when carefully done (that is,

using small space steps and only one small time step size) and the finite

difference solution appear not to be significant. Under these conditions, however,

the DES-PSS model requires about 80% more computation time than does the

DES-MXy model to achieve the same level of accuracy.

2.3.6 Modeling of a direct solar-regenerated collector/dehumidifier

Several researchers (Ohigashi, et al., 1983; Saito, 1987) have proposed

regenerating the desiccant by direct exposure to solar radiation rather than

relying on convection heat transfer from a (solar) heated air stream. In addition,

the collector and dehumidifier are combined into one component. Finite

difference models were used in these studies to investigate the performance of the

devices.
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In the direct solar-regenerated collector/dehumidifier studied by Schultz,

et al., (1987) a desiccant-coated "belt" rotates through a solar collector where the

regeneration energy is supplied by direct absorption of solar radiation. To model

this device, the PSS model was modified to account for the solar radiation gain by

including an additional term in the intermediate energy balance, Eq. (2.21),

T, = Ti + [h s (Wo - W) + Qs]/cM (2.35)

where

Qs= [FR (ta )Is - FRUL (Ti - too) ]AO T/(MDD/As) (2.36)

is the net solar energy gained by the node during the time step and has been

modeled following Duffie and Beckman (1980). This approach can also be

inserted into the finite difference solutions. The solar gain is easily incorporated

into the DES-FD and DES-PSS equations by

changing h s (Wo - Wi ) to hs (WO - Wi) + QS

in Eqs. (2.29c,d) and Eqs. (2.34c,d), respectively.

During the regeneration period, the energy gain from the solar radiation

can be 2-5 times the magnitude of the energy removed as water is desorbed from

the matrix. This results in changes in the matrix temperature for the time step

that are 1-4 times that of the adiabatic case and in the opposite direction. The

errors introduced in the PSS model by locally uncoupling the mass transfer from

the heat transfer will then be larger than in the adiabatic case. However, these

errors produce compensating effects at the next step, so the overall qualitative

description provided by the model should be satisfactory.
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The study indicates that a ventilation system employing such a collec-

tor/dehumidifier has a very low thermal coefficient of performance (COP=0.2)

compared with a system with a "conventional" dehumidifier. In addition,

extensive collector area is needed to provide sufficient capacity for cooling a

typical residence. This and the other studies suggest that these devices can

operate effectively at low insolation levels and thus may have some advantages in

some geographic regions.

2.4 Conclusions

A comparison of the system of equations used in the "pseudo-steady-state"

(PSS) model with a set of finite difference equations has shown that the PSS

model ignores the local coupling of the heat and mass transfer processes in a

desiccant dehumidifier. It appears that the greatest consequence of this is on the

numerical stability of the computational scheme. By careful choice of space and

time steps, the PSS model can accurately predict dehumidifier performance

relative to a more fundamental finite difference model. However, this requires a

greater computational effort.

The heuristic nature of the PSS concept allowed the relatively simple

development of a tool for dehumidifier analysis. The above comparison lends

support to the results and conclusions reached with the PSS model that have

been previously published. It is recommended, however, that future quantitative

work be based on a more fundamental development, such as Maclaine-cross' finite

difference model.

The MOSHMX finite difference equations, Eqs. (2.12), are second order

accurate, stable with respect to time step, and can be solved without iteration.
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Substitution of these equations into the overall DESSIM program results in a

straightward, accurate, and efficient tool for the investigation of desiccant

dehunidifiers. The MOSHMX program contains further enhancements such as

improved convergence rate, logical "automatic" choices for step sizes, and

extrapolation to zero grid size. However, the difference equations (like most for

modeling rotary dehumidifiers) are derived from a set of partial differential

equations based on several assumptions, the most questionable of these is the use

of an overall, lumped mass transfer coefficient. The rest of this work attempts to

evaluate this assumption as well as address several other issues regarding the

modeling of "real" dehumidifiers.
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Chapter 3

Description of Experimental Facility
and Data Analysis Procedures

As part of this work, the author had the opportunity to participate in the

desiccant cooling research program at the Solar Energy Research Institute (SERI)

in Golden, Colorado. The test facility established there was designed to be a

flexible apparatus for characterizing the performance of desiccant cooling system

components. The author contributed to the design, construction, programming,

and operation of the facility. This chapter briefly describes the test facility,

experimental procedure, and data reduction process. Further documentation can

be found in the following SERI reports: Schlepp, et al., (1984), Schultz and

Schlepp (1984), Schultz (1986), Bharathan, et al., (1986a,b).

3.1 General layout of the experimental facility

Fig. 3.1 shows the general layout of the test facility. Figs. 3.2 and 3.3 are

photographs of the overall facility and the instrumentation rack. The flow loops

are constructed of 0.305 m (12 in.) diameter spiral pipe and contain all equipment

and controls necessary to supply two air streams of a given flow rate,

temperature, and humidity ratio to the test unit. The test unit consists of the

rotary dehumidifier, its housing, and the instrumentation to allow for full charac-

terization of its performance.

Transition sections connect the round duct with the approximately 0.8 m

diameter half-circle of the dehumidifier wheel. These sections were meant to

expand the air smoothly and provide a uniform velocity field at the inlet face of

the dehumidifier. They did not work as planned because of the jet of air leaving
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the flow nozzles just upstream of the entrance to the sections. However,

measurements of the velocity profiles at the outlet of the dehumidifier indicate a

relatively uniform flow through the wheel. The sections of ductwork between the

inlet and outlet thermocouple locations are insulated with fiber glass bats to

reduce heat losses.

3.2 Instrumentation

Choices of instrumentation and installation were the responsibility of the

author. Fig. 3.4 shows schematically the location of the various sensors for the

measurements. The measurement uncertainties are discussed in Appendix D

and summarized at the end of this chapter.

Temperature measurements are made with copper/constantan (type T)

thermocouples. Arrays of four thermocouples in parallel placed just upstream

and downstream of the transition sections measure the bulk inlet and outlet

temperatures. In these locations, the sensors are exposed to uniform, well-mixed

flows. The profiles at the outlet face of the wheel are made with a grid of

thermocouples shown in Fig. 3.5.

Humidity measurements are made by pulling a small stream of air

through tubes to optical-sensing dew point hygrometers. Four instruments are

used; two to monitor the bulk inlet conditions and two for the outlet conditions.

During transient operation, the bulk outlet conditions are measured. Once

steady-state operation has been reached, the outlet profiles are measured by

sampling an array of tubes shown in Fig. 3.5 using switching valves. Standard

ASHRAE (1977) relations are used to convert the dew point measurements to

humidity ratios.

Pressure measurements are required for several purposes: 1) pressure
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drop characteristics of the wheel, 2) pressure differences that cause leakage

across the seals which separate the air streams, 3) pressure differences across the

flow nozzles, and 4) absolute pressures for air density and humidity ratio

calculations. Capacitance-type sensors are employed. Two differential sensors

monitor the flow rates and four measure the pressure difference between each

face of the dehumidifier and the ambient. The absolute pressure in the

laboratory is measured by another capacitance-type sensor. All required absolute

and differential pressures can be calculated from this arrangement.

Air flow rates are obtained by measuring the pressure difference across

ASME standard long-radius nozzles of diameter 101.6 mm (4.000 in.). Ten

diameters of duct and flow straighteners are present upstream of the nozzles.

The discharge coefficient and air mass flow rate are determined from relations in

Bean (1971).

The rotation rate of the dehumidifier wheel is measured by monitoring the

output of the feedback tachometer on the wheel drive motor. This signal was

calibrated by manually timing the dehumidifier rotation speed.

3.3 Equipment and Controls

Air flow rates are controlled by blowers with variable speed motors. The

speed of the motor is controlled by a current signal from the data

acquisition/control system (DACS). Differential/proportional control through the

data acquistion/control program developed by the author is used to update the

signal based on the deviation of the measured flow rate from the setpoint. Air

mass flow rate can be brought to the setpoint in 20-30 seconds and typically held

within ±+0.5% of the setpoint.

Temperature of the air streams is controlled by electric resistance heaters.
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Energy input is regulated by silicon controlled rectifiers which receive current

signals from the DACS. Again, differential/proportional control through the data

acquisition/control program is used. The response time of the heaters is rather

slow so large "step" changes in temperature can take 5-10 minutes. This needs to

be improved for investigations of transient behavior. Once the setpoints have

been reached, temperatures can be held within ±0.2 C.

Inlet humidity conditions are maintained by injecting steam produced by

an electric boiler into the air streams. Control of steam flow proved to be a

difficult task due to boiler pressure flucuations and the highly nonlinear

characteristics of the control valves. As the final solution, the process stream

humidity is controlled by a hardware differential/integral controller which

receives a signal from a relative humidity sensor and sends a signal to a

pneumatic control valve. The regeneration humidity is controlled by manually

setting the signal to the control valve (which requires constant "tweeking"). The

process stream humidity ratio can be maintained to within ±0.3 g/kg of the

setpoint. Variations in regeneration stream humidity ratio of+0.7 g/kg are

typical.

The dehumidifier wheel is driven by a DC servomotor turning a rubber-

rimmed wheel in contact with the circumference of the dehumidifier. The

servomotor is powered by an amplifier which receives a setpoint control signal

from the DACS. Tachometer feedback from the motor to the amplifier ensures a

constant rotation speed to within ±0.03 rev/hr.

3.4 Data acquistion and control system (DACS)

Data acquistion and system control are coordinated through a Hewlett

Packard HP 3497A Data Acquisition/Control Unit. This unit contains a digital
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voltmeter with 5-1/2 digit resolution and 1 gV sensitivity. It also contains cards

for receiving data signals and sending control signals.

Sampling, conversion, and storage of data and system control are

performed by an IBM PC. Communication between the IBM PC and the

HP 3497A occurs over an RS-232 serial interface. Programming is done using

IBM BASICA, both interpreted and compiled versions. Data is stored directly to

diskettes and also ouput to a line printer.

A flow chart of the structure of the data acquisition/control program

developed by the author is shown in Fig. 3.6. In the set-up section, the setpoints

for up to 5 experiments can be entered. After an experiment is begun, the

computer instructs the data acquisition unit to take the required voltage

measurements. Pressure measurements are made by averaging 5 readings taken

over a short interval to reduce the effect of turbulence in the flows. A single

reading is used for all other measurements. The voltage data is then transmitted

to the computer and converted to engineering units. These measurements are

compared with the setpoints and the control signals are updated. Finally, the

data for the time step is displayed on screen and stored on diskette. This portion

of the program takes approximately 6 seconds when running the compiled

version. Typically, a 10 second data taking interval is used.

The above sequence occurs in both the transient and steady-state modes.

During the steady-state mode, running averages of all the measurements since

the steady-state mode was entered are updated after each sequence. Entering

and exiting the steady-state mode are operator determined. Typically, steady-

state conditions are averaged over 10-20 minutes of operation.

Aftr the steady-state mode has been completed, measurements of the outlet

temperature and humidity profiles can be taken. Additional temperature
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jProfile
routine

Fig. 3.6 Flow chart of data acquisition/control program structure.
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measurements are made and averaged over the duration of the profile

measurements. Humidity measurements are made one port at a time per face as

selected by a switching valve and averaged over 2-5 minutes (depending on

rotation speed) allowing 1 minute for the sensors to equilibrate with each new

sample.

3.5 Data analysis procedures

Two corrections are made to the raw data collected in the experiments.

First, the effects of air leakage through seals around the dehumidifier and

separating the two flow streams is included in the outlet state measurements

because of the sensor locations. Since the performance of the dehumidifier matrix

alone without regard for the unit packaging is desired, these leakage rates were

measured and correlated and the measured outlet states were corrected to the

case of no leakage. Second, these corrected outlet states were adjusted by

imposing mass and energy balances on the wheel. In addition, the measured

pressure drops are corrected for the entrance contraction and exit expansion

losses.

3.5.1 Seal leakage corrections

Fig. 3.7 depicts the various paths by which air can leak around the

dehumidifier. For the wheel tested by the author (see Chapter 4), a series of tests

were run from which each of these leakages could be determined and correlated

as a function of the appropriate pressure difference; typical values are shown in

Table 3.1. The leakage out of the system occurs through the circumferential

seals and then out through the slot in the housing for the drive wheel. The tests

showed that some of the air that leaks past the front circumferential seal leaks
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Fig. 3.7 Air leakage paths through the circumferential and radial seals of
the dehumidifer.

Table 3.1. Typical seal leakage rates for first wheel.

percentage of inlet flow
location

process stream regeneration stream

out 3.0-3.5 1.0-1.5
circumferential 2.0 - 2.5 2.0 - 2.5
radial 3.8-4.3 3.8-4.3



61

back into the ducting through the back circumferential seal as shown in the

figure. The gap between the wheel and the housing is sufficiently narrow to

provide the pressure drop necessary for this to occur.

For the two wheels tested by SERI, similar tests were done (Bharathan, et

al., 1986a,b). However, the circumferential leakage was assumed to be across the

seal from inside to outside for both the front and back seals. It may have been

that the gap between the wheel and the housing was larger for these wheels,

resulting in essentially ambient pressure in the gap. However, this can not be

verified and seems unlikely from the dimensions reported for these wheels

(Bharanthan, et al., 1986a,b).

Because of the leakage rates, the mass flow rate through the wheel is less

than the measured value and the outlet states measured downstream of the

wheel contain the effects of mixing of the leakage flows with that from the wheel

(see Fig. 3.7). To obtain the performance of the dehumidifier wheel alone (the

outlet states shown in boxes in Fig. 3.7), the measured data from the

experiments were corrected for these leakage rates using simple mass and energy

balances applied to the mixing processes. For the first wheel tested, the

temperature corrections were generally less than 0.1 C and those for humidity

ratio ranged from 0.1-0.4 g/kg.

3.5.2 Mass and energy balance closure

Errors in the mass and energy balance closures (using the data corrected

for leakages) are given by

Ew= Xj /nDA j(Wi-Wj~o)
(3.1)

Eh = j /nDA, j(hj, i -hj, o)
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The measured inlet states are assumed to be accurate, in part because they are

not affected by the leakage corrections. The (leakage corrected) outlet states are

then adjusted by imposing mass and energy balance closure, for example

0 = XjrnDA, j (Wj,i- (wj,o+ej) (3.2)

= jmDA, j (wji Wo - Xj m)DA, jej

where

2j mjDA,jej =E w

The errors, e j, are then assumed to be equal and the outlet states become,

W j. = Wj O + Ew/ (rhDA,1+hDA, 2)

h3,0 = h, 0 + Eh/( hDA,1+/nDA, 2) (3.3)

t' j o= t (hrjo, w'jo)

Further references to dehumidifier outlet conditions in this work will to be to

these corrected values. The corrections are generally within the experimental

uncertainties (see Appendix D). The mass and energy balance errors relative to

the average change in state of the two air streams are calculated as

Ewr = Ew/[ (XjDA, jIwj,i-Wj,oI)/2]

Ehr = Eh/[(Ij DA, jlhj,i-hjOI)/2]

Typical values for these errors are 0.5% - 3% for mass balances and 5% - 10% for

energy balances. The mass balance errors are equally greater than and less than

zero indicating that the humidity ratio measurements likely do not contain

systematic errors. The energy balance errors are generally positive which

indicates there are small heat losses from the system. The larger magnitude of
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the relative energy unbalance is a consequence of the nearly isenthalpic nature of

the adiabatic sorption process and the small change in enthalpy of each air

stream.

3.5.3 Pressure drop corrections

The measured pressure drops include the losses caused by contraction of

the air flow from the inlet ducting area to free flow area of the matrix and a

similar exit expansion loss. To obtain just the pressure drop of the matrix core,

these losses were subtracted from the measured pressure drop,

APcore = APmeas - APiniet - APexit (3.5)

Assuming potential flow in the inlet region, the inlet pressure loss is given by

Kays and London (1984) as

APiniet = (1/2p) (h/A c ) 2 [1- (Ac/A d ) 2 ] (3.6)

where A c is the free flow area of the matrix and Ad is the area of the inlet and

exit ducting. The exit "loss" is assumed to be an unrestrained expansion from a

parabolic to uniform velocity profile (Kays and London, 1984)

APexit = (1/2p) (//Ac) 2 [ (Ac/Ad) 2 
- 1 + Kexit] (3.7)

Kexit = 1.0 - 2 . 4 (Ac/Ad) + (Ac/Ad) 2  (3.8)

The "measured" core pressure drop then includes only the core friction and

pressure losses associated with the development of the parabolic velocity profile

in the entrance region.

The above corrections were approximately 1% of the core pressure drop

and of opposite sign. The total corrections were therefore very small.
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3.5.4 Summary

The corrected experimental measurements for the steady-state perfor-

mance of three dehumidifiers (described in Chapter 4) are reported in

Appendix E. The uncertainties in the measurements, including those introduced

by the correction procedures, are discussed in Appendix D and are summarized in

Table 3.2.

Table 3.2 Summary of uncertainties in corrected experimental measurements.

temperatures
inlet ±0.37 C
outlet ±0.50 C

air humidity ratios
inlet ±2.3%
outlet ±2.7%

pressure differences +1.0%

air mass flow rates ±2.6%

wheel rotation speed ±1.0%
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Chapter 4

Description of Test Dehumidifiers

This chapter presents a brief discussion of the matrix geometries that

have been considered for use in dehumidifiers and provides a rationale for the

parallel plate design chosen for the three dehumidifiers tested at SERI. The

construction of the dehumidifiers is described and the dimensional statistics for

the three wheels are given.

4.1 Dehumidifier matrix geometries

Desiccant dehumidifiers for air conditioning systems must combine high

heat and mass transfer performance and low pressure drop characteristics into a

compact design. A variety of dehumidifier matrix geometries have been

considered.

AiResearch used a packed-bed of silica gel particles in a drum-type design

in their prototype desiccant cooling system (Rousseau, 1982). Van Leersum and

Close (1982) have tested a silica gel packed-bed wheel (approx. 3 mm diameter

particles). Large desiccant particles were used to allow a reasonable pressure

drop. The performance of both of these devices suffered because of the solid-side

mass transfer resistance in the particles.

The dehumidifier used by the Institute of Gas Technology (IGT) in its

prototype cooling system consisted of a laminar flow corrugated fiber glass matrix

impregnated with a molecular sieve (Jurinak, 1982; Barlow, 1983). The level of

performance of the system was similar to that of the AiResearch unit (thermal

cop 0.5, Macriss and Zawacki, 1982). While having low pressure drop and
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high heat transfer performance, Barlow (1983) speculates that the relatively

thick walls of the matrix present a significant resistance to the diffusion of

moisture.

Researchers at UCLA (Biswas, et al., 1984; Kim, et al., 1985) constructed a

dehumidifier for single-blow testing by coating Lexan® sheets with a single layer

of small (0.12-0.25 mm) silica gel particles. Barlow (Schlepp and Barlow, 1984)

combined this concept with that for spirally winding a polyester film into a

parallel plate matrix for sensible heat exchangers developed at the

Commonwealth Scientific and Industrial Research Organization (CSIRO),

Australia (Dunkle, et al., 1980). A small single-blow prototype has been

constructed and tested (Schlepp and Barlow, 1984). The cross-cooled bed

developed at the Illinois Institute of Technology (IIT) is also based on the parallel

plate design (Worek and Lavan, 1982).

The parallel plate channel has the largest ratio of Stanton number (heat

transfer) to friction factor (pressure drop) of any laminar flow parallel channel

geometry (Kays and London, 1984). However, difficulties exist in manufacturing

such a device, some of which will be apparent in the next section. In any case, the

dehumidifiers in the ASK residential desiccant cooling machine and the

Cargocaire hybrid system both consist of a laminar flow thin-walled corrugated

matrix which has been impregnated with lithium chloride.

The decision to use a parallel plate design for the test dehumidifiers at

SERI was based on two considerations. First, the friction factor and heat and

mass transfer coefficients for laminar flow between parallel plates (with constant

temperature and constant flux boundary conditions) are well established (Kays

and London, 1984). Second, it was desired to avoid problems with potential

restrictions regarding the use of a commercially available matrix.
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4.2 Construction of the test dehumidifiers

Three dehumidifier wheels have been tested at SERI. The first wheel was

tested by the author, the others by SERI personnel after the author's return to

the University of Wisconsin.

The matrix material for the test dehumidifiers consists simply of a

doubled-sided tape (polyester film with acrylic adhesive) coated with a layer of

silica gel particles. For the first wheel, approximately 400 m of tape were coated

with irregularly shaped crushed-type silica gel particles and spliced into two rolls

(Schultz, 1986). These were then shipped to Rotary Heat Exchangers, Pty., Ltd.,

Australia, for winding using the process by which they produce parallel plate

rotary heat exchangers from polyester film. In the process, the tape is spirally

wrapped with each winding separated by aluminum spacers held in place by a set

of 16 radial spokes. Figs. 4.1 and 4.2 contain pictures of the dehumidifier; a

schematic representation is also shown in Fig. 4.2. The wheel is approximately

0.8 m in diameter and 0.2 m in depth. The nominal passage gap is 1.01 mm.

Due to manufacturing difficulties, the windings in the final product were

not as tight as desired and the resulting passage spacing was rather nonuniform.

This problem was created by compression of the desiccant coated sheet between

the spacers. The forces exerted down along the spokes by the outer windings

caused the irregular shaped desiccant particles to deform the polyester film (see

Fig. 4.5). This compression released the tension of the inner windings, resulting

in sagging of the windings.

After testing of this dehumidifier wheel (referred to as the "original"

wheel) by the author and his return to the University of Wisconsin, SERI



Fig. 4.1 Photograph of the original dehumidifier wheel tested at SERI.
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Fig. 4.2 Schematic representation of dehumidifier wheel and housing.
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personnel disassembled the wheel and rewound it in an attempt to obtain a more

uniformly spaced matrix. In rewinding the wheel, the spacers were epoxied to

the spokes to prevent compression of the coated tape (Bharathan, et al., 1986a).

Fig. 4.3 appears to indicate that a degree of success was achieved, however, the

pressure drop analysis in Chapter 5 shows that a significant distribution of

passage sizes remains. The nominal passage gap for this wheel, the "rewound"

wheel, is 1.15 mm.

SERI constructed a third wheel using a smaller, spherical, more uniformly

sized desiccant particle coated onto a proportionately thinner tape substrate

(Bharathan, et al., 1986b). This reduced the compression problem and allowed a

very uniformly spaced matrix to be constructed as shown in Fig. 4.4. The depth

of this wheel, referred to as the "microbead" wheel, is only 0.1 m. The nominal

passage gap is 0.80 mm. The spacers were made from stainless steel.

In addition to the distribution of passage sizes in these wheels, the

thermal properties of the matrix are nonhomogeneous due to the localized

additional heat capacity of the spokes and spacers. This creates an additional

challenge in the modeling of these wheels.

4.3 Dimensional statistics of the test dehumidifiers

Table 4.1 summarizes the physical description of the test dehumidifiers.

As pictured in Fig. 4.5, the silica gel particles create a very rough channel surface

and make estimation of an effective passage spacing uncertain from geometry

considerations alone. The pressure drop and heat and mass transfer results are

quite sensitive to the values of the hydraulic diameter and so it is important that

the passage gap be known precisely.
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Fig. 4.4 Picture of the microbead wheel.



Table 4.1 Summary of the physical parameters for the test dehumidifiers.

Description original rewound microbead units

nominal outer diameter 800 800 800 mm
nominal hub diameter 200 200 175 mm
depth of matrix, L 203 203 100 mm
number of tape windings 181 168 302

Davison silica gel grade 11 1 grade 1 1 grade 3A 2
type crushed crushed Microbead TM

particle diameters, DP
average 0.27 0.27 0.095 mm
range .15-.30 .15-.30 .074-.105 mm

tape thickness (polyester) 25 3 25 3 10 4 gm
adhesive (acrylic) 25 25 10 gm/ea.

1Davison Chemical Division, W.R. Grace & Co., Baltimore, MD.
2 Fuji Davison Chemical Ltd., Japan.
3ARclad® 5190, Adhesives Research, Inc., Glen Rock, PA.
4 TESAFIX TM 4973, Tesa Tapes, Inc.

Continued on next page.



Table 4.1 Continued.

Description original rewound microbead units

nominal passage spacing
effective sheet thicks
nominal passage size
nom. hydraulic dia., Dhu
entr. length param., Dhu/ 4 L

net face area
fraction per period, Oj
void fraction
flow area per period, AC,
transfer area per period, sj

gel surface density
coated tape density
calculated gel mass
experimental gel mass

specific heat of silica gel
specific heat of tape

specific heat of spacers
mass of spacers
calculated specific heat

tape and gel
with spacers

experimental specific heat
low rotation speed

1.62
0.61 ±3%
1.01
2.02 ±2%

.00249

.449
.465
.623
.130 ±2%
50.8

0.276
0.370

15.1 ±3%
13.7 ±4%

921
1250

896 (Al)
8.32

1420
1965 ±10%

1.76
0.61 ±3%
1.15
2.30 ±2%

.00283

.449

.465

.653

.136 ±2%
47.5

0.276
0.370

14.1 ±3%
12.8 ±4%

921
1250

896 (Al)
7.72

1420
1960 ±10%

1.01
0.21 ±3%
0.80
1.60 ±1%

.00400

.441
.465
.792
.162 ±2%
41.0

0.091
0.121
4.01
3.63

±3%
±4%

921
1250

460 (SS)
14.7

1400
3260 ±10%.

3100 ±10% 3100 ±10% 3100 ±10% J/kg~~-C

mm
mm
mm
mm

kgDD/m 2

kg/i 2

kgDD
kgDD

J/kg-C
J/kg-C
J/kg-C
kg

J/kgDv-C

J/kgDD-C

3100 ±_10% 3100 ±10% 3100 ±_10% J/kgDD-C
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Fig. 4.5 Sketch of representative passage channel.
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The "peak-to-peak" thickness of the sheet used in the original and

rewound wheels was measured to be 0.70 mm. Based on the average particle

diameter of 0.27 mm and a tape thickness of 0.03 mm, the "average" sheet

thickness should be 0.57 mm. Van den Bulck (1987) has used this same coated

tape in a single-blow matrix in which the passage spacing is very uniform and

easily adjustable. From pressure drop results at two different spacings, he

determined the effective thickness of the coated tape to be 0.61 mm (±3%). This

represents an approximately 4% decrease in the actual hydraulic diameter from

that calculated using the "average" sheet thickness. It also indicates that

substantial portions of the particles are sticking into the flow stream. The

effective thickness of the microbead sheet is taken to be between the "peak-to-

peak" (0.24 mm) and "average" (0.20 mm) thicknesses in proportion to that found

for original wheel.

The net face area of the wheel includes only the free flow area and that

occupied by the desiccant sheets. The area occupied by the spacers (and the

sheets between the spacers) and the center hub have been subtracted. The void

fraction is calculated from the center-to-center sheet spacing and the effective

tape thickness.

The radial seals consist of strips of plastic attached to each spoke. These

strips make contact with a wedge-shaped plate as the wheel rotates from one air

stream to the next (see Fig. 4.2). The sealing plate is one "pie" section wide and

so the minimum face area for a stream is /16 of the net face area. This occurs

when one seal begins to make contact as it leaves the period and another breaks

contact as it enters the period. The measured pressure drop across the wheel

oscillates with an amplitude of approximately ±6% as it rotates. Since the
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pressure drop is inversely proportional to the face area for laminar flow, the

apparent face area changes ±6% in magnitude depending on the position of the

spokes. The average fraction of the face area available to each flow stream is

then

7/16J - .06 0.465 (4.1)
1 -. 06

This also indicates that at times nearly half, .465-(1+.06) = .493, of the net flow

area is seen by each flow stream as the wheel rotates. The fraction of the total

rotation period that a section of the matrix is exposed to an air stream is taken as

the average fraction of the face area available to that air stream.

The transfer area is taken simply as the length of tape (estimated from

geometrical considerations) times the depth of the matrix multipied by the two

sides. The fact that the inside and outside windings have only one surface

exposed is accounted for. In Van den Bulck's (1987) analysis, he determined that

the effective tranfer area was approximately 5% greater than the actual plate

area. This effect is neglected here.

The mass of active gel in the wheels was calculated from measured surface

densities and the calculated length of tape. Also shown in Table 4.1 are

experimentally determined values for the gel masses. The discrepancies are

discussed in section 5.2. The specific heats of the matrices are also discussed

there.

The dimensional parameters listed in Table 4.1 may differ from those

reported in Schultz (1986) and Bharathan, et al., (1986a,b). It is believed that

those reported here are more accurate and are consistent between wheels.
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Chapter 5

Analysis of the Experimental Data
and Comparison with Models

The experimental data obtained at SERI on the performance of the three

desiccant wheels described in the previous chapter are analyzed here. The

objective is to verify that the dehumidifier model considered in Chapter 2 (and

the assumptions upon which it is based) can accurately predict the behavior of

"real" desiccant dehumidifiers.

For any model to accurately predict actual performance, the proper

parameters must be supplied. While the use of design information is desirable, it

may not always be accurate. In section 5.1, a pressure drop analysis is used to

estimate the distributions of passage sizes in the wheels. Results from heat and

mass transfer tests at very low rotation speeds are used to check the active

amount of silica gel in the wheels in section 5.2. In section 5.3, estimates of the

overall heat and mass transfer coefficients are obtained from the results of very

high rotation speed experiments. The concepts for the low and high rotation

speed analyses were suggested to the author by Maclaine-cross (1985b).

Using the parameters obtained from the above analyses as inputs to the

finite difference model MOSHMX, the model predictions are compared against

the experimental data for a range of conditions at medium rotation speeds

(dehumidification conditions). These results are presented in section 5.4.

5.1 Pressure drop analysis

An analysis of pressure drop can provide information on the flow regime
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and allow validation of models useful for predicting the parasitic power

requirements of a dehumidifier. The presence of unknown distributions of

passage sizes in the wheels tested prevents such confirmation here. However,

established theory can be used to estimate the distributions of passage sizes.

5.1.1 General formulation

The pressure drop across each period of the wheel, not including the

entrance contraction and exit expansion losses, can be written as

pv 2 4 fappL 2gL A= = ( f a p p e )  e( 5 .1 )2 Dhu p AcDhu 2 (fappRe)e

where

i Dhu
Re = (5.2)

is the bulk Reynolds number for the period under consideration (the subscript j

has been omitted for convenience). This would also be the Reynolds number for a

channel if the matrix were uniform. Eq. (5.1) defines the effective dimensionless

pressure drop, (fappRe) e. For laminar flow through a uniform matrix, the

dimensionless pressure drop can be written as

(fappRe)u = (fRe) + K---hu (5.3)
4L

The first term represents the pressure loss for fully developed flow in the

channels. The second term accounts for the incremental effects of velocity profile

development.
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The parallel plate channels in the wheels tested are actually narrow

rectangles. The nominal (area weighted) aspect ratio is approximately 0.009.

The corresponding fully developed friction factor - Reynolds number, (fRe) , is

23.7 (Shah and London, 1980). For smooth parallel plates in which the flow

becomes fully developed before leaving the channel, Lundgren, et al., (1964) have

determined that the entrance coefficient, K, is 0.686. Other results near this

value have been obtained (Shah and London, 1978).

5.1.2 Experimental pressure drop results

Values for the effective dimensionless pressure drop have been obtained

by Eq. (5.1) from the experimental data for the three wheels and are plotted in

Fig 5.1. The results for the original dehumidifier are from heat and mass

transfer experiments. Errors in estimating the appropriate average air viscosity

may be a partial cause for the spread of the data. No significant difference

between the process and regeneration stream can be detected, however.

The pressure drop tests for the rewound and the microbead wheels were

done with the wheels in equilibrium with laboratory air conditions; no heat and

mass transfer effects are present (Bharathan, et al., 1986a,b). The apparent

differences in pressure drop across the two sides of the wheel are suspected to be

due to small systematic errors in the pressure measurements. The data reported

here are taken from the nondimensional results presented in Bharathan, et al.,

(1986a,b) and have been adjusted to account for the different values of the

parameters used to describe the wheels as noted at the end of Chapter 4.

Also shown in Fig. 5.1 is the dimensionless pressure drop expected for a

uniform matrix with smooth passages. The experimental values fall below the
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uniform result because of the distributions of passage sizes in the wheels which

create a maldistribution of flow through the matrices. Shah and London (1980),

among others, have suggested a procedure for analyzing this problem. Their

procedure will be adapted here to estimate the distribution of passage sizes in the

dehumidifiers tested.

5.1.3 Model for distribution of passage sizes

To model this problem, a discrete distribution of passage sizes divided into

n bins is considered. Each bin contains a fraction Xk of the total number of

passages. The pressure drop across each passage in a period is the same as the

total pressure drop and can be written as

2gL /nk
APAckDhk2 (fappRe) k (5.4)

where the Reynolds number is for the specific passage being considered,

Rek =rkDhk (5.5)
9Ack

Equating Eqs. (5.1) and (5.4) results in a relation for the flow rate in each

passage, mk, relative to the flow rate for a uniform passage, !nu,

/Mk Ack 1Dhk 2 (fappRe)e0 - (5.6)
mu Acu Dhu) (fappRe)k

For parallel passages, the free flow area for a channel is directly proportional to

the hydraulic diameter so that (Ack /Acu ) = (Dhk /Dhu ). Therefore, the
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relative channel flow rate is proportional to the cube of the relative hydraulic

diameter. Conservation of mass and of "length" require that

n n
Xk (rmnlu)I = 1 Xk(Dhk/Dhu) = 1 (5.7)

k=1 k=1

The following relation is obtained for the dimensionless pressure drop by

combining Eqs. (5.1), (5.4), and (5.7),

1 n Xk(Dhk/Dhu)
3

= X (5.8)
(ffappRe) e k=1 (fappRe) k

The denominator in Eq. (5.8) can be written as

(fappRe)k =(fRe) k + Kk MkDhkReDhu (5.9)
rhu Dhu 4L

where the Reynolds number for the channel has been written in terms of the bulk

Reynolds number. Given a specific distribution, the set of equations Eqs. (5.6),

(5.8), and (5.9) can be solved for the dimensionless pressure drop and channel

flow rates by a simple iterative procedure.

A 31-bin approximation of a lognormal distribution (Hastings and

Peacock, 1975) is used here to represent the rather wide range of spacings in the

wheels tested,

1 -dk 2 /2

Xk= 1)1/2- e Adk (5.10)
(2h)

Adk = A (Dhk/Dhu) /(T(Dhk/Dhu)d k = In (Dhk /Dhu) / (y
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The lognormal distribution is a transformation of the normal distribution such

that its range extends from zero to infinity. In this way, "negative" channel

widths are avoided. With the choice of shape made, the distribution of passage

spacings is then represented by a single parameter, a, the standard deviation.

When the dimensionless pressure drop, (fappRe) e) is plotted against the

entrance length parameter, ReDhu /4 L, for a given standard deviation, a nearly

linear relationship results. These curves are well approximated by linear least

squares fits over the range of Reynolds numbers considered in the experiments,

0.2 < ReDhu/ 4 L < 0.8. The y-axis intercept, which represents the effective

fully developed friction factor - Reynolds number, (fRe) e, is a fimction of the

standard deviation of the distribution and the entrance coefficient. Fig. 5.2

shows this dependence for the lognormal distribution with (fRe) k = 23.7 and

two values of the channel entrance coefficient, Kk, where all channels are

assumed to have the same coefficient.

The slopes of the experimental data are greater than Lundren's theoretical

value, especially for the original and rewound wheels. The effective slope, Ke, is

shown in Fig. 5.3 for various channel entrance coefficients for the lognormal

distribution.

5.1.4 Comparison of experiments and model

The distribution of passage spacings for each wheel can be estimated by

finding the standard deviation such that the (fRe) e from Fig. 5.2 matches that

obtained from the experimental data shown in Fig. 5.1. The channel entrance

coefficient, Kk, can then be found from Fig. 5.3 by matching the effective slope,
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Ke, with the experimental value. The solutions are shown in Figs. 5.2 and 5.3

and are listed in Table 5.1 along with uncertainties based on the spread of the

data. The range of experimental data for the original wheel is insufficient to

accurately fit a line through. The channel entrance coefficient found for the

rewound wheel is assumed to apply to the original wheel as they use the same

coated tape and have similar nominal channel spacings. This determines the

effective slope of the data (which does in fact agree well with the least squares

line through the data, such as it is). The y-intercept is then determined by

forcing the line to go through the average (fappRe) e for the data points near

ReDhu/4L = 0.42.1

Table 5.1 Experimental pressure drop parameters and estimated distributions
of passage spacings. (fRe) k = 23.7

wheel original rewound microbead

experimental
(fRe) e 17.7 19.0 22.8

Ke  4.41 4.15 0.94
estimated

Kk 3.10 3.10 0.86
a .265 .230 .095

uncertainties
(fRe) e 17.3-1 8.1 18.6-19.4 22.1-23.5

a .254-.276 .219-.242 .041-.128

1This procedure actually requires the simultaneous solution of the two relations
for (fRe) e and Ke to determine the standard deviation, a, of the distribution.
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The corresponding distributions of passage sizes and individual channel

flows are shown in Fig. 5.4. Also pictured is the flow rate weighted by the

probability density which shows that a small number of large passages are

carrying a significant amount of the flow due to the cubic relationship of channel

flow and spacing; hence the reduction in pressure drop. The consequences for

heat and mass tranfer are even more severe as will be seen in section 5.3.

The entrance coefficient, K, for the original and rewound wheels is

significantly greater than Lundgren's theoretical value for smooth parallel plates.

Van den Bulck (1987) found similar results from his experiments with a small

single-blow matrix (with very uniform spacing) consisting of the same tape and

gel combination. For a hydraulic diameter of 2.06 mm, he obtained a value of

Kk = 4.96 compared with 3.10 obtained here for similar sized passages. Van den

Bulck suggests that these larger values compared with Lundgren's are due to

separation in the entrance region of the flow around the particles that protrude

into the flow stream. Based on a dimensional analysis, Van den Bulck suggested

that Kk depends on the ratio (Dp/Dhk) 2, where Dp is the diameter of the

desiccant particles. This would indicate that the entrance coefficients are not the

same for each channel as assumed above. The lower value of the Kk found here is

then another consequence of the large passage sizes (with smaller Kk's) which

carry a significant portion of the flow.

For the microbead wheel, the desiccant particles are smaller, spherical in

shape, and more uniform in size than the crushed gel particles used in the other

wheels. This makes for much smoother channel walls and is reflected in the

lower value of Kk found for the microbead wheel (see Table 4.1).

With the above procedure, estimates of a distribution of passage sizes



5.0

4.0 - --------microbeau

. 2.0

10-1

1.0

0.010

0.0 0.5 1.0 1.5 2.0 2.5 10 0.

Dhi l'

5.0

4.0

" 3.0

Fig. 5.4 a) Lognormal distributions of passage
sizes for the three test dehumidifiers 2.0

estimated from pressure drop results.
b) Individual channel mass flow
rates. c) Bin fraction weighted flow 1.0
rate distributions. ReDhu/4L = 0.40.

0.0 10.0 0.5 1.0 1.5 2.0 2.5

D hiDl h



90

described by one parameter (e.g., the standard deviation) can be made from the

experimental data. The distributions obtained for the wheels in Table 5.1 seem

reasonable compared with visual inspection. However, there are many

distribution shapes which will produce agreement with the experimental

pressure drop results. Each of these will result in a different value for the

channel entrance coefficient. A priori knowledge of the entrance coefficient

(possibly as a function of channel roughness and Reynolds number) would allow

the determination of a distribution described by two parameters. However, such

an effort may not be useful as matrices with such wide distributions of passage

sizes as in the original and rewound wheels are not practical for commercial

applications. Narrower distributions may be adequately handled by simple 2 or 3

bin distributions as suggested by Shah and London (1980).

5.2 Low rotation speed analysis

The mass of silica gel in each of the wheels has been calculated from

geometrical considerations and measurements of the area density of the coated

tape and are given in Table 4.1. These values can be checked against

experimental data by a simple procedure described in the following. In addition,

the effective specific heat of the matrix can be determined and will be compared

with calculated values below.

Schultz (1986) and Bharathan, et al., (1986a,b) have used the analogy

method to also estimate the active silica gel available in the wheels. However,

the specific heat of the matrix must be specified. The method presented here is

more straightforward and allows an independent estimate of the effective specific

heat to be made rather than relying on a value calculated from geometrical



91

considerations. In addition, a more accurate representation of the silica gel

equilibrium relation is used.

5.2.1 Mass of silica gel in the wheels

At very low rotation speeds, the dehumidifier comes to equilibrium with

the inlet air stream before it rotates into the next period. The matrix essentially

undergoes a single-blow process. In terms of the analogy theory described in

Appendix C and in section 2.2.2, the slower second transfer zone breaks through

the wheel before it rotates to the next period as shown schematically in Fig. 5.5.

This condition occurs when the reciprocal of the nondimensional wave speed for

the second zone is less than unity,

72 jrj < 1 (5.11)

for both periods. The yi j (analogous to the ratio of the specific heat of the air to

that of the matrix) are functions of the moist air, desiccant equilibrium, and

matrix thermal properties. The group ylF is analogous to Cr / Cmin for rotary

sensible heat excahngers.

At these low rotation speeds, a simple mass balance on each period gives

the following equation for the desiccant mass,

•Wjri - Wj,'

MDD = mDA~ j iTw, ,o (5.12)AbD MA~jTW(tj, i, w9, i ) - W(t3_#, ii w3-j,i) (.2

Eq. (5.12) depends directly on the isotherm relation for the desiccant. Van den

Bulck (1987) has surveyed a wide range of data available on the equilibrium

properties of regular density silica gels such as the type used in the wheels tested



Fig. 5.5 Schematic representation of transfer zone breakthrough at low
rotation speeds.
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here. He has represented this data using a two term, four parameter model

based on the Dubinin-Polanyi adsorption potential theory (Ruthven, 1984). He

has also verified this isotherm model through its use in the detailed modeling of

heat and mass transfer data from single blow experiments. The silica gel used in

those experiments is identical to that used here in the original and rewound

wheels. The isotherm relation is presented in Appendix B.

Using Van den Bulck's isotherm, the amount of silica gel in the wheels has

been obtained from experimental data using Eq. (5.12). Fig. 5.6 shows the

experimentally determined gel mass relative to the calculated value for the three

wheels as a function of the reciprocal of the average nondimensional wave speed.

The experiments considered are tabulated in Appendix E. The gel mass ratio is

essentially constant for all three wheels over the range 0.1 < 721F, <0.4.

Examination of the outlet profile measurements from the original wheel data

point labeled as "R* =1.0 rev/hr" indicates that complete breakthrough of the

transfer zones has occurred. Beyond this range, the spread of the transfer zone

front due to nonconstant properties and finite transfer coefficients becomes

sufficiently large that complete breakthrough does not occur (that is, the transfer

zones are much wider than shown in Fig. 5.5). In this case, the denominator of

Eq. (5.12) is no longer valid in the mass balance.

The average value of the experimental to calculated gel mass ratio for all

three wheels is 0.91 +.04. The expected value is unity. This discrepancy could be

the result of errors in the calculation of the gel masses, uncertainties in the

equilibrium relationship, or some factor, such as the adhesive, which prevents all

of the silica gel present from participating in the sorption process. Van den

Bulck's efforts in verifying his isotherm relation suggest that it is reliable. Other
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isotherm relations available, such as Brandemuehl's (1982, described in Appendix

B) and fits to very limited manufacturers' data result in gel mass ratios down to

0.74. Bharathan, et al., (1986b) estimated the active fraction of gel in the

microbead wheel to be only 0.625 using a polynomial fit to manufacturer's data.

There is little reason to suspect that such a large fraction of the desiccant is not

active. Therefore, the experimentally determined active silica gel masses, listed

in Table 4.1, consistent with Van den Bulck's isotherm will be used in the

following analyses. 2 The above discussion points out the importance of having

accurate equilibrium data available for the desiccant under consideration.

A rather narrow range of inlet states were used in the low rotation speed

experiments. A wider range would allow better confirmation of the isotherm

relation.

5.2.2 Specific heat of the matrix

The effective specific heat of the matrix can be determined from an energy

balance on each period at low rotation speeds. The change in the enthalpy of the

matrix from when it enters period j to when it leaves is given by

=MDADT J(h - h 0 ) (5.13)Sj -S3_ j MDD/T ,i jo

where

Hj= H(Tj,W j) Tj= tj, i  Wj W(Tj,wj,i)

H(T,W) = (CDM+CWLW)T + AHW

2 Manufacturer's data (Bharathan, et al., 1986b) indicates that the microbead gel
may have a larger moisture capacity than the crushed gel used in the other
wheels for relative humidities greater than 60-70%. These conditions were rarely
encountered in the experiments.
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and AHw is the integral heat of wetting. If H0 is defined as the matrix enthalpy

excluding the heat capacity of the matrix,

H0 = CWLWT + AHw (5.14)

then the matrix specific heat is given by

CDM=(Hi - H3 _j ) - (HO, j - H, 3 _) (5.15)CDM =Tj - T3_ 9

The experiental results are plotted in Fig. 5.7. The scatter in the data is

the result of small errors in temperature meaurements that are magnified by the

nearly isenthalpic nature of the sorption process. The average value for the

points indicated in the figure is 3100 J/kgDD-C. This is approximately double the

value calculated for the tape and gel combination as shown in Table 4.1. This

suggests that the spacers as well as the spokes and other structural components

of the wheel are participating in the heat storage process at low rotation speeds.

However, even including the thermal mass of the spacers, the calculated values

for the original and rewound wheels are at least 35% less than the experimental

value. Only the microbead wheel results agree.

The time constant of the spacers in the original wheel is estimated to be

approximately 50 seconds. At the very low rotation speeds considered here

(< 1.5 rev/hr), a spacer is exposed to an air stream for over 25 time constants and

therefore participates strongly in the heat storage process. However, at rotation

speeds for optimum dehumidification (10-15 rev/hr), the exposure time is only

2-4 time constants and the spacers may not participate as fully in the heat
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storage process. The effective matrix specific heat will be assumed to be bounded

by the experimentally determined value at low rotation speeds and that of the

tape and gel combination alone at very high rotation speeds where the spacers

participate little in the exchange processes. The modeling of nonhomogeneous

matrices is discussed further in section 5.4.

5.3 High rotation speed analysis

For models such as MOSHMX to be useful, the describing parameters

should be obtainable from established heat and mass transfer theory. The

essentially unknown distributions of passage spacings in the wheels tested make

it questionable that this can be done here. However, effective overall heat and

mass transfer coefficients can be determined from experimental results at very

high rotation speeds as described below. The coefficients obtained are then

related to established theory.

5.3.1 High rotation speed model

At very high rotation speeds, the desiccant wheel acts as a total heat or

enthalpy exchanger. In the limit of infinite rotation speed, examination of the

conservation equations, Eqs. (2.1Ob,d), indicates that T and W become constant

with time and all dependent variables become functions only of the distance

through the wheel. The transfer rate equations, Eqs. (2.1Oa,c), become

uncoupled and independent of the thermal properties of the matrix. Each is

reducible to a form analogous to that for a direct counterflow heat exchanger. 3

3This continues to neglect carryover of the air in the matrix from one period to
the other.
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This is consistent with the fact that the counterflow rotary heat exchanger

effectiveness for high rotation speeds (for Cr!/Imi n > 5) approaches that for a

direct counterflow heat exchanger (Kays and London, 1984). Therefore, it is

possible to obtain the effective overall heat and mass transfer coefficients for the

MOSHMX model from the experimentally determined effectivenesses using the

direct counterflow e-Nt u relationship.

For laminar flow and equal face areas per period, the group (hA8 ) j is the

same for both periods. The overall number of transfer units for mass transfer,

Nt uw, 0 , and heat transfer, Nt ut, 0, are related to the number of transfer units

for the period with the minimum capacity rate by

Nt u o = Nt Umin / 2  (5.16)

where the analogous capacity rates are given by

Cwj= mDA, jj = mDA, j CA (5.17)

The corresponding humidity ratio and temperature effectivenesses are

wj O- wj,
ew - W Wo (a)

w3-j,i - Wji

(5.18)

-tj, 0o - tj,i (b)
t3-j,i - tj,i

These effectivenesses can be calculated directly from the experimental data. As

is convention (Kays and London, 1984), the effectivenesses used here are for the

period with the minimum capacity rate as determined by Eqs. (5.17).

Fig. 5.8 shows the humidity ratio and temperature effectivenesses
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predicted by MOSHMX for a range of inlet states and rotation speeds for various

combinations of heat and mass transfer Nt u's. Van den Bulck's isotherm relation

is used with CDM = 1420 J/kgDD-C corresponding to that for the tape and gel

combination. The results have been plotted against the reciprocal of the average

velocity of the faster first transfer wave (see Appendix C). y7 is evaluated at the

average of the two inlet states as suggested by Maclaine-cross and Banks (1972).

The dashed lines show the rotary counterflow relation for Cmin / Cmax = 1.

5.3.2 Correction of experimental effectivenesses to "infinite" rotation speed

Fig. 5.8 shows that the humidity ratio effectiveness in the MOSHMX

model is independent of the heat transfer coefficient; similarly for the

temperature effectiveness. In addition, the effectivenesses become independent

of rotation speed for y1F 1 > 5. 4 Due to mechanical limitations, the required

"high" rotation speeds could not be obtained in the experiments. The values

of y1F1 for the three wheels tested ranged from 1.2 to 9 (see Appendix E). For

this range, Fig. 5.8 indicates that only small corrections are needed to convert

the experimentally determined effectivenesses at finite rotation speeds to those

expected at "infinite" rotation speed. The overall heat and mass Nt u's can then

be found from the corrected effectivenesses using the direct counterflow heat

exchanger relations.

4The temperature effectiveness shows less dependence on 'y1F1 because the
outlet temperature lies between the two inlet temperatures for the inlet states
considered. The temperature effectiveness is therefore always 0 _ ct _ 1.
However, the humidity ratio effectiveness can be greater than unity or less than
zero. For example, the outlet humidity ratio of the process period at medium
rotation speeds is less than either inlet humidity ratio so the effectiveness is
greater than unity.
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Maclaine-cross (Bharathan, et al., 1986a) has suggested a correction

procedure based on the analogy method. Dividing Eq. (C.7) for the outlet state

predicted by the analogy method by the difference in inlet humidity ratios, the

humidity ratio effectiveness for period 1 can be written as

W2'i-_ Wp___ 11_ W~p -
w l i12

2, ,=+ 121(5.19)W2 ,i -wl,i w2 ,i-wl 1,i

where the Til's are given by the rotary exchanger effectiveness relation with Yj jrj

as the parameter analogous to Cr/Cmnj for sensible heat exchangers. Wip is the

intersection point defined in Appendix C; it is the intermediate state between the

two transfer zones. A similar relation can be written for the effectiveness at

"infinite" rotation speed. The correction is then given by

ew, 1 °0- Fw,1 = (2,i1I 11-1111)
W 2 , i - W l , i ( . 0

+ Wp (121 - 1121)

w2,i - Wl,i

where "oo" indicates the value for infinite rotation speed. Maclaine-cross

(Bharathan, et al., 1986a) suggests that this correction can be correlated solely as

a function of the parameter analogous to Cr / Cmin. Fig. 5.9 shows the author's

correlation of the rotary heat exchanger effectiveness correction as a function of

Cr/Cmin for a range of Ntu. and Cmin / Cmax. The corrections are less than .01

for Cr!/ Cmin > 1.5. Application of this correction to the MOSHMX predictions in

Fig. 5.8 is shown in Fig. 5.10 and indicates that the procedure works well.
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5.3.3 Experimental overall heat and mass transfer coefficients

The effective overall heat and mass transfer Nt u's can now be found from

the corrected high rotation speed experimental data for the three wheels tested

using the direct counterflow heat exchanger relation. The results are listed in

Appendix E. The Nt Umin'S for the minimum capacity rate period are then

calculated from Eq. (5.16). From these values, the effective overall transfer

coefficients in the form of the Nusselt number for heat transfer and Sherwood

number for mass transfer are determined as

ReDhu
NUe = Pr Nt ut.min (5.21)

4L

ReDhuSh = Sc Ntu (5.22)
e 4L w.min

The nominal uniform hydraulic diameter is used in the definitions of the Nusselt

and Sherwood numbers. The overall Lewis number is given by

Nt ut, - NUe
Le o = -= Le (5.23)

Nt uw , 0  She

where Le is the Lewis number for air and is taken to be 0.851.

The high rotation speed experimental results for Nue are shown in

Fig. 5.11. Also shown are the expected values for a uniform matrix assuming a

constant heat flux boundary condition and for distributions of passage sizes

corresponding to those found from the pressure drop analysis. These are

discussed further below.
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The negative slope of the Nue data in Fig. 5.11 for the microbead wheel

has proven difficult to explain. The low Reynolds number results are from

experiments where the temperature effectiveness is near 0.95. Nt ut, o is very

sensitive to effectiveness at these high values as indicated by the large

uncertainty bar. A small systematic error in either the temperature

measurements or in the leakage rate corrections would strongly affect the Nue

obtained. Doubts about the leakage correction procedure used for the microbead

wheel were expressed in section 3.5.1. Estimates of the possible effects of

carryover of air from one period to the next using the analysis of Banks (1984)

indicate that carryover affects the Nue by only 2-4%.

Fig. 5.12 shows the experimental results for She along with the expected

value for a uniform matrix assuming that the solid-side moisture transfer

resistance is negligble. Again, the negative slope of the microbead data remains

unexplained. The overall Lewis numbers, Le o, are shown in Fig. 5.13. The

average value for the rewound wheel is 1.16 (±.08). The two points available for

the original wheel which uses the same silica gel are just slightly above this. The

average value for the microbead wheel is 1.07 for the range

.28 < RePrDhu /4 L < .42. The decrease in Le o for lower Re's has not been

investigated. The generally lower value of the Lewis number for the microbead

wheel is suspected to be due to the smaller particle sizes used.

In his analysis of single-blow heat and mass transfer in a desiccant

matrix, Van den Bulck (1987) found the overall Lewis number to be in the range

of 3-7 for the same desiccant as used in the rewound wheel. This is significantly

higher than obtained here from the periodic steady-state experiments. The

author speculates that this difference may be due to the shorter exposure time to
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an air stream experienced by the desiccant particles in the rotary experiments,

that is, the time history of the particles are much different in the two cases. Lack

of time has prevented further investigation leaving this matter unresolved for the

present.

Linear least squares fits to the experimentally determined Nue and Le o

are listed in Table 5.2. Using these relations to calculate the input parameters,

the predictions by MOSHMX of the process stream outlet states are compared

with the experimental values for the rewound and microbead wheels as shown in

Fig. 5.14. Agreement is generally within the experimental uncertainty. The

larger discrepancies are for experimental results at somewhat lower rotation

speeds and suggests that the proper value of the matrix specific heat has not been

input to the model. These results indicate that the MOSHMX model, using

constant overall transfer coefficients, can accurately predict the performance of

enthalpy exchangers. In this case, the appropriate coefficients were determined

Table 5.2 Linear least squares fits to experimentally determined Nue and Le o .

original wheel
Nue = 1.536 + 2.185 RePrDhu/4 L
Le o = 1.3

rewound wheel
Nue = 3.085 + 2.761 RePrDhu/4L
Le o = 1.16 (±.08)

microbead wheel
Nue = 6.113 - 2.014 RePrDhu/4L (x-axis range)
Leo = 0.584 + 1.621 RePrDhu/4L (.15 - .28)
Le o = 0.954 + 0.350 RePr~hu/4L (.28 - .42)
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by a model that is strongly related to the MOSHMX model and so good agreement

is to be expected. In the next section, the experimentally determined overall heat

and mass transfer coefficients are related to fundamental theory.

5.3.4 Effect of distribution of passage sizes on effective transfer coefficients

The experimental NUe's shown in Fig. 5.11 lie much below the value

expected for a uniform matrix. This is caused by the distribution of passage

spacings in the wheels. To handle this problem, Shah and London (1980) assume

that each channel is independent of its neighbors in the matrix. The wheel is

then modeled as a set of exchangers operating in parallel as shown schematically

in Fig. 5.15. For a discrete distribution of passage sizes, each bin is represented

by an independent wheel.

Given a distribution of passage sizes, the flow rates through the individual

channels can be determined as described in section 5.1.3. The heat transfer

Nt u's for an individual channel in the kth bin are then given by

Ntutrk = NUk (5.24)
f rmk Dhk

Pr-- ReDhu/4 L

mu Dhu

which is analogous to Eq. (5.21). As in the pressure drop analysis, the Reynolds

number for the channel has been written in terms of the bulk Reynolds number.

At high rotation speeds, the effectiveness of the kth "wheel" is given by the direct

counterflow exchanger relation. For the case of equal capacity rates

(Cmin/Cmax = 1), the wheel effectiveness is given by



large passages (low Ntu and Cr/Cmin)

kth exchang

X k/klu

r

)0o .0 0

small passages (high Ntu and Cr/Crin)

Fig. 5.15 Representation of a wheel with a distribution of passage sizes as a set
of parallel exchangers.
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Ek = NtUto,k / (1 + NtUto".k) (5.25)

Weighting each of the bin effectivenesses by the fraction of the total mass flow

through the bin, the overall effectiveness of the wheel becomes

n
e= Xk (/k//U) Fk (5.26)

k=1

This comes from an energy balance assuming constant properties. The overall

effective heat transfer Nt u's are obtained from

Ntut,0o = -e / (1 - -e) (5.27)

A similar procedure can be employed for capacity rate ratios other than unity.

The effective Nusselt number is then obtained from Eq. (5.21). In the limit as

the Reynolds number goes to zero, Eq. (5.24) becomes undefined. It can be

shown, however, that the effective Nusselt number for parallel plates is given by

(Maclaine-cross, 1969)

[Xk(Dhk/Dhu)
3 ] 2

Nu.e 1Y Nk I Xk(Dhk/Dhu) 7 (5.28)

For the average aspect ratio of .009 for the three wheels, the channel

Nusselt number is 8.10 for a constant heat flux boundary condition (Shah and

London, 1980). The choice of the constant flux boundary condition has recently

been justified by Van den Bulck (1987) through his analysis of experimental

results from a single-blow desiccant matrix.

Fig. 5.16 shows the effective Nusselt number as a function of the standard

deviation of a lognormal distribution of passage sizes. The pressure drop



0.1 0.2 0.3
a

Fig. 5.16 Effective Nusselt number for a lognormal distribution.
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parameters which determine the flow distribution are consistent with those used

above to model the test wheels. The Nusselt number falls off very rapidly as the

width of the distribution increases. This is a consequence of the fact that the

channel Nt u's for parallel plates are inversely proportional to the fourth power of

the channel spacing. This can be seen from Eqs. (5.24) and (5.6). The variation

with entrance length parameter is due to the entrance pressure drop effects

which tend to produce a more uniform flow through the matrix.

Using the above equations, the Nue variation with ReDhu/4 L is plotted in

Fig. 5.11 for the standard deviations determined from the pressure drop analysis.

It is apparent that those distributions do not accurately represent the actual

wheels. Comparison of the pressure drop and heat transfer results indicate that

the true distributions are lower in the peak near the nominal spacing and have

wider bases than those determined from the pressure drop results.

From Fig. 5.11, (fortuitously) the lognormal distribution of passage

spacings with a standard deviation of 0.265 accurately predicts the Nue results

for the rewound wheel. The experimental data show a somewhat greater slope

which may be due to entrance effects which have been ignored in the above

model. Accounting for the combined hydrodynamic and thermal entrance effects,

the Nusselt number for a nominal channel may be about 1% greater than

assumed above (Kays and Crawford, 1980); larger passages would be more

affected. In addition, separation of flow around the particles in the entrance

region that is suspected of creating the increased entrance pressure drop

coefficient may also act to increase the transfer coefficient.

A similar procedure can be used to model the effective mass transfer

coefficient. The experimental value for the overall Lewis number indicates that



117

there is a significant solid-side resistance to mass transfer. This resistance is a

strong function of the state of the desiccant, shape of the particle, and the time

dependent history of the air stream (boundary conditions). For simplicity, the

solid-side resistance is taken to be a constant here; this has been used

satisfactorily to model single-blow mass exchangers (Ruthven, 1984). This

resistance model is shown schematically in Fig. 5.17 considering the desiccant to

be a sheet lining the wall of a parallel plate passage.

Given this model, the overall mass transfer coefficient for a passage in the

kth bin is given by

1 1 1
. - . +-(5.29)

9k gak gS

Assuming all channels have the same air-side Sherwood number, the ratio of the

solid- and air-side resistances for a channel can be written in terms of the ratio

for the nominal channel as

gak gau/gs (5.30)
gs Dhk/Dhu

The overall Lewis number for a channel then becomes

Leok = 1+JgaU/gs )Le (5.31)

where the air-side Sherwood number is taken to be equal to the Nusselt number

by analogy (Bird, et al., 1960). By following a procedure identical to that above

for heat transfer in a high rotation speed exchanger, the effective Sherwood



w

air
stream 1/ga

w
S

layer ............

tape Wo (T, Wo)

Fig. 5.17 Simple mass transfer resistance model considering the desiccant to be
a sheet lining the wall of a parallel plate passage.
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number and hence the overall Lewis number for the wheel can be determined for

a given distribution of passage sizes.

In Fig. 5.18, the overall Lewis number for a lognormal distribution

consistent with the heat transfer results for the rewound wheel is shown as a

function of the ratio of the solid- to air-side mass transfer resistances for the

nominal size channel. The overall Lewis number from the rewound wheel data

indicates that two-thirds of the overall mass transfer resistance is on the air-side

and one-third on the solid-side. Fig. 5.19 shows the overall Lewis number as a

function of distribution width and indicates that the width of the distribution has

very little effect on its value. This eliminates the distribution of passage spacings

as an explanation of the differences in overall Lewis numbers obtained here and

by Van den Bulck.

The assumption of independent channels made above may be satisfactory

if large temperature differences between neighbors do not exist. This may not be

true for the original and rewound wheels with their large distributions of passage

sizes. In this case, the experimentally determined transfer coefficients will

contain the effects of heat transfer between channels and the distribution width

determined above may not be appropriate.

5.4 Comparison of MOSHMX predictions with experimental results

In this section, predictions by the MOSHMX model are compared with

experimental data from the three test wheels operated at medium rotation

speeds, that is, near optimum dehumidifying conditions. The parameters

determined from the above analyses of the low and high rotation speed data are

used as inputs to MOSHMX.
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Fig. 5.18 Overall Lewis number for a lognormal distribution as a function of the
ratio of the solid- to air-side mass transfer resistances.
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Schultz (1986) and Bharathan, et al., (1986a,b) have used the efficiency

parameters defined in the analogy method to represent the experimental data in

earlier reports. The resulting description is compact, however, the physical

interpretation is not direct. Here, direct comparisons of the process outlet

temperature and humidity ratio from the model and data are made on

psychrometric charts. The figures can become a little cluttered, however, the

author feels that temperatures and humidity ratios are much easier to interpret.

5.4.1 Uniformly spaced passages and homogeneous matrix properties

In Fig. 5.20, MOSHMX predictions of the process stream outlet state are

compared with experimental data from the original wheel. The inlet states are

nearly identical in each experiment; only the rotation speed varies (the

experimental data are listed in Appendix E). For the model, the passages are

assumed to be uniformly spaced, however, Nue is obtained from Table 5.2 and

Le o = 1.16 as determined from the high rotation speed analysis. The matrix

properties are also assumed to be homogeneous and a range of matrix specific

heats from that of the tape and gel combination alone to that obtained from the

low rotation speed analysis are considered.

The agreement is not particularly good, especially for points at the lower

rotation speeds. Uncertainties in the mass flow rates and rotation speeds used to

calculate the parameters for MOSHMX are too small to explain the discrepancies.

Bharathan, et al., (1986a,b), using the analogy method, were not successful in

accurately predicting the experimental results from the rewound and microbead

wheels, either. This was due in part to using a polynomial fit to manufacturer's

data for the isotherm relation. In addition, they constrained the matrix specific
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heat to a value estimated from design information and did not include the

spacers, although they did account for a linear variation with temperature.

The model essentially determines two variables, the process outlet

temperature and the humidity ratio, based on several input parameters. With

the proper choice of these parameters, it would appear possible for MOSHMX to

accurately predict the correct outlet states. For example, numerical experimen-

tation has shown that with the proper variation of the matrix specific heat and

the overall Lewis number as functions of rotation speed, MOSHMX can

accurately predict the experimental data shown in Fig. 5.20. The required

variations of specific heat can be explained qualitatively in terms of the time

constant of the spacers (see section 5.2.2). Similar arguments involving the time

constant associated with the moisture diffusion process in the desiccant particles

can be made for the Lewis number. These ideas were not pursued further in lieu

of the simpler 5 model presented below.

5.4.2 Uniform passage spacings and nonhomogeneous matrix properties

The localized nature of the additional heat capacity contained in the

spokes and spacers suggests that the dehumidifier may be modeled as two

parallel exchangers as shown in Fig. 5.21. A fraction, 4, of the inlet air flow is

assumed to be affected by the presence of the spacers in the "b" exchanger. The

remaining fraction of the air flow through the "a" exchanger sees only the

desiccant-coated tape. Each exchanger is assumed to have uniform passage

5Simpler in terms of relating the parameters needed by MOSHMX to basic heat
and mass transfer theory. The "simpler" model requires more computational
effort.
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Fig. 5.21 Representation of a wheel with nonhomogeneous matrix properties as
two parallel exchangers.
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spacings with overall heat and mass transfer coefficients determined from

Table 5.2.

For the analysis here, the specific heat of the "a" matrix is taken as

CDMa = 1400 [J/kgDD-C] (5.32)

which is approximately that calculated for the desiccant-coated tape used in the

wheels tested. The specific heat of the "b" matrix per unit mass of dry desiccant

is given by

CDMb = 1400 + 1700/4 [J/kgDD-C] (5.33)

where 4 = 1 results in a value of 3100 which corresponds to that found from the

low rotation speed data. The outlet states from the exchangers are weighted by

the fraction of the air flow through each to obtain the average outlet state of the

wheel,

Wl, 0 = (1-4)Wl,oa + 4Wl,ob

h1 ,o = (1-)hl,oa + 4h1,ob (5.34)
t =t(hl,oWlo

Fig. 5.22 shows a comparison of this model with the homogeneous model

for conditions corresponding to data point "9" in Fig. 5.20; Fig. 5.23 shows the

comparison with the full set of experiments. 6 Excellent agreement between the

nonhomogeneous model and the experimental results is seen for points "7"

through "11" given the proper choice of flow fraction. At higher rotation speeds,

6A comparison with a wider range of rotation speeds from very low to high is
shown in Appendix E.
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the homogeneous model appears to provide better agreement. This is explained

in the following paragraph.

The wheel rotation speed at the point of maximum dehumidification

(minimum w1 0 , point "9"), is 10 rev/hr. Based on the time constant for the

spacers of approximately 50 sec estimated in section 5.2.2, the spacers are

exposed to an air stream for approximately 3 time constants, sufficient to

strongly participate in the transfer processes. At higher rotation speeds (point

"1 2" is at 20 rev/hr), the spacers can not fully participate. Therefore, the

coefficient "1700" in Eq. (5.33) is no longer appropriate. Reducing this coefficient

has the effect of reducing the curvature of the locus of outlet states as a function

of flow fraction . This would improve the agreement of the model with the data

for these higher rotation speeds and is consistent with the results in section 5.3.3

where the homogeneous model accurately predicted the very high rotation speed

experimental data. No attempt is made here to account for the time constant of

the spacers as the rotation speeds involved are intermediate between those for

optimum dehumidification and enthalpy exchange and so would not be

encountered in practice. However, the effect could be important in dehumidifier

wheels in which the time constant of the spacers (or other localized structural

components) is shorter than in the wheels tested here.

The results indicate that approximately 10% of the flow and matrix are

affected by the presence of the spacers in the region near optimum dehumid-

ification. Assuming the desiccant-coated tape to act as a simple fin, a rough

estimate indicates that approximately 3-5% of the matrix is affected by the

presence of the spacers. The thermal conductivity and conduction area of the

desiccant-coated tape are difficult to estimate, making this calculation very
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uncertain. However, it will be important to be able to estimate the impact of the

spacers if MOSHMX (or a similar model) is to be used in the design process.

MOSHMX predictions for a range of regeneration inlet states are

compared with experimental data from the original wheel in Fig. 5.24. Again,

good agreement is noted at a flow fraction of approximately 10%. The relative

humidities of the regeneration inlet states range from 2-10%, the process inlet

state is 50%. The results suggest that Van den Bulck's isotherm relation

accurately represents the desiccant properties under these conditions.

Fig. 5.25 shows a comparison of the MOSHMX predictions with

experimental data from the original wheel for a range of process inlet states and

a constant regeneration state. The experimental results for point "4" are suspect

because the mass and energy balance closures are not very good. Points "2" and

"3" are for rather low humidity ratios (8 g/kg); the discrepancies between the

model and experiments may be due to the isotherm relation.

Fig. 5.26 shows a comparison with data from the rewound wheel for a

range of inlet humidity ratios which are approximately the same for both

streams. Point "4" is at very humid conditions (wj, i= 21.5 g/kg). The effect of

flow rate is shown in Fig. 5.27. The results indicate that the effective transfer

coefficients determined experimentally from the high rotation speed data allow

MOSHMX to accurately predict the performance of an exchanger operating at

rotation speeds for optimum dehumidification. It appears that a slightly smaller

fraction of the air flow and matrix are affected by the spacers than in the original

wheel.

MOSHMX predictions are compared with data from the microbead wheel

for a range of inlet humidity ratios in Fig. 5.28. Again, very good agreement is
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obtained. The process inlet state for point "1" is approximately 70% relative

humidity. This is near the region where the manufacturer's data indicates that

the sorption properties of the microbead gel may diverge from those of the

crushed gel used in the other wheels. Fig. 5.29 shows the impact of flow rate.

Larger discrepancies occur at the lower flow rates where the model overpredicts

the performance of the wheel. This supports the contention that the transfer

coefficients derived from the high rotation speed experiments (especially those at

lower flow rates) may be subject to unaccounted for errors as discussed in section

5.3.3.

The variation of the outlet states as a function of rotation angle were

measured during several of the experiments on the original wheel. A represen-

tative example is shown in Fig. 5.30. A flow fraction of 4 = 0.1 is used in

MOSHMX. The outlet profile temperature measurements are averaged over

approximately 10-15 minutes of operation and so contain the effects of the spokes

and spacers passing by. The outlet humidity ratios are averaged over a shorter

period (one at a time per period), however, these averages include several passes

by the spokes and spacers.

In general, MOSHMX reproduces the profiles very well, especially for the

process period. MOSHMX appears to predict a sharper and faster moving

transfer zone for 0.1 < 0/P < 0.2 in the regeneration period. This result has

been observed by Schlepp and Barlow (1984) and Pesaran and Mills (1984) in

comparisons of their models with single-blow experiments. This could be due to

uncertainties in the property relations or in the mass transfer coefficient for the

regeneration period used in the model. This problem requires further
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consideration to fully understand the heat and mass tranfer processes in the

wheel.

There appear to be discrepancies between the integrated average humidity

ratios from the measured profiles and the bulk measurements made in the

experiments. The reason for this has not been determined. It is not likely to be

the sensors as the same sensor was used to measure the bulk outlet and the

profile humidity ratios in each period (see section 3.2).

Other sets of data are presented in Appendix E along with a comparison

with MOSHMX predictions. Agreement between the model and experiments are

similar to those presented above.

5.4.3 Modeling of a distribution of passage sizes explicitly with MOSHMX

In the previous section, the distribution of passage sizes present in the

dehumidifiers tested was accounted for by experimentally determined effective

overall heat and mass transfer coefficients. Here, the distribution of passage

sizes will be modeled explicitly.

As in section 5.3.4, each channel is assumed to be independent and the

wheel to act as a set of parallel exchangers as in Fig. 5.15. The individual

channel Nt u's for bin k, Nt Ut, k and Nt Uw, k, are calculated as in section 5.3.4.

In addition, the mass capacity rate ratio for each channel is given by

Fj,k = Fj/(/j,k//lj,u) (5.35)

Each of the n parallel exchangers which represent a particular channel

width can be split again into two wheels to represent nonhomogeneous matrix

properties as in Fig. 5.21. In Fig. 5.31, a 22-bin model representing an 11-bin
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distribution of passage sizes each with 2 bins representing different specific heats

is compared with the "l-bin" homogeneous model and a 2-bin nonhomogeneous

model. A range of specific heats is considered in the homogeneous model. A

range of flow fractions, , are used in the two nonhomogeneous models. The

effective transfer coefficients for the homogeneous and 2-bin models are obtained

from Table 5.2 using the operating conditions for experiment "11-18-85 2A" on

the rewound wheel (also shown in Fig. 5.31). The 22-bin model uses the channel

parameters (TRe) k = 23.7, Kk = 3.10, NUk = 8.10, gau/gs = 0.5, and a

lognormal standard deviation of 0.265. When these parameters are introduced

into the procedure in section 5.3.4, they result in the Niue and Le. used in the

homogeneous and 2-bin models.

The comparison shows that the explicit model does not work very well, at

least for this wide distribution of passage spacings. The reason for this is that

the channels are not independent of each other. Fig. 5.32 shows the outlet

temperature profiles for several different passage sizes. There exist large

temperature differences between neighboring channels. The consequent heat

transfer affects the mass transfer. This leads to the conclusion then that the

effective transfer coefficients determined from the high rotation speed exper-

iments account for these interactions as well as for the effects of the distribution

of passage spacings. It is somewhat surprising that the transfer coefficients

derived from the high rotation speed results allow MOSHMX to accurately

predict medium rotation speed behavior as the temperature distributions are

likely to be very different in the two cases.
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Fig. 5.32 Profiles of the process stream outlet states predicted by MOSHMX for
several bins representing a distribution of passage sizes.
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5.5 Summary

Verification of the MOSHMX model against the experimental data

available is complicated by the presence of distributions of passage sizes and

nonhomogeneous matrix properties in the wheels tested. In addition,

uncertainties exist in model parameters derived from design information alone.

A pressure drop analysis shows the significant impact of a distribution of

passage sizes. However, it provides insufficient information to fully characterize

the shape and size of the distribution, at least for the rather wide distributions

present in the wheels considered here. The experimental pressure drop data

indicate that the very rough passages of the original and rewound wheel result in

an increased pressure drop (approximately 8%) due to effects in the entrance

region compared with smooth channels. The effects of passage spacing variation

and increased entrance losses will need to be included when estimating the

parasitic power consumption of dehumidifiers.

The consistency of the active mass of desiccant in a dehumidifier wheel

and the isotherm relation used to model that desiccant can be checked by

analyzing the results of very low rotation speed experiments. Experimental

results from the three wheels tested agree well with the isotherm relation

developed by Van den Bulck (1987). In addition, an independent estimate of the

effective specific heat of the matrix can also be obtained from these experiments.

The experimental results indicate that the spacers and other structural

components strongly participate in the transfer processes at low and medium

rotation speeds.

By considering results from high rotation speed experiments where the
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wheel acts as an enthalpy exchanger, overall heat and mass transfer coefficients

can be derived which allow a MOSHMX-type model to accurately predict

exchanger performance. These transfer coefficients are shown to be very

sensitive to the distribution of passage sizes. For the silica gel-coated tape

considered here, an overall Lewis number of 1.2 was found. The variance of this

value from the much larger values obtained by Van den Bulck remains

unresolved.

Comparisons of the MOSHMX model with medium rotation speed

experimental data show that the assumption of homogeneous matrix properties

does not work well for the wheels tested here. By modeling the nonhomogeneous

matrix properties as two parallel exchangers, good agreement between the model

and data was attained. The data indicate that approximately 90% of the flow

sees only the desiccant-coated tape, the other 10% is affected by the presence of

the spacers. Analytical estimation of the effect of structural components is at

present uncertain.

Modeling the distribution of passage spacings explicitly is not successful in

predicting the experimental results. This is due to heat transfer between

neighboring channels which is not accounted for in the explicit model. The

overall transfer coefficients determined from the high rotation speed experiments

contain the effects of this coupling. Use of these coefficients then allows

MOSHMX to accurately predict the performance of "real" dehumidifiers.
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Chapter 6

Conclusions and Recommendations

Air conditioning systems using desiccant dehumidifiers are becoming

viable alternatives to conventional vapor compression machines. However,

continuing success will require further advances in performance and a better

understanding of dehumidifier processes.

The objective of the work presented in this thesis is to verify the accuracy

of tools used in the analysis of desiccant dehumidifiers. This has involved the

comparison of models against one another and the comparison of predictions by

the models against experimental data. The conclusions and recommendations

which result from this work are presented below.

6.1 Models of desiccant dehumidiflers

A wide variety of models for desiccant dehumidifiers exist. Computa-

tionally simple models are useful for simulating the performance of a desiccant

system over long periods of time to ascertain the competitiveness of a concept.

More detailed models are useful for studying potential improvements in

dehumidifier design and performance.

Two particular detailed models have been used extensively to investigate

both dehumidifier and system performance. The program MOSHMX (Maclaine-

cross, 1974) is a finite difference solution of a conventional set of partial

differential equations which are assumed to represent the processes in rotary

dehumidifiers. It makes use of techniques to increase its efficiency and potential

accuracy. The program DESSIM is based on a heuristic "pseudo-steady-state"
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concept (Barlow, 1984). The program employs dimensional quantities and is

conceptually and computationally straightforward.

From a comparison of the "pseudo-steady-state" concept with the finite

difference solutions, it is found that the "pseudo-steady-state" concept locally

uncouples the mass transfer from the heat transfer. However, the errors that are

introduced result in compensating errors during calculations at the next space or

time step and the errors decrease as the grid size decreases. It is therefore

concluded that the "pseudo-steady-state" model can accurately predict the behavior

of desiccant dehumidifiers relative to a finite difference solution. This validates

previous work that has been reported using the DESSIM model.

The finite difference solution is found to be more computationally efficient

with superior mass and energy balance closure and numerical stability. Together

with its more fundamental nature, it is recommended that the finite difference

solution, either in MOSHMX or substituted into DESSIM, be used as the preferred

tool for the investigations of dehumidifiers.

Due to its heuristic nature, it is recommended that modifications of the

"pseudo-steady-state" concept not be used to model other types of desiccant

dehumidifier devices (at least for quantitative results) such as the direct solar-

regenerated collector/dehumidifier. Rather, a more fundamental development

should be employed.

6.2 Experimental facility and test dehumidifiers

The models discussed in this work are based on a set of simplifying

assumptions. In particular, overall transfer coefficients which contain both the

air- and solid-side transfer resistances are assumed and taken to be constant. In
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addition, the matrix is assumed to consist of uniformly sized channels and have

homogeneous properties. The usefulness of these models depends upon

validation of the assumptions or modifications to account for departures from the

assumptions.

6.2.1 Experimental facility

A facility has been designed and constructed at the Solar Energy Research

Institute to provide experimental data for the purpose of verifying the validity of

the model assumptions. The facility contains the equipment, controls, and

instrumentation necessary for the accurate experimental characterization of

rotary desiccant dehumidifiers. Data reduction and correction procedures have

been developed to compensate for seal leakage rates and energy and mass

balance errors.

The facility as been found adequate for obtaining the steady-state

performance of state-of-the-art rotary dehumidifiers. However, improvements in

measurement accuracy and uncertainty will be needed to characterize devices of

advanced design. In addition, improvements in controls will be needed to study

the transient response of rotary dehumidifiers.

6.2.2 Test dehumidifiers

Three rotary dehumidifiers were contructed for testing purposes. They

consisted of a silica gel-coated tape which was spirally wound into a parallel plate

matrix. This design was chosen because of the well established momentum, heat,

and mass transfer characteristics of laminar flow in parallel plate passages.

However, manufacturing difficulties resulted in nonuniform passage sizes. In
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addition, the presence of the spacers and other localized structural components

created nonhomogeneous matrix properties. These are not consistent with the

assumptions made in the models and introduce additional complexities which

must be dealt with. It is recommended that in future experiments, great effort is

taken to ensure that the channel spacings are uniform and the matrix properties

homogeneous.

6.3 Validation of models against experiments

For models to be useful in the design and development process, the

parameters required should be obtainable from established theory. The presence

of distributions of passage sizes and nonhomogeneous matrix properties make

this questionable for the wheels tested here. However, procedures have been

presented to account for these effects.

6.3.1 Pressure drop analysis

An analysis of pressure drop can provide an estimate of the width of the

distribution of passage sizes present in an exchanger. However, at most a two

parameter distribution can be determined. This is not sufficient for the wide

distributions present in the wheels tested here. It may be satisfactory for

narrower distributions which will be required for high performance devices.

The pressure drop analysis showed that the very rough channels created

by the silica gel particles caused a significant increase in the pressure loss

associated with the entrance region compared with that expected for smooth

plates. The effective entrance coefficient, K, was found to be approximately 3.10

for the rewound wheel. This results in an 8% increase in overall pressure drop
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over that expected for smooth channels. The increased pressure drop associated

with very rough channels should be accounted for in any estimate of the parasitic

power consumption for a rotary dehumidifier. Further quantification of this

phenomena should be undertaken if dehumidifier designs employing such rough-

walled channels are considered.

6.3.2 Desiccant properties

Dehumidifier models must employ accurate representations of the desiccant

sorption properties. Limited manufacturer's data may not be satisfactory. A

procedure has been presented for testing the consistency of the desiccant

properties against the results of experiments at very low rotation speeds. The

silica gel properties determined by Van den Bulck (1987) have been found to be

accurate for the desiccants used in the test dehumidifiers.

6.3.3 Effective overall transfer coefficients

Estimation of the coefficients for heat and mass transfer from basic theory

is confounded by the distribution of passage sizes present. The overall transfer

coefficients can be determined from experimental results at high rotation speeds,

however. When supplied to MOSIHMX, these coefficients allow the model to

reproduce the high rotation speed experimental data as well as to accurately

predict dehumidifier performance at medium rotation speeds (dehumidification

conditions) over a range of inlet states. This indicates that the assumption of

constant overall transfer coefficients made in MOSHMX is satisfactory for

modeling the wheels tested here. However, estimation of transfer coefficients from

established theory remains untested.
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The experimentally determined transfer coefficients contain the effects of

heat transfer between neighboring channels due to the distribution of passage

sizes. Because of this coupling, it is not likely that an accurate estimate of the

overall transfer coefficients can be obtained from the passage spacing distri-

bution, at least for wide distributions.

An overall Lewis number of 1.0-1.2 has been obtained from experimental

data. This indicates that the average solid-side mass transfer resistance is about

one-half the air-side resistance. Van den Bulck (1987) found much larger values

(3-7) from his single-blow experiments. The difference is suspected to be due to

the different time histories of the desiccant particles in the two configurations. It

is recommended that the issue of solid-side mass transfer resistance be pursued

further to resolve this difference and allow accurate prediction of the overall mass

transfer coefficient.

6.3.4 Nonhomogeneous matrix properties

The localized nonhomogeneous properties created by the spacers were

found to significantly effect the performance of the dehumidifier. Accurate

modeling the dehumidifier requires that nonhomogeneous properties be accounted

for. By considering the wheel to consist of two parallel exchangers, MOSHMX

can accurately predict the results of experiments. However, the fraction of the

matrix and flow affected by the spacers has not been determined analytically.

Techniques for estimating the effect of nonhomogeneous properties need to be

developed to accurately model desiccant dehumidifiers.
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Appendix A

The Ventilation Cycle Desiccant Air Conditioning System

Current interest in desiccant air conditioning systems began with

Pennington's (1955) invention of a regenerative dehumidifier which he

incorporated into an evaporative cooling system. This configuration of

components, shown in Fig. A.1, is commonly referred to as the ventilation cycle

because "fresh" outside air is processed and supplied to the space to be

conditioned. Conventional air conditioning systems usually recirculate the room

air. The ventilation cycle has received much of the research and development

attention given to desiccant cooling systems.

A.1 Cycle description

In the ventilation cycle, outside air (state 1) is dried (state 2) as it passes

through the desiccant dehumidifier. The temperature of the air also rises due to

the heat of sorption that is released as the water is adsorbed by the desiccant.

The air stream is then sensibly cooled in a heat exchanger (state 3) using

evaporatively cooled exhaust air (state 6) as the low temperature sink. The

process air stream is further evaporatively cooled (state 4) and passed to the

space to be conditioned (state 5). The heat exchanger reclaims energy from the

process air stream at state 2 and transfers it to the regeneration air stream

(state 7). Additional thermal energy is supplied to reach the required

regeneration temperature (state 8). The moisture in the desiccant is then

removed by the hot air stream (state 9).
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Fig. A.1 Ventilation cycle desiccant air conditioning system.
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The cooling capacity of the ventilation cycle is given by the mass flow rate

of air times the enthalpy difference between the space and supply air states,

Qtot = rDA, 1 (h5 - h4) (A.1)

The effectiveness of the evaporative cooler determines the fraction of sensible

cooling (temperature reduction) and latent cooling (moisture reduction). The

thermal coefficient of performance is measured as

COPt = Qtot/Qreg (A.2)

where the regeneration energy input is given by

Qreg = M.DA, 2 (h8 - h7) (A.3)

In addition, an electrical coefficient of performance is defined by

COPe = Qtot/Qelec (A.4)

to account for the parasitic energy consumed by the fans, water pumps, and

motors to rotate the wheels.

This system can be easily modified to the recirculation cycle by dehumid-

ifiying the exhaust room air and using outside air for the regeneration stream.

This configuration may have an performance advantage under more humid

climatic conditions.

A.2 Current state of the art

Table A.1 summarizes the progress that has been made in the devel-

opment of residential scale desiccant air conditioning systems. Several of the



Table A.1 Summary of desiccant cooling system development

system cycle t 2 ,i EHX capacity COPt  COPe source
(d) (kW) (kJ/kg)

IGT Solar- recirc 0.85 8.2 8.0 0.45 field test
MECI 11

IGT Solar- recirc 110 0.90 9.5 21.1 0.46 8.0 lab tests
MEC III1  vent 110 0.90 7.5 16.7 0.51 6.5 lab tests

AiResearch recirc 93 0.90 4.6 10.9 0.60 5.8 lab tests
SODAC 2  vent 93 0.90 3.4 7.9 0.48 4.3 lab tests

IIT3  cross-cooled 65 0.90 3.3 13.0 0.62 lab tests

IGT HCOP 1  vent 0.95 8.4 18.7 0.95 6.2 projection

EXXON 4  vent 77 0.93 2.3 12.9 1.05 5.4 lab tests
vent 77 0.93 15.1 1.3 8.7 projection

ASK 5  vent 0.92 =6. =1.0 =5. field tests

1Macriss and Zawacki (1982)
2Rousseau (1982)
3Worek and Lavan (1982)
4Huskey, et al. (1982)
5Venhuizen (1984); Coellner (1986); Lof, et al. (1987)

0iA
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systems are described briefly in Chapter 4. Various studies have suggested that

thermal COP's greater than 1.0-1.2 are needed for desiccant systems to compete

successfully with conventional systems (Booz-Allen and Hamilton, 1980,1981;

Scholten and Morehouse, 1983, Jurinak, et al., 1984).

ASK Corp. (formerly American Solar King) has begun to market a

ventilation cycle residential desiccant air conditioning system. Originally called

the Sunaire T , the regeneration energy was to be supplied by an array of flat plate

solar collectors (Venhuizen, 1984). With the disappearance of tax credits for solar

energy systems, the unit is now regenerated by heat from a natural gas-fired

boiler and is called the Energymaster® (Coellner, 1986a). The dehumidifier wheel

consists of corrugated laminar flow matrix impregnated with lithium chloride.

Over 200 units are currently in operation, mostly in the southwestern states

where the dry climate allows the evaporative cooling elements to enhance the

system performance and where the cost of electricity is relatively high compared

with natural gas (Coellner, 1986ab).

Beba, et al. (1986) and Lof, et al., (1987) have recently tested the

Energymaster® under actual operating conditions at Colorado State University.

They report average thermal COP's of 0.8-1.0 and electric COP's of 5-6. These

seem to be somewhat below expectations, especially given the mild, dry

conditions in Fort Collins. However, the typical cooling load imposed was only

about two-thirds of the machine's full capacity. The Gas Research Institute (GRI)

is currently funding the development and testing of a similar system by Tecogen,

Inc. (Cohen, 1986).
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A.3 Ventilation cycle performance map

Fig. A.2 shows the cooling capacity and thermal COP for a ventilation

cycle as a function of the dehumidifier outlet state (state 2) for the set of

parameters and conditions given in Table A.2. Outlet states predicted for a silica

gel dehumidifier at various levels of performance are shown as well as the impact

of the measurement uncertainties presented in Chapter 3 and Appendix D.

The figure indicates that the cooling capacity is very sensitive to the outlet

humidity ratio. The COPt improves as the temperature increases and the

humidity ratio decreases. The levels of measurement uncertainty indicate that

the consequent uncertainty in COPt is about ±5% near COPt = 1 for errors in

temperature and ±5% for errors in humidity ratio. The uncertainty in cooling

capacity is about ±3% for errors in humidity ratio.

For desiccant systems to be competitive, very high performance

components are required. "Better" desiccant properties and optimization of

operation can improve performance further. However, the answer may lie in new

configurations of components.

Table A.2 Parameters for system modeled in Fig. A.2.

System (map is independent of dehumidifier)

t5 = 26.7 C w 5 = 11.1 g/kg
t8 = 80 C w8 = 14 g/kg
e EC = .95 e HX = .95

rnDA, 2/nMD,31 = 1.0

Dehumidifier (for individual points only)
t1 =30 C w 1 =14 g/kg

Leo =1.0
IDES = A (see App. B)
CDM =- 1500 Jfkgvv-C
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Appendix B

Property Relations

The property relations used in this work for water, air, and silica gel are

presented in this appendix. All equations are written for conventional SI units.

The following equation is used to relate the Kelvin and Celsius temperature

scales,

T[K] = 273.15 + t[C] (B.1)

where the upper and lower case symbols are used in this appendix to distinguish

between the two temperature scales.

B.1 Water and water vapor

The specific enthalpy of water vapor and the heat of vaporization of water

as functions of temperature are represented as linear least squares fits to data

presented in ASHRAE (1977) for the range 0 < t < 100 C,

hwv= 2502 500 + 1 756.6 t [J/kgW] (B.2)

hv = 2502 400 - 2 430.2 t [J/kgw] (B.3)

The following functions for the specific heats of vapor and liquid and the enthalpy

of liquid water are derived from Eqs. (B.2) and (B.3),

Cwv = 1 756.6 [J/kgw-C] (B.4)

CWL = 4186.6 [ J/kgw-C] (B.5)
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hwL = 100 + 4 186.6 t [J/kgW] (B.6)

The vapor pressure of water over ice is required to convert dewpoint

temperatures below 0 C to humidity ratios. A least squares fit to data in

ASHRAE (1977) for the range -15 < t < 0 C gives

Psat = exp (28. 917 - 6 146*61/T) [Pa] (B.7)

Maclaine-cross (1974) has fit the vapor pressure of water over liquid for the range

0 < t < 90 C as

Psat = exp(23.281 99 - 3 780.82/T - 225 805/T 2 ) (B.8)

The current version of MOSHMX used by the author incorporates the polynomial

expression presented in ASHRAE (1985) which has a larger range of

applicability.

B.2 Moist air

Moist air is treated as an ideal gas misture. The universal gas constant 91

is taken to be 8314.4 J/kgmole-K (CRC, 1975). In density calculations, the gas

constant R is taken to be 289.6 J/kg-K where the molecular weight of moist air is

determined at an average humidity ratio of 15 g/kg. The density of moist air is

then

P = PTOT/RT (B.9)
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The specific heat of dry air is taken to be

CDA = 1 007.6 [J/kgDA-C] (B.10)

based on data in Hilsenrath (1960) for the range 0 < t < 100 C and

.8< PTOT <1.0 atm. The enthalpy of moist air becomes

h = CDAt + whwv [J/kgDA]  (B.11)

This expression agrees to with .08% of data for saturated air in ASHRAE (1977).

The humidity ratio is determined from the saturation pressure as (ASHRAE,

1977)

w = .62198[0/ (1-)] [kgw/kgDA] (B.12)

where 0 is the relative humidity,

= Psat/PTOT (B.13)

Mason and Monchik (1965) present data for the viscosity of air. For the

low humidity ratios considered in this work, the moist content has a negligible

impact on the viscosity. A least squares fit for dry air for the range

0 < t < 100 C is given by

= (17.22 + .0457t).10 - 6  [kg/m-s] (B.14)

The Prandtl number varies only about 1% over the range of temperatures

encountered in this work. As bulk averages are used in the analysis in

Chapter 5, this variation is ignored and the value is taken to be (Holman, 1976)
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Pr = .705 (B.15)

Similarly, the Schmidt number is taken to be constant (Holman, 1976)

Sc = .60 (B.16)

The corresponding Lewis number for air is then

Le = Sc/Pr = .851 (B.17)

B.3 Silica gel properties

B.3.1 "IDES = A" equilibrium properties

Van den Bulck (1987) has recently surveyed the data available on the

equilibrium properties of regular density silica gels. He has correlated these data

using the Dubinin-Polanyi adsorption potential theory (Ruthven, 1984) in the

form

W = Wo, 1e -(AlE 0 ,)2-+ Wo AE2e (/ 2 ) 2 (B.18)

where A is the adsorption potential,

A = -9t T 1n4 (B.19)

and is the difference in free energy between the adsorbed phase and saturated

liquid at the same temperature. Van den Bulck discerned two distinct groups of

data, each fit by a different set of coefficients in Eq. (B.1 8). The following set of

coefficients is used here based on his analysis of results from experiments on a
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single-blow matrix using the same silica gel as used in the original and rewound

wheels described in Chapter 3,

Wo,1= 0. 117 kgw/kgDD
Eo = 7.74-106 J/kgmole (B.20)

Wo, 2 = 0.237 kgw/kgDD
E,0, 2 = 2.50.106 J/kgmole

This isotherm is shown in Fig. B.1 along with manufacturer's data for the silica

gels used in the wheels tested (see Table 4.1) and experimental data from Chuah,

et al., (1986) which again uses the same gel as in the original and rewound

wheels. Chuah's data was not used by Van den Bulck in his determination of the

coefficients in Eq. (B.20).

Eq. (B.18) completely specifies the equilibrium properties of the desiccant.

The differential heat of sorption is determined from the Clausius-Clapyron

relation as

hs JlnPve') Tln
-hv aInPsat W +d/nPsat /d (1 / T) (.1

where Pve is the vapor pressure of water in equilibrium with the moist silica gel

and Tln4 is a function of the desiccant loading through Eqs. (B.19) and (B.18).

B.3.2 "IDES = B" equilibrium properties

Much of the previous work involving the model MOSHMX has used the

silica gel isotherm relation obtained by Brandemuehl (1982) which is based on

the data of Hubbard (1954). Integration of the Clausius-Clapyron equation,

Eq. (B.21), yields
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nPve= (hs/ hv)lfnPsat + C (B.22)

A regression analysis of the data, assuming the ratio h. / h v is independent of

temperature resulted in the following relations,

-10.28 W
h 3 /h v = 1 + .2843e (B.23)

Pve = 3387.7 (2.*112 WPsat/3387.7)sv (B.24)

where 3387.7 = 101325[Pa]/29.91 [in. Hg]. This isotherm relation is also shown in

Fig. B.1.

B.3.3 Matrix enthalpy

The enthalpy of the moist silica gel is given by

H = (CDM + CWLW) t + AHw  (B.25)

where AH w is the integral heat of wetting,

AHw = _h(B.26)0 hv)

The effective specific heat of the matrix is given by the temperature derivative of

the enthaply function at constant water content. Note that the temperature

derivative of the integral heat of wetting is zero for Van den Bulck's isotherm

while it is not zero for Brandemuehl's. For Brandemuehl's isotherm, the

temperature dependence of the integral heat of wetting accounts for about 3% of

the effective specific heat of the matrix.
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B.4 Miscellaneous properties

The specific heat of dry silica gel is taken to be 921 J/kgDD-C (Bullock and

Threlkeld, 1966). The specific heat of the tape and adhesive is assumed to be that

of Mylar (Smith and Dole, 1956) and is taken to be 1250 J/kgtape-C evaluated at

an average temperature of 45 C. The temperature dependence has been

neglected. The specific heat of the tape used in the SERI single-blow tests

(polyester film with rubber thermosetting adhesive) was measured to be approx-

imately 1765 J/kgtape-C at 45 C. This may partially explain the difference

between the calculated and experimentally determined specific heat of the

matrix.
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Appendix C

The Analogy Method

This appendix presents a brief outline of the analogy method for

describing the performance of rotary adiabatic dehumidifiers. The analogy

method is based on a transformation of the governing equations into two sets of

equations which are approximately uncoupled and have the same form as those

for heat transfer alone. In essence, the dehumidifier is considered as the

superposition of two rotary exchangers using the known rotary heat exchanger

solution.

C.1 Transformation of the equations

By defining new dependent variables called the combined potentials F1

and F2 , the partial differential equations describing the dehumidifier, Eqs. (2.1),

can be transformed into the following set of equations (Maclaine-cross and Banks,

1972; Jurinak, 1982),

aFim +Fif
+ _ji = 0

i=1,2 (C.1)

=f Ntui, j (Fim- Fif)ax

where the subscripts m and f indicate the potential evaluated at the matrix and

fluid state, respectively. The transformation requires the assumptions that



aFim _Fif

ah ah
aFim aFif
aw aw

and

Le o = 1

Eqs. (C.2) are true when the matrix and fluid are in equilibrium; they are

approximately true for high transfer coefficients. Eq. (C.3) is approximately true

for the dehumidifiers considered in this work and is expected to hold for other

high performance dehumidifiers. In this case, Ntui, j = NtUW, j.

The characteristic potentials can not be uniquely determined. However,

paths of constant Fi can be obtained by numerically integrating the following

property relations (Banks, 1972; Jurinak, 1982),

1 aw)= ) = { B + (-l)i[B 2 
- 4AC] I 1/ 2 }/2A

aWah DH
A = -- -

awaw aw

DH Jh W h aW
at at aw aw at

ah W
at at

(C.4)

where partial derivatives with respect to temperature hold humidity ratio

constant and vice versa. The Fi potentials for a matrix composed of silica gel

alone are shown on a psychrometric chart in Fig. C.1. F1 lines resemble

adiabatic saturation lines and F2 lines are similar to relative humidity curves.

The presence of additional heat capacity material, such as the tape and adhesive
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(C.2)

(C.3)
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used in the wheels tested here, results in F1 lines that are flatter and F2 lines

that are steeper than those shown in Fig. C.1.

The combined capacitance ratios, yi, are functions of the moist air and

desiccant properties and are related to Eq. (C.4) by (Jurinak, 1982)

aw awYj = ---- a3 _. (0.5)

These capacitance ratios are analogous to the ratio of matrix to air specific heats

in sensible heat exchangers.

C.2 Analogy solution

Eqs. (C.1) are generally coupled because the yi are functions of both

combined potentials, however, there is only a weak dependence on F3 _i . The

utility of the analogy method comes from ignoring this dependence and treating

Eqs. (C.1) as independent for i= 1, 2. With the assumption that the two sets of

equations are independent, the dehumidifier outlet state is determined by the

superposition of the two F i exchangers.

The group yiFj is analogous to the parameter Cr/Cmin for sensible heat

exchangers. With this correspondence, Eqs. (C.1) have the same form as those

for a rotary sensible heat exchanger. The effectivenesses of the F i exchangers for

period j are defined as

= Fij'- =Fij O f(Ntui, j, yijFj) (C.6)
ind Firm te k n r s(- i

and~~~~ ~~~ ar baie ro h nonrtaysilehaexanrsouis(Ky
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Fig. C.1 Combined potentials for a dehumidifier matrix composed of silica gel alone.
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and London, 1984). Maclaine-cross and Banks (1972) discuss methods for

determining the proper average capacitance ratios, y j . The Fj effectivenesses

are shown in Fig. C.2 for the process period (j=1). The point where the F1 line

through the process inlet state crosses the F2 line through the regeneration inlet

state is called the intersection point and is the optimum outlet state from the

dehumidifier. It is therefore desirable to have a small F1 effectiveness and a

large F2 effectiveness.

Eqs. (C.6) are not directly usable because the combined potentials can not

be uniquely determined. Jurinak (1982) has developed curvefits for the

potentials shown in Fig. C.1 based on an arbitrary datum and scale. Much effort

was required and the properties of other desiccants may not be conducive to this

process. A simpler approach is to assume that the combined potentials are linear

functions of temperature and humidity ratio. The outlet state of the dehumidifier

is then given by (Maclaine-cross and Banks, 1972; Jurinak, 1982)

Sj, = S +,i 1 + j (S3-j, i-SIP, j) + 112j (SIP, j- sj, i) (C.7)

where s represents either temperature t or humidity ratio w and I P indicates

the value at the intersection point. A comparison with the MOSHMX finite

difference solution indicates that this approximation is satisfactory for outlet

states near the intersection point, that is, "good" dehumidifiers (Jurinak and

Banks, 1982).

C.3 Wave analysis

Further insight into the processes occurring in the dehumidifier can be
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Fig. C.2 Dehumidifier process stream outlet state in terms of F i
effectivenesses.
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obtained by considering the case of equilibrium between the desiccant and the air

stream, that is, infinite transfer coefficients. Eqs. (C.1) can then be written as

F i __ + 1 aFi  0(C.8)+= 0 C8
a(0/0j) 7i~rj ax

Eqs. (C.8) represent a pair of hyberbolic partial differential equations. The

solutions to these equations describe the propogation of waves or fronts of

constant Fi through the matrix with time. The speed at which these waves

travel is given by

dx j = 1 (C.9)

The values of y1 are much smaller than those for 72 and so fronts of constant F1

propogate much faster than those for F2 . The F1 wave front corresponds to the

fast moving thermal transfer zone and the F2 wave front corresponds to the

slower moving mass transfer zone.

Fig. C.3 is a schematic representation of a dehumidifier showing the Fi

wave fronts for a dehumidifier operating near optimum rotation speed. The

vertical axis represents the distance along the dehumidifier flow channels. The

horizontal axis can be considered as the circumferential coordinate (4) as if a

cylindrical section of the wheel had been cut and laid flat or as the history of an

angular slice of the wheel in time (0) as it rotates from one air stream to the

other. The right boundary is identical to the left boundary. Fig. C.4 shows the

temperature and humidity ratio profiles corresponding to the superposition of the

Fi wave fronts in Fig. 0.3.
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dimensionless time, e/j

0

1

0

dimensionless angle, O/

Fig. C.3 Time-distance mapping showing the normalized F1 (upper) and
F2 (lower) wave fronts within a dehumidifier operating near
optimum rotation speed.
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dimensionless time, 8/3

0o

dimensionless angle, O/3
Fig. C.4 Time-distance mapping showing temperature (upper) and

humidity ratio (lower) profiles within a dehumidifier
corresponding to Fig. C.3.
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Appendix D

Uncertainty Analysis

This appendix presents a summary of the estimated uncertainties in the

primary measurements and the consequent uncertainties in quantities derived

from these measurements.

D.1 Primary measurements

Many of the errors associated with the primary measurements are of the

systematic type. If errors from multiple sources are present, the individual errors

are assumed to be independent and are combined as the sum-of-squared-errors

based on a Taylor series expansion (Bevington, 1969)

8F=(x,y,) x)+ Sy + ... (D.1)

D.1.1 Temperature

Uncertainties in the primary temperature measurements result from

uncertainties in the calibration of the thermocouple wire, calibration of the

electronic reference junction in the data acquisition unit, and environmental

effects. Samples of the special limits of error thermocouple wire used were

calibrated by the SERI Instrument Services branch. The wire was found to give

readings from 0-.31 C higher than the standard National Bureau of Standards

tables (this is within the factory specification of ±.5 C). The average uncertainty

due to wire calibration is assumed to be ±.25 C. This is a sytematic type error.

The manufacturer's specification for the uncertainty in the electronic
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reference junction in the data acquisition unit is ±.20 C. This is again a

systematic type error. This uncertainty applies only to "absolute" temperature

measurements; it does not affect differences between temperatures.

Conduction errors are estimated to be negligible. Radiation errors are

expected to be less than .1 C. Heat losses from the ducts between the face of the

wheel and the measurement location are estimated to be less than .15 C. These

again are systematic type errors.

It is likely that the condition of the wheels, the presence of spokes, etc.

create a variety of random errors. These should be removed by the averaging

process done by the data acquisition program for the steady-state results. The

above systematic errors are assumed to combine in a random fashion according to

Eq. (D.1). The resulting uncertainties in primary temperatures reported by the

data acquisition system are ±.37 C.

D.1.2 Pressure

The electronic differential pressure sensors were calibrated against a

Hook gage manometer with a resolution of .05 Pa. These tests indicated a

differential pressure sensor uncertainty of +1%. The uncertainties in the

absolute pressure measurements are assumed to also be ±1%.

D.1.3 Flow rates

Air flow rate measurements are affected by uncertainties in temperature,

pressure (differential and absolute), and in the discharge coefficient of the nozzle.

The uncertainty in mass flow rate is then given by
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.C 1 PoT 2_Pno z 8T
2= (_)2 + - [( ) + ( )2 + (-)2] (D.2)

A C 4 PTOT Pnoz T

where C is the discharge coefficient. Bean (1971) gives the uncertainty in

discharge coefficient as ±2%. The resulting uncertainty in the measured air mass

flow rate is ±2.1%. Since the uncertainty in the discharge coefficient is so

dominant, the uncertainty in flow rate is essentially systematic in nature and of

similar magnitude for all experiments. The uncertainty in the ratio of flow rates

is therefore expected to be small.

D.1.4 Humidity ratio

Uncertainties in humidity ratio arise from uncertainties in the calibration

of the dewpoint hygrometers and total pressure measurements. Uncertainties in

the correlations used for saturation pressure are small and have been neglected.

The uncertainty in humidity ratio is then given by

2W=)1 1 6Psat 282 + 8PTOT) 2 (D.3)

W 1 - Psat/PTOT &Psat 8T PTOT

The accuracy of the dewpoint sensor calibration is specified by the manufacturer

to be ±.2 C. Observation of the four sensors while monitoring the same air

sample showed that, on average, the sensors were within +.1-.2 C of the average.

This consistency suggests adequate agreement with the manufacturer's

specifications. Combining these two uncertainties, the uncertainty in dewpoint

measurement is taken to be ±.25 C. The uncertainty in the measured humidity

ratio is then approximately ±2.3% over the range the range encountered in the

experiments.
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D.1.5 Wheel rotation speed

The uncertainty in wheel rotation speed results from uncertainties in the

calibration procedure and drift in the output signal from the controller with time.

The combined uncertainties are estimated to be ±1%.

D.2 Corrected measurements

D.2.1 Corrections for seal leakage rates

The above primary measurements must be corrected for seal leakage rates

in order to characterize the performance of the dehumidifiers. The quantities

affected are the flow rates through the dehumidifier core and the outlet

temperatures and humidity ratios; the inlet states are not affected.

By applying Eq. (D.1) to the mass balance used to calculate the mass flow

rate of air through the dehumidifier core from the measured flow rate and the

leakage rates, the following relation is obtained,

8h Im 8mV81 810 81C 81
= (.) C2()r2 + (-) 2[ 2+ (-)2 + ( 2 }1/2 (D.4)

An A 0m1 nimim

The uncertainty in the core mass flow rate is estimated to be ±2.6%. The

uncertainty in the leakage rates is taken to be ±20% (typical leakage rates are

shown in Table 3.1). Similarly, the uncertainty of the corrected outlet humidity

ratio is estimated to be ±2.7% and the uncertainty in the corrected outlet

temperature is ±.50 C. These results are summarized in Table 3.2.
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D.2.2 Mass and energy balance closure

The imposition of water and energy balance closure on the dehumidifier

outlet states described in section 3.5.2 results in corrections to the humidity

ratios and temperatures that are generally the same magnitude as the estimated

uncertainties. This indicates that the estimated measurement uncertainties and

the correction procedures are reasonable.

D.3 Uncertainties in the wheel parameters

The estimated uncertainties in the parameters that describe the geometry

of the dehumidifier wheels and are used in the calculation of other parameters

are listed in Table 4.1. In addition to those listed, the uncertainty in the average

center-to-center spacing of the passages is ±.7% for the original and rewound

wheels and ±.3% for the microbead wheel. The uncertainty in the net face area of

the wheel is taken to be ±1.5%. These uncertainties were obtained by applying

Eq. (D.1) to physical measurements made on the wheels. The hydraulic diameter

depends on the center-to-center spacing and the effective thickness of the

desiccant coated sheet. The uncertainty in the effective sheet thickness was

obtained from Van den Bulck (1987).

D.4 Nondimensional groups

D.4.1 Reynolds number

Using the most basic set of parameters, the Reynolds number Re depends

on the air mass flow rate, the center-to-center spacing, and the net face area of

the wheel. The consequent uncertainty in Re becomes ±+3.1% by applying
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Eq. (D.1). The uncertainty of the entrance length parameter ReDh / 4 L is then

±3.7% for the original and rewound wheels and ±3.3% for the microbead wheel.

D.4.2 Apparent friction factor - Reynolds number

The nondimensional pressure drop (fappRe) is determined from the

experimental data through Eq. (5.1) and is a function of the pressure drop, mass

flow rate, cube of the hydraulic diameter, the center-to-center passage spacing,

and the net face area of the wheel. The consequent uncertainty in (fappRe) is

±6.8% for the original and rewound wheels and ±4.4% for the microbead wheel,

much of this due to the uncertainty in hydraulic diameter. These uncertainties

are shown in Fig. 5.1.

D.4.3 Effective Nusselt and Sherwood numbers and overall Lewis number

The experimental effectivenesses upon which the effective Nusselt and

Sherwood numbers are calculated from Eqs. (5.18). The uncertainty in these

effectivenesses is determined by applying Eq. (D.1). Because of the highly

nonlinear nature of the dependence of the number-of-transfer-units (Nt u's) on the

effectiveness, the range of Nt u is obtained by substituting the upper and lower

bounds of the effectiveness into

Ntu = E/(1-e) (D.5)

The range of uncertainty in NUe and She are then obtained by applying Eq. (D.1)

to Eqs. (5.21) and (5.22), using the upper and lower bounds on the Nt u's to

determine the upper and lower bounds on Nue and She. The results of these

calculations are shown for several data points in Figs. 5.11 and 5.12.
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The upper bound of uncertainty in the overall Lewis number Le o is

obtained by taking the ratio of the upper bound on the heat transfer Nt u and the

lower bound on the mass transfer Nt u; and vice versa for the lower bound. The

results are shown for several points in Fig. 5.13.

D.5 Uncertainties in MOSHMX predictions

The predictions of any model are subject to the uncertainties of the

parameters input to the model. The MOSHMX model depends on the inlet states,

the equilibrium relation and the matrix properties, the heat and mass tranfer

Ntuj's, and the mass capacity rate ratio Fj (Eq. 2.4). The effect of uncertainties

in the inlet states can be estimated using the analogy method discussed in

Appendix C. The uncertainty in the predicted outlet states are generally the

same order of magnitude as the the uncertainty in the inlet states.

The predictions of MOSHMX are somewhat sensitive to the values of the

transfer coefficients for the original and rewound wheels tested here. Predictions

for the microbead wheel are less sensitive to Nt u's because of the higher

effectivenesses achieved. This should be the case for other high performance

dehumidifiers also.

The uncertainty inIF9 is approximately ±2.7% based on the uncertainties

in mass flow rate and rotation speed. This assumes that the experimentally

determined gel mass is consistent with the equilibrium properties used. This

uncertainty has only a small effect on the predicted outlet states. The

uncertainties in the effective matrix specific heat and fraction of the flow affected

by the spacers and spokes overshadows the other uncertainties discussed above.



182

Appendix E

Tabulation of Experimental Data

This appendix contains a tabulation of the experimental data from the

three dehumidifier wheels tested at the Solar Energy Research Institute. The

tabulation of data for the original wheel in Table E.1 is taken from this author's

data records and have not been published elsewhere. The experimental data for

the rewound and microbead wheels were obtained from Bharathan, et al.,

(1986a,b) and Tables E.2 and E.3 have been produced from these reports. The

data listed in these tables is described below by heading.

run no. Each experiment is identified by its run number which indicates
the date the experiment was performed and the experiment
number for that day.

period The period indicates the flow stream for which the data in the next
five columns is given; process: j = 1, regen'n: j = 2.

/hDA, j The mass flow rate of dry air through the wheel for period j. The
values listed include the corrections for seal leakage rates.

tj, The inlet temperature as measured.

Wj, I The inlet humidity ratio as measured.

t j, o The outlet temperature corrected for the effects of seal leakage
rates and mass and energy unbalances (using Eqs. (3.3)).

Wjl0 The outlet humidity ratio corrected for the effects of seal leakagerates and mass unbalances (using Eqs. (3.3)).

N, PTOT The upper value (N) is the wheel rotation speed as measured. The
lower value (PTOT) is the average total pressure in the
dehumidifier.

Ewr, Ehr The relative water (upper) and energy (lower) imbalances for the
dehumidifier calculated from Eqs. (3.4) using the outlet states
corrected only for seal leakage rates.
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Table E.1 Experimental data from orginal wheel corrected for leakage rates and unbalances.

run no. period mnDAj p twj j,o w3,o  (rev/hr) Ewr (%)
(kgDA/s) (C) (g/kg) (C) (g/kg) PTT (Pa) Ehr (%)

04-11-85 OA process .208 31.00 14.07 31.29 14.01 .000 200.0
regen'n .213 80.00 12.72 79.71 12.77 82107 200.0

04-11-85 1A process .208 30.99 14.07 35.10 12.92 .335 57.2
regen'n .212 79.97 12.54 75.85 13.67 82100 147.5

04-11-85 2A process .208 31.00 14.05 37.69 12.05 .567 31.1
regen'n .212 79.97 12.49 73.27 14.45 82060 69.7

04-19-85 1A process .208 30.98 14.05 43.37 10.46 1.179 5.1
regen'n .213 79.97 12.40 67.65 15.92 80841 18.9

04-19-85 2A process .208 31.00 13.99 47.24 9.36 1.782 4.9
regen'n .213 79.97 12.55 63.91 17.08 80950 26.7

04-19-85 3A process .208 30.99 13.96 50.10 8.67 2.399 3.5
regen'n .213 79.97 12.60 61.16 17.77 80978 23.1

04-23-85 1A process .210 30.99 15.95 31.77 15.99 .000 200.0
regen'n .213 79.96 4.43 79.18 4.39 81845 124.0

04-23-85 2A process .208 30.99 15.75 69.88 6.97 134.992 -.4
regen'n .214 79.97 4.19 41.81 12.74 81877 10.6

04-23-85 3A process .209 34.99 15.65 35.53 7.25 134.993 5.2
regen'n .213 34.97 4.02 34.44 12.26 81864 1.6

04-23-85 4A process .207 31.00 14.17 69.43 12.97 134.994 28.3
regen'n .214 79.99 14.00 42.83 15.16 81842 8.8

04-25-85 2A process .156 30.99 15.54 71.57 7.78 134.990 -2.2
regen'n .161 79.97 5.93 40.33 13.46 80972 9.3

04-25-85 3A process .157 35.00 15.65 35.16 8.11 134.992 9.5
regen'n .161 34.68 5.81 34.53 13.21 80972 1.0

04-25-85 4A process .156 30.99 14.00 71.23 13.18 134.992 5.2
regen'n .161 79.94 14.02 40.99 14.82 80970 8.6

04-26-85 1A process .208 31.01 13.92 57.05 7.12 4.997 -2.5
regen'n .213 79.98 12.64 54.57 19.27 81900 11.8

04-26-85 2A process .208 30.99 13.99 60.66 6.79 9.998 -1.9
regen'n .213 79.98 12.31 51.16 19.31 82000 7.1

05-04-85 1A process .208 31.00 14.01 54.26 7.71 3.498 .5
regen'n .213 79.98 12.46 57.22 18.60 81576 16.5

05-04-85 2A process .207 31.00 14.06 59.39 6.87 7.497 -.3
regen'n .213 79.97 12.57 52.36 19.57 81659 10.0

05-06-85 lA process .207 31.00 14.03 61.36 6.89 12.498 -1.7
regen'n .213 79.97 12.54 50.51 19.49 82116 7.6

05-06-85 2A process .207 30.99 13.95 61.84 7.06 14.998 -. 4
regen'n .213 79.96 12.65 50.03 19.35 82093 6.7

05-06-85 lB process .208 31.00 14.02 62.93 7.44 19.998 -1.0
regen'n .214 79.98 12.47 49.02 18.87 81960 7.3
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Table E.1 Experimental data from original wheel. (cont.)

run no. period mVAJ t j 3,o w3,o  XT (rev/hr) Ewr (%)
(kgvA/S) (C) (g/kg) (C) (g/kg) PT (Pa) Ehr (%)

05-06-85 2B process .208 30.99 13.99 64.43 8.24 29.997 1.2
regen'n .214 79.97 12.42 47.56 18.00 82080 6.5

05-07-85 1A process .207 30.99 13.92 66.83 9.84 52.520 2.5
regen'n .214 79.97 12.48 45.26 16.44 82451 6.9

05-07-85 lB process .207 31.00 14.06 58.12 7.46 9.998 -.3
regen'n .167 79.98 12.60 46.44 20.79 82298 6.7

05-07-85 2B process .207 31.00 13.95 52.48 8.07 2.997 -.8
regen'n .167 79.97 12.30 53.21 19.61 82245 11.7

05-08-85 1A process .207 31.00 13.95 56.46 7.30 5.998 -1.0
regen'n .167 79.97 12.60 48.45 20.85 82177 12.7

05-08-85 2A process .207 31.00 13.86 43.16 10.25 .998 3.2
regen'n .166 79.97 12.32 64.62 16.81 82246 12.9

05-08-85 3A process .207 31.00 14.07 59.23 7.76 14.997 -1.0
regen'n .167 79.97 12.60 45.11 20.42 82223 5.4

05-08-85 4A process .207 31.12 14.02 60.07 8.16 19.998 -.2
regen'n .167 79.96 12.59 44.23 19.85 82156 5.4

05-08-85 lB process .208 31.81 14.12 60.87 7.53 11.997 -1.3
regen'n .213 79.97 15.09 51.86 21.50 82113 8.2

05-08-85 2B process .208 31.15 14.04 54.44 8.57 11.998 .0
regen'n .213 69.97 15.28 47.40 20.60 82120 6.7

05-09-85 1A process .208 31.00 14.02 49.38 9.20 11.998 2.3
regen'n .214 59.98 12.48 42.09 17.17 82061 12.1

05-09-85 2A process .207 31.00 14.07 67.19 6.04 11.998 -2.3
regen'n .213 89.97 12.53 54.88 20.33 82039 6.8

05-09-85 3A process .208 31.00 14.11 55.45 8.05 11.997 .6
regen'n .213 69.97 12.58 46.21 18.48 81917 7.2

05-09-85 4A process .208 31.00 13.96 56.51 7.39 11.998 -.9
regen'n .214 69.98 9.94 45.12 16.32 81846 7.8

05-09-85 lB process .207 31.00 14.03 68.14 5.65 11.997 -2.2
regen'n .213 89.97 10.05 53.86 18.19 81777 6.4

05-09-85 2B process .207 31.00 13.94 66.44 6.27 11.998 -2.6
regen'n .213 89.96 14.76 55.73 22.20 81791 4.6

05-10-85 1A process .208 31.00 14.07 62.29 6.51 11.998 -1.2
regen'n .213 79.96 10.16 49.49 17.50 81108 8.0

05-10-85 lB process .208 37.00 8.05 59.08 4.50 11.998 -2.5
regen'n .213 79.97 12.58 58.63 16.04 80710 6.8

05-10-85 2B process .207 30.99 8.03 56.20 3.86 11.998 -2.3
regen'n .213 79.99 12.54 55.64 16.59 80579 3.7

05-10-85 3B process .208 30.99 17.87 63.71 9.78 11.998 11.3
regen'n .213 79.99 12.68 48.08 20.55 80489 26.4
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Table E.1 Experimental data from originalwheel. (end)

run no. period rDAj j Wi wj, o  N (rev/hr) Ewr (%)
(kgDA/S) (C) (g/kg) (C) (g/kg) PTOT (Pa) Ehr (%)

05-13-85 1A process .208 25.67 17.40 61.13 8.00 11.997 -1.1
regen'n .214 79.97 12.47 45.46 21.60 81749 10.1

05-13-85 2A process .207 25.64 14.04 58.93 6.10 11.998 -1.1
regen'n .213 79.96 12.47 47.67 20.19 81831 6.2

05-13-85 3A process .207 37.00 14.02 63.84 7.76 11.998 1.0
regen'n .213 79.97 12.55 53.90 18.63 81856 11.8

05-13-85 4A process .207 30.99 17.52 63.53 9.01 11.998 1.3
regen'n .213 79.98 12.39 48.28 20.67 81823 12.1

05-13-85 lB process .207 30.99 14.02 58.61 7.48 11.998 1.7
regen'n .167 79.96 12.57 45.81 20.67 81713 8.7

05-13-85 2B process .207 31.00 14.01 47.57 9.69 11.998 8.0
regen'n .167 59.97 12.59 39.41 17.96 81606 14.7

05-13-85 3B process .207 30.99 14.00 64.10 6.55 11.998 -.9
regen'n .167 89.96 12.50 49.11 21.72 81710 9.0

05-14-85 1A process .207 31.00 14.14 54.14 8.10 11.998 .5
regen'n .167 69.97 9.99 41.24 17.47 81584 10.5

05-14-85 2A process .207 31.00 14.19 63.55 7.05 11.998 -2.2
regen'n .167 89.96 15.11 49.94 23.96 81561 5.8

05-14-85 lB process .207 31.00 14.04 48.60 9.02 1.997 3.6
regen'n .130 79.96 12.33 51.76 20.34 81650 19.9

05-14-85 2B process .206 30.99 13.97 52.56 8.07 3.997 1.8
regen'n .130 79.96 12.52 45.62 21.94 81737 10.5

05-14-85 3B process .206 31.00 13.94 53.71 7.99 5.998 1.1
regen'n .130 79.95 12.67 43.89 22.15 81819 7.4

05-15-85 1A process .207 31.00 14.04 54.76 8.26 9.998 2.3
regen'n .130 79.95 12.53 42.24 21.72 82243 8.6

05-15-85 2A process .209 30.40 13.97 30.99 13.84 .000 200.0
regen'n .213 70.38 14.20 69.80 14.33 82331 200.0

05-15-85 3A process .209 30.40 14.10 31.04 13.96 .000 200.0
regen'n .213 70.37 14.16 69.74 14.29 82389 200.0
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Table E.2 Experimental data from rewound wheel corrected for leakage rates and unbalances.

run no. period mDAj I t wp j ,o w, 0  N (rev/hr) Ewr (%)
(kgDA/s) (C) (g/kg) (C) (g/kg) PTOT (Pa) Ehr (%)

10-30-85 2A process .220 29.99 15.35 62.82 7.43 15.301 -1.0
regen'n .222 79.98 15.14 47.64 22.99 82383 3.3

10-30-85 3A process .220 30.00 15.84 64.72 8.57 25.623 -4.8
regen'n .222 79.98 15.47 45.78 22.68 82291 2.1

10-30-85 4A process .220 29.99 16.77 65.33 9.71 29.958 -2.9
regen'n .222 79.97 16.50 45.17 23.50 82211 1.4

10-30-85 5A process .220 30.00 18.36 65.00 9.71 19.279 -3.8
regen'n .222 79.96 16.61 45.45 25.19 82101 1.0

11-06-85 1E process .219 29.99 16.40 59.33 8.15 6.350 -6.0
regen'n .221 79.97 16.72 51.03 24.89 82212 -1.2

11-06-85 2E process .219 29.99 16.18 61.23 7.90 9.116 -3.1
regen'n .222 79.95 16.40 49.31 24.56 82235 4.6

11-06-85 3E process .219 29.99 16.15 62.26 7.94 12.234 -3.9
regen'n .222 79.94 16.40 48.31 24.50 82280 3.5

11-06-85 4E process .219 29.99 15.77 63.26 8.01 16.923 -3.7
regen'n .222 79.96 16.00 47.36 23.66 82291 5.3

11-06-85 5E process .219 29.99 15.61 63.93 8.44 22.817 -.7
regen'n .222 79.96 15.85 46.70 22.93 82304 5.2

11-07-85 2A process .219 30.00 17.49 66.20 10.48 35.086 -3.9
regen'n .222 79.98 16.42 44.46 23.33 82036 2.8

11-07-85 4A process .219 30.00 17.45 68.04 12.34 55.146 4.2
regen'n .222 79.97 16.45 42.59 21.49 81975 5.9

11-07-85 5A process .219 30.00 17.44 68.87 13.10 65.590 4.9
regen'n .222 79.98 16.43 41.76 20.71 81953 5.4

11-13-85 4B process .220 30.00 14.50 64.02 7.95 26.665 -.3
regen'n .222 79.96 14.93 46.47 21.42 82047 1.8

11-14-85 lA process .219 30.00 14.68 67.01 9.76 47.730 1.3
regen'n .222 79.99 14.46 43.66 19.31 82581 5.1

11-12-85 lA process .171 30.01 16.19 64.73 8.47 16.382 -.6
regen'n .173 79.96 15.97 45.87 23.61 81872 11.6

11-12-85 lB process .171 30.01 17.43 62.78 8.62 8.448 -4.5
regen'n .173 79.97 17.74 47.82 26.45 81757 1.0

11-12-85 2B process .171 30.00 16.36 63.51 7.81 10.092 -2.5
regen'n .173 79.98 15.64 47.06 24.09 81646 7.4

11-08-85 lA process .217 30.00 6.78 54.83 1.77 9.703 -.5
regen'n .219 79.96 6.85 55.35 11.82 80860 6.6

11-18-85 lA process .219 30.00 12.43 59.94 5.27 11.123 -3.6
regen'n .221 79.97 12.88 50.44 19.97 81614 11.4

11-18-85 2A process .220 30.00 15.79 61.76 7.49 10.502 -.5
regen'n .222 79.98 14.85 48.64 23.08 81622 4.5
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Table E.2 Experimental data from rewound wheel. (cont.)

run no. period 0VA t wj t wO o  N (rev/hr) Ewr (%)
(kgvA/s) (C) (g/kg) (C) (g/kg) PTOT (Pa) Ehr (%)

11-18-85 3A process .221 30.00 22.06 63.71 13.16 9.608 -1.4
regen'n .223 79.97 21.19 46.76 30.01 81474 2.6

11-12-85 3B process .190 29.99 15.84 62.74 7.48 10.291 -1.6
regen'n .192 79.97 15.17 47.74 23.44 81649 8.1

11-12-85 4B process .210 30.00 16.25 61.97 8.01 10.626 -1.2
regen'n .212 79.97 16.62 48.50 24.78 81630 7.2

11-12-85 5B process .229 30.00 16.46 61.51 8.05 10.653 -4.7
regen'n .232 79.98 16.84 49.07 25.14 81569 -.5

11-12-85 IC process .249 29.99 15.65 60.19 7.66 10.036 -2.9
regen'n .251 79.97 16.03 50.17 23.95 81562 9.0

11-12-85 2C process .268 29.99 15.50 59.78 7.61 10.369 -2.8
regen'n .271 79.97 15.76 50.65 23.56 81569 5.2

11-12-85 3C process .288 30.00 15.21 58.95 7.52 10.294 -2.8
regen'n .290 79.96 15.58 51.32 23.21 81692 4.5

10-29-85 2A process .191 33.00 19.95 65.46 11.02 10.998 1.0
regen'n .194 79.97 18.72 48.20 27.52 83110 15.8

10-29-85 4A process .191 29.99 20.02 64.57 10.45 10.894 -2.9
regen'n .194 79.96 18.44 46.12 27.86 83044 -1.0

11-13-85 1A process .191 27.15 18.70 62.36 9.38 11.205 -3.4
regen'n .193 79.96 19.06 45.40 28.28 81812 3.7

11-13-85 2A process .191 33.00 18.72 64.52 10.40 10.752 -3.9
regen'n .193 79.96 19.28 49.02 27.52 81832 9.5

11-13-85 3A process .191 36.00 18.60 65.68 10.94 11.404 -3.7
regen'n .193 79.95 19.13 50.80 26.71 81934 8.7

11-13-85 4A process .191 29.99 18.62 63.32 9.89 11.367 -2.7
regen'n .193 79.96 19.27 47.25 27.91 81819 1.8

11-05-85 lB process .220 29.99 15.20 42.19 11.67 9.851 11.7
regen'n .221 49.97 15.74 37.86 19.26 81539 -14.7

11-13-85 lB process .220 30.00 14.76 42.37 11.19 10.071 -.9
regen'n .222 49.98 15.21 37.75 18.74 81966 -4.9

11-13-85 2B process .220 29.99 14.56 54.96 7.98 10.593 -4.4
regen'n .222 69.97 15.16 45.36 21.68 81958 8.0

11-13-85 3B process .220 29.99 14.36 66.38 5.67 10.499 -3.8
regen'n .222 89.97 15.05 54.13 23.67 81880 6.7

11-04-85 lB process .220 30.00 14.59 33.44 13.63 .279 -8.2
regen'n .222 79.97 14.91 76.50 15.86 82318 -19.4

11-05-85 lA process .220 29.99 14.72 40.76 11.23 1.000 -9.9
regen'n .221 79.98 14.82 69.09 18.30 81521 -39.5

11-14-85 lB process .220 29.99 14.71 50.48 8.70 2.698 -5.4
regen'n .222 79.97 14.19 59.55 20.15 82553 8.7
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Table E.2 Experimental data from rewound wheel. (cont.)

run no. period mDAj tjA wj,j j,0o wi o  N (rev/hr) Er (%)
(kgDA/s) (C) (g/kg) (C) (g/kg) PTq (Pa) Ehr (%)

11-14-85 2B process .220 30.00 15.00 52.84 8.33 3.419 -3.0
regen'n .222 79.97 14.43 57.26 21.04 82440 -2.5

11-14-85 3B process .220 29.99 14.98 56.03 7.57 4.660 -4.6
regen'n .222 79.96 14.36 54.15 21.70 82291 -2.4

11-21-85 1A process .220 30.00 15.33 31.64 15.03 .130 2.9
regen'n .221 79.97 16.05 78.31 16.34 81095 -27.7

11-22-85 1A process .220 30.00 14.25 34.01 13.15 .358 1.4
regen'n .221 79.97 13.61 75.90 14.71 81548 8.9

11-22-85 2A process .220 30.00 14.47 35.82 12.79 .517 -4.0
regen'n .221 79.98 13.85 74.07 15.53 81416 19.0

11-22-85 3A process .220 30.00 14.54 36.72 12.55 .593 .6
regen'n .221 79.97 14.20 73.16 16.19 81364 28.5

11-22-85 4A process .220 30.00 14.59 34.26 13.43 .374 -.5
regen'n .221 79.97 14.31 75.65 15.47 81283 16.2

11-22-85 5A process .220 30.00 14.58 32.11 14.13 .181 1.8
regen'n .221 79.97 14.22 77.83 14.66 81393 -23.5

11-22-85 lB process .220 29.99 13.69 38.30 11.29 .787 5.8
regen'n .221 79.97 13.99 71.57 16.38 81516 43.8

11-25-85 1A process .220 30.00 14.94 42.77 10.97 1.246 5.9
regen'n .221 79.97 14.36 67.08 18.32 80850 63.9

11-25-85 lB process .220 30.01 14.74 45.25 10.14 1.601 -.5
regen'n .221 79.97 14.15 64.63 18.73 80758 28.9

11-25-85 2B process .220 30.02 14.72 44.09 10.51 1.427 .7
regen'n .221 79.97 14.20 65.80 18.40 80752 28.9

11-25-85 3B process .220 30.00 14.62 40.87 11.41 1.013 2.4
regen'n .221 79.97 14.10 68.99 17.30 80789 26.8

11-25-85 4B process .220 30.00 14.61 46.33 9.72 1.810 -2.7
regen'n .221 79.97 14.13 63.56 18.99 80788 11.3

11-25-85 5B process .220 30.00 15.25 47.47 9.98 1.967 -2.5
regen'n .221 79.97 14.69 62.43 19.93 80823 8.2

11-25-85 IC process .220 29.99 14.45 48.32 8.99 2.257 -3.2
regen'n .221 79.97 14.45 61.60 19.88 80862 8.0

11-25-85 2C process .220 29.99 14.53 50.24 8.53 2.714 -4.1
regen'n .222 79.97 14.50 9.80 20.45 80902 2.3

11-25-85 3C process .220 29.99 14.64 51.20 8.38 2.983 -3.8
regen'n .222 79.97 14.63 58.87 20.83 81017 -1.9

11-26-85 lA process .220 30.00 14.77 SS.53 7.51 4.469 -4.2
regen'n .222 79.97 14.30 54.66 21.50 81731 9.3

11-26-85 2A process .220 30.01 14.81 53.78 7.93 3.774 -3.2
regen'n .222 79.97 14.33 56.37 21.15 81694 -2.7



189

Table E.2 Experimental data from rewound wheel. (end)

run no. period DAJ tj A wj tj~ o wj' o N(rev/hr) Ewr(%)

10-31-85 2A

10-31-85 3A

11-01-85 lB

11-01-85 ID

11-01-85 2D

11-01-85 3D

11-15-85 lA

11-18-85 2A

11-18-85 3A

11-18-85 iC

11-19-85 lA

11-19-85 2A

11-20-85 IA

process
regen'n

process
regen'n

process
regen'n

process
regen'n

process
regen'n

process
regen'n

process
regen'n

process
regen'n

process
regen'n

process
regen'n

process
regen'n

process

regen'n

process
regen'n

-----------------------

(kgDA/S)

.218

.226

.170

.176

.218

.226

.331

.336

.223

.220

.174

.172

.169

.173

.218

.222

.333

.339

.172

.171

.171

.171

.220

.220

.337

.334

(c)

29.99
49.99

29.99
49.96

30.00
49.97

37.76
59.99

26.51
59.98

29.98
59.96

29.99
49.96

30.01
49.98

30.00
49.98

29.97
59.95

30.00
59.95

30.02
59.98

30.00
59.98

(g/kg)

5.90
17.48

8.25
20.84

7.15
22.26

14.12
4.72

18.47
4.99

16.06
5.00

3.75
15.81

4.95
15.43

5.07
15.59

17.23
4.90

15.51
2.30

16.26
1.97

11.34
2.12

(C)

46.04
34.65

46.63
34.02

47.04
33.68

55.94
41.97

54.34
31.55

55.92
33.58

47.35
33.10

46.90
33.49

45.66
34.72

55.69
33.92

55.92
33.86

55.42
34.38

53.74
35.86

.galg)(g~g)

14.81
8.89

18.48
10.96

19.61
10.24

6.74
11.99

7.47
16.14

6.61
14.56

14.16
5.64

13.66
6.88

13.11
7.70

6.82
15.38

4.43
13.38

4.68
13.55

4.36
9.17

PTOT (Pa)

121.192
81358

122.049
81228

598.800
82059

601.900
82147

598.400
81989

598.400
81853

638.800
81929

638.900
80899

638.200
81097

645.600
81181

594.600
82121

606.700
82311

605.500
82324

E (%)

1.8
3.8

3.8
1.6

-1.2
.1

-2.0
200.0

3.6
-51.5

-2.3
44.6

.8
2.4

2.5
3.5

2.9
2.6

2.8
200.0

-. 9
19.9

-2.7
-7.6

-3.8
-7.7
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Table E.3 Experimental data from microbead wheel corrected for leakage rates and unbalances.

run no. period 7hDAj tj Wj,j to Wj, o  N (rev/hr) E, (%)
(kgvA/s) (C) (g/kg) (C) (g/kg) P" (Pa) Ehr (%)

03-03-86 1A process .178 29.96 14.22 74.76 5.61 925.752 2.8
regen'n .173 79.70 4.80 33.49 13.66 81324 -.1

03-03-86 2A process .208 29.97 15.01 74.28 5.81 932.447 4.7
regen'n .204 79.75 4.73 34.41 14.11 81239 1.1

03-04-86 IA process .208 29.97 15.87 74.09 6.60 944.956 4.6
regen'n .202 79.74 5.50 34.16 15.04 81029 .8

03-04-86 2A process .238 29.98 14.41 73.44 5.89 928.332 3.8
regen'n .231 79.79 4.73 34.85 13.51 81174 -.7

03-04-86 3A process .268 29.99 14.55 72.81 5.94 931.969 3.7
regen'n .261 79.82 4.62 35.66 13.46 81318 -.6

03-04-86 lB process .148 29.96 15.14 75.46 5.84 935.848 4.6
regen'n .144 79.65 5.10 32.78 14.66 81129 1.9

03-04-86 2B process .298 29.98 13.16 72.03 5.94 936.811 4.2
regen'n .290 79.83 4.70 36.45 12.12 81363 -.7

03-05-86 1A process .149 29.95 20.12 75.21 10.53 921.618 4.1
regen'n .144 79.64 9.73 32.70 19.65 80694 1.0

03-05-86 lB process .179 29.96 19.97 74.75 11.23 926.284 4.6
regen'n .174 79.71 10.36 33.51 19.35 81056 1.2

03-06-86 1A process .209 29.97 18.70 74.09 10.13 943.456 3.7
regen'n .203 79.74 9.13 34.17 17.95 81079 .4

03-06-86 2A process .239 29.98 16.92 73.53 9.02 960.276 4.7
regen'n .233 79.79 7.97 34.97 16.07 81351 .7

03-06-86 5A process .178 29.96 16.90 74.81 8.22 935.514 4.8
regen'n .173 79.71 7.38 33.45 16.31 81099 1.3

03-06-86 lB process .149 29.95 17.23 75.28 7.58 934.778 6.0
regen'n .144 79.64 6.76 32.62 16.75 81071 2.6

03-07-86 lA process .118 29.94 16.41 76.08 8.65 949.481 5.0
regen'n .115 79.54 8.19 32.13 16.15 80559 4.0

03-07-86 2A process .118 29.95 19.45 76.10 10.75 959.437 5.5
regen'n .115 79.56 10.22 32.13 19.15 80349 4.5

03-10-86 1A process .208 29.97 16.46 74.20 7.51 933.651 4.9
regen'n .203 79.74 6.42 34.27 15.59 80040 2.1

03-10-86 2A process .297 29.99 13.00 72.07 5.69 945.854 4.3
regen'n .290 79.82 4.39 36.54 11.88 80191 -.1

03-10-86 3A process .267 29.97 12.63 72.78 5.38 950.167 4.4
regen'n .260 79.80 4.24 35.68 11.68 80082 -.1

03-10-86 4A process .237 29.98 12.49 73.55 5.22 948.695 4.2
regen'n .231 79.78 4.24 34.94 11.70 79988 .2
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Table E.3 Experimental data from microbead wheel. (cont.)

run no. period mDA4 t3j wjj tpj Wj, o  & (rev/hr) E,, (%)
(kgDA/s) (C) (g/kg) (C) (g/kg) PTO (Pa) Ehr (%)

03-11-86 1A process .207 29.97 12.09 74.18 5.25 917.201 3.5
regen'n .202 79.74 4.44 34.32 11.45 79345 .3

03-11-86 2A process .177 29.95 12.10 74.89 5.11 929.852 .4
regen'n .173 79.70 4.32 33.62 11.48 79271 -1.1

03-11-86 3A process .147 29.95 11.47 75.46 5.32 936.820 4.5
regen'n .143 79.64 4.85 32.79 11.17 79305 1.2

03-14-86 1A process .229 29.98 15.33 30.85 15.26 .108 -200.0
regen'n .223 79.78 15.63 78.88 15.70 79654 38.4

03-14-86 2A process .229 29.96 15.31 31.38 15.04 .309 -59.4
regen'n .223 79.76 15.04 78.28 15.32 79751 17.0

03-17-86 1A process .229 29.97 15.01 33.60 14.08 1.016 -16.5
regen'n .223 79.77 15.32 75.97 16.27 79352 16.7

03-17-86 2A process .229 29.97 15.06 36.45 13.18 2.026 -7.8
regen'n .223 79.77 15.40 73.00 17.33 79314 -35.9

03-17-86 4A process .228 29.97 15.00 39.07 12.25 3.022 -5.3
regen'n .223 79.77 15.27 70.33 18.09 79405 -44.1

03-17-86 5A process .228 29.98 15.25 41.64 11.64 4.083 -3.0
regen'n .223 79.78 15.49 67.70 19.18 79341 -45.8

03-20-86 1A process .229 29.97 14.96 42.68 11.07 4.550 .4
regen'n .223 79.77 14.67 66.55 18.67 81821 -32.6

03-20-86 2A process .178 30.00 14.39 45.00 9.94 4.543 3.8
regen'n .174 79.74 14.43 64.25 18.99 81764 -12.5

03-20-86 3A process .178 30.02 15.36 44.26 11.07 3.965 2.5
regen'n .174 79.74 14.67 65.00 19.05 81997 -18.3

03-25-86 1A process .178 29.97 15.83 42.08 12.21 3.064 4.5
regen'n .174 79.71 15.23 67.15 18.93 80511 10.5

03-25-86 3A process .178 29.97 15.86 38.45 13.52 1.974 9.0
regen'n .174 79.71 15.29 70.90 17.69 80564 12.7

03-25-86 4A process .178 29.96 15.97 34.81 14.82 1.012 11.7
regen'n .174 79.71 15.20 74.66 16.38 80731 35.8

03-26-86 1A process .178 29.98 15.96 51.25 9.68 7.073 4.5
regen'n .174 79.71 15.55 57.86 21.97 81461 7.1

03-26-86 2A process .178 29.96 16.03 56.03 8.51 10.340 2.8
regen'n .174 79.72 15.62 53.08 23.32 81572 9.7

03-27-86 lA process .178 29.98 14.53 59.42 6.48 15.564 1.2
regen'n .174 79.72 14.29 49.73 22.53 81468 8.6

03-27-86 2A process .178 30.36 13.67 61.08 5.63 20.415 .2
regen'n .174 79.73 13.49 48.47 21.72 81646 1.9

03-27-86 3A process .178 30.44 14.69 62.75 6.31 25.982 -.3
regen'n .174 79.72 14.51 46.89 23.09 81692 -.1
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Table E-3 Experimental data from microbead wheel. (cont.)

run no. period mDAj tjA W61 ,o wj o IN (rev/hr) Ewr(%)
(kgDA/S) (C) (g/kg) (C) (g/kg) PTOT (Pa) Ehr (%)

03-31-86 1A process .178 30.01 16.07 63.66 6.92 31.136 -5.9
regen'n .174 79.72 15.72 45.57 25.08 80114 -11.8

03-31-86 2A process .178 29.97 15.70 63.80 7.03 35.097 .2
regen'n .174 79.72 15.33 45.36 24.20 80052 .6

03-31-86 3A process .178 29.97 15.86 64.25 7.28 40.308 .5
regen'n .174 79.71 15.53 44.91 24.30 79986 .7

04-01-86 1A process .178 30.03 15.57 64.23 7.37 45.475 -.5
regen'n .174 79.75 15.84 45.06 24.23 80747 1.7

04-01-86 2A process .178 29.96 16.22 65.02 8.11 55.070 -.5
regen'n .174 79.70 16.35 44.14 24.65 80512 -.8

04-01-86 3A process .178 29.97 16.20 65.54 8.44 66.219 -.9
regen'n .174 79.71 16.40 43.63 24.33 80354 -1.1

04-01-86 4A process .178 29.97 16.27 66.06 8.83 76.990 -1.7
regen'n .174 79.71 16.47 43.10 24.08 80005 -2.3

04-01-86 5A process .178 29.99 16.48 66.68 9.37 89.195 -2.7
regen'n .174 79.72 16.65 42.49 23.92 79814 -3.3

04-02-86 1A process .178 29.96 15.22 67.74 9.19 113.701 -5.2
regen'n .175 79.72 15.16 41.56 21.29 78745 -2.4

04-02-86 lB process .228 29.97 15.39 46.66 10.43 6.693 7.0
regen'n .223 79.77 15.40 62.57 20.47 78735 -.9

04-02-86 2B process .228 29.98 16.56 52.05 10.02 9.857 2.4
regen'n .223 79.78 16.70 57.16 23.39 79223 -3.6

04-04-86 1A process .228 29.96 14.70 56.53 7.17 15.955 1.6
regen'n .223 79.76 14.50 52.64 22.20 79596 5.7

04-04-86 2A process .228 29.98 14.77 59.06 6.73 20.439 1.0
regen'n .223 79.79 14.58 50.17 22.80 80035 2.5

04-04-86 3A process .228 30.01 14.77 60.61 6.51 25.429 .7
regen'n .223 79.77 14.65 48.64 23.10 80228 1.1

04-04-86 4A process .228 29.98 15.07 61.58 6.64 30.100 .9
regen'n .223 79.79 14.85 47.68 23.47 80162 1.5

04-04-86 5A process .228 30.00 15.04 62.04 6.72 35.100 .1
regen'n .224 79.79 15.55 47.41 24.01 80360 .6

04-07-86 7A process .228 29.98 14.57 62.65 6.19 40.636 -2.4
regen'n .224 79.77 14.09 46.72 22.62 80785 -4.2

04-07-86 3A process .228 29.96 14.59 63.33 6.40 50.433 -2.0
regen'n .224 79.75 14.09 46.00 22.43 80753 -3.6

04-07-86 4A process .228 29.97 14.83 63.97 6.80 60.304 -1.7
regen'n .224 79.78 14.35 45.41 22.52 80790 -3.0

04-07-86 5A process .228 29.97 15.14 64.52 7.27 70.321 -1.6
regen'n .224 79.77 14.64 44.84 22.65 80648 -2.8
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Table E.3 Experimental data from microbead wheel. (cont.)

run no. period mVAJ t Wj, to Wj, o  N (rev/hr) Ewr (%)
(kgvA/S) (C) (g/kg) (C) (g/kg) PTO (Pa) Ehr (%)

04-08-86 1A process .228 29.97 15.56 64.79 8.07 80.807 2.3
regen'n .224 79.77 15.44 44.58 23.07 80570 2.8

04-08-86 2A process .228 29.97 15.50 65.21 8.29 90.949 2.6
regen'n .224 79.77 15.40 44.16 22.74 80566 2.1

04-08-86 3A process .228 29.97 15.66 65.76 8.72 103.560 2.2
regen'n .224 79.76 15.50 43.59 22.57 80546 1.3

04-08-86 4A process .228 29.99 15.66 66.36 15.62 119.313 -200.0
regen'n .224 79.78 15.46 42.75 15.50 80415 -90.0

04-10-86 1A process .178 29.96 15.10 63.53 6.70 35.537 .6
regen'n .174 79.71 14.87 45.61 23.47 79794 3.0

04-10-86 2A process .208 29.97 15.11 62.84 6.66 35.739 .5
regen'n .204 79.75 14.84 46.46 23.45 79857 2.0

04-10-86 3A process .238 29.98 15.22 62.12 6.74 35.578 1.0
regen'n .233 79.80 14.68 47.16 23.34 80099 1.1

04-11-86 1A process .268 29.97 14.95 60.83 6.75 35.048 -.9
regen'n .263 79.81 14.96 48.54 23.31 79757 -2.0

04-11-86 2A process .298 29.98 15.08 59.79 7.02 34.910 -.4
regen'n .292 79.83 15.43 49.56 23.65 79898 -2.9

04-11-86 3A process .229 29.97 18.67 63.31 9.66 34.818 5.7
regen'n .225 79.77 19.02 46.13 28.19 79906 11.9

04-11-86 4A process .228 29.97 16.42 62.66 7.65 35.101 -.2
regen'n .224 79.77 16.50 46.74 25.42 79767 .1

04-11-86 5A process .227 29.96 12.33 60.75 4.73 34.731 .3
regen'n .223 79.75 12.17 48.56 19.90 79882 1.3

04-11-86 lB process .227 29.97 8.78 57.34 2.90 34.782 -2.7
regen'n .222 79.77 9.86 51.89 15.87 80023 -2.5

04-14-86 2A process .229 29.95 15.12 36.17 13.32 35.703 1.6
regen'n .223 39.89 15.58 33.51 17.42 80263 -3.6

04-14-86 3A process .228 29.97 15.08 42.70 11.41 35.432 -.5
regen'n .223 49.87 15.61 36.90 19.36 80244 13.8

04-14-86 4A process .228 29.97 14.79 49.18 9.42 35.597 .9
regen'n .223 59.83 15.27 40.28 20.76 80400 3.7

04-14-86 5A process .228 29.95 14.70 55.59 7.83 35.793 .6
regen'n .224 69.80 15.20 43.86 22.19 80533 4.9

04-14-86 lB process .228 29.97 15.41 67.96 5.97 35.765 .0
regen'n .224 89.74 16.49 51.41 26.10 80651 2.5

04-14-86 2B process .228 26.52 15.68 60.61 6.68 35.653 .8
regen'n .224 79.77 16.76 45.37 25.93 80506 -. 1

04-14-86 3B process .228 30.01 15.72 62.37 7.23 35.801 1.2
regen'n .224 79.80 16.17 47.11 24.81 80710 4.0
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Table E.3 Experimental data from microbead wheel. (end)

run no. period ThDAJ tj,j wj i  tj o  wj1 N (rev/hr) Ewr (%)
(kgDA/s) (C) (g/kg) (C) (g/kg) PTOT (Pa) Ehr (%)

04-15-86 1A process .228 34.94 15.10 64.04 7.55 35.909 -.4
regen'n .223 79.76 15.17 50.20 22.88 80479 .1

04-15-86 IC

04-16-86 IA

04-16-86 2A

04-16-86 3A

04-16-86 4A

04-16-86 5A

04-16-86 lB

04-29-86 1A

04-29-86 2A

04-29-86 3A

04-29-86 4A

process .228 39.94 14.68 65.88 8.11 35.535 .0
regen'n .223 79.78 14.51 53.39 21.23 80358 6.3

process .228 29.97 15.04 69.62 11.31 223.129 -3.3
regen'n .224 79.76 14.98 39.59 18.78 79340 -1.6

process .228 29.97 15.17 72.07 13.64 354.189 -11.8
regen'n .224 79.78 15.14 37.02 16.70 79449 -1.8

process .228 29.96 15.19 72.91 14.41 478.879 -31.2
regen'n .224 79.77 15.14 36.09 15.94 79572 -2.1

process .228 29.97 15.49 73.34 15.01
regen'n .224 79.78 15.45 35.67 15.94

606.730 -62.3
79446 -2.4

process .228 29.96 15.93 73.68 15.60 791.831 -79.1
regen'n .224 79.77 15.83 35.29 16.17 79383 -2.3

process .178 29.96 14.82 74.91 13.95
regen'n .175 79.70 13.94 33.98 14.83

796.605 -27.9
79217 -1.5

process .178 29.96 15.80 72.07 13.66 232.371 -14.6
regen'n .175 79.71 16.25 37.04 18.42 79353 -2.0

process .178 29.97 16.03 73.66 15.57 355.216 -65.2
regen'n .175 79.71 16.46 35.33 16.93 79496 -2.2

process .178 29.97 15.96 74.22 16.01 482.082 -200.0
regen'n .175 79.71 16.41 34.73 16.36 79594 -1.9

process .178 29.96 16.08 74.52 16.31 607.040 -131.4
regen'n .175 79.71 16.52 34.40 16.29 79567 -2.0
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The following set of tables lists the experiments considered in the various

analyses performed in Chapter 5. Each of the figures in Chapter 5 and the

corresponding table of data are listed below in Table E.4.

Table E.4 List of figures with corresponding table of data.

Figure Table Figure Table

5.6 E.4 5.23 E.8
5.7 E.4 5.24 E.9
5.11 E.6 5.25 E.10
5.12 E.6 5.26 E.11
5.13 E.6 5.27 E.12
5.14 E.7 5.28 E.13
5.20 E.8 5.29 E.14

Table E.5 Low rotation speed experiments considered in section 5.2.
"*" indicates that the value was used in the average.

run no. 72 1JF1  MDD,exp CDM N

MDDcalc (J/kgDD-C) (rev/hr)

original wheel

04-11-85 1A 0.127 0.9122 * 3744 0.335
04-11-85 2A 0.208 0.9433 * 2780 * 0.567
05-08-85 2A 0.368 0.9717 * 2820 * 0.998
04-19-85 1A 0.427 0.8242 3118 1.18
04-19-85 2A 0.646 0.7066 3300 1.78
05-14-85 1B 0.735 0.6683 3342 2.00
04-19-85 3A 0.872 0.6001 3683 2.40
05-07-85 2B 1.109 0.5219 3890 3.00
05-04-85 1A 1.280 0.4835 4025 3.50
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Table E.5 Low rotation speed experiments. (cont.)

run no. 721r1 MDDexp CDM N

MDD,calc (J/kgDD-C) (rev/hr)

rewound wheel

11-21-85 1A 0.048 0.6095 12855 0.130
11-22-85 5A 0.063 0.6836 8911 0.181
11-04-85 1B 0.099 0.9483 * 4099 0.279
11-22-85 1A 0.124 0.8693 * 4196 0.358
11-22-85 4A 0130 0.8635 * 4398 0.374
11-22-85 2A 0.179 0.9077 * 3505 * 0.517
11-22-85 3A 0.206 0.9359 * 3141 * 0.593
11-22-85 1B 0.271 0.9016 * 3255 * 0.787
11-25-85 3B 0.350 0.8825 * 3179 * 1.013
11-05-85 1A 0.352 0.9618 * 1958 1.000
11-25-85 IA 0.434 0.8689 2525 1.25
11-25-85 2B 0.494 0.8182 2983 1.43
11-25-85 1B 0.554 0.7940 2878 1.60
11-25-85 4B 0.626 0.7521 2961 1.81
11-25-85 5B 0.689 0.7163 3006 1.97
11-25-85 1C 0.782 0.6823 2966 2.26
11-25-85 2C 0.942 0.6204 3040 2.71
11-14-85 1B 0.954 0.6038 3316 2.70
11-25-85 3c 1.040 0.5836 3128 2.98

microbead wheel

03-14-86 1A 0.011 0.6272 43937 0.108
03-14-86 2A 0.029 0.8646 * 11519 0.309
03-17-86 1A 0.096 0.9271 * 5512 1.016
03-25-86 4A 0.127 0.8304 * 7374 1.012
03-17-86 2A 0.192 0.9429 * 3486 2.03
03-25-86 3A 0.246 0.8746 * 4582 1.97
03-17-86 4A 0.287 0.9219 * 2885 * 3.02
03-25-86 1A 0.382 0.8717 * 3330 * 3.06
03-17-86 5A 0.390 0.8828 * 2597 * 4.08
03-20-86 1A 0.440 0.8435 2796 4.55
03-20-86 3A 0.496 0.8076 3143 3.96
03-20-86 2A 0.559 0.7834 3058 4.54
04-02-86 1B 0.635 0.7360 3179 6.69
03-26-86 1A 0.894 0.6449 3517 7.07



Table E.X High rotation speed experiments considered in section 5.3.3 and Figs. 5.11, 5.12, and 5.13.

run no. Jmin mDAmin T1Fmin RePrDhu  Eoo Nu e  ewwo She Le o

mDA, max 4L

original wheel

04-23-85 3A 1 .982 1.71 .307 .742 1.474
04-23-85 2A 1 .972 1.40 .290 .798 2.170 .751 1.442 1.294
04-25-85 4A 1 .969 1.55 .219 .832 2.011
04-25-85 3A 1 .981 2.21 .231 .779 1.354
04-25-85 2A 1 .971 1.79 .218 .832 2.016 .795 1.384 1.253

rewound wheel

11-20-85 lA 2 .991 4.69 .589 .805 4.762 .764 3.221 1.267
11-18-85 3A 1 .982 4.33 .596 .788 4.297 .770 3.327 1.111
11-01-85 1D 1 .985 3.93 .580 .817 5.013 .786 3.554 1.212
11-01-85 2D 2 .987 5.63 .391 .849 4.249 .828 3.133 1.168
11-19-85 2A 1 1.000 6.23 .389 .847 4.311 .811 2.856 1.297
11-01-85 lB 1 .965 5.50 .392 .856 4.236 .828 3.016 1.213
11-18-85 2A 1 .982 6.66 .390 .848 4.142 .834 3.216 1.107
10-31-85 2A 1 .965 1.20 .391 .853 4.122 .836 3.147 1.128
11-01-85 3D 2 .989 7.37 .304 .880 4.272 .864 3.221 1.141
11-18-85 IC 2 .994 7.81 .303 .868 3.913 .850 2.900 1.161
11-19-85 1A 1 1.000 7.94 .302 .865 3.882 .839 2.703 1.233
10-31-85 3A 1 .966 1.44 .306 .866 3.573 .861 2.973 1.038
11-15-85 lA 1 .977 8.75 .302 .870 3.776 .865 3.095 1.048



Table E.6 High rotation speed experiments. (cont.)

run no. Jmin mDA, min 71Fmin RePrDhu too Nue ew! She Leo
mDA, max 4L

microbead wheel

03-06-86 2A 2 .975 2.08 .333 .902 5.537 .894 4.372 1.091
03-07-86 2A 2 .975 3.82 .165 .957 5.787 .964 5.763 .867
03-10-86 3A 2 .974 2.26 .370 .888 5.354 .878 4.180 1.099
03-07-86 1A 2 .975 4.19 .164 .957 5.758 .965 5.875 .844
03-10-86 4A 2 .975 2.55 .329 .903 5.484 .896 4.396 1.070
03-10-86 2A 2 .976 1.99 .413 .872 5.221 .858 4.011 1.117
03-04-86 lA 2 .971 2.57 .288 .917 5.551 .915 4.661 1.024
03-06-86 1A 2 .971 2.21 .291 .917 5.606 .913 4.601 1.051
03-11-86 3A 2 .973 4.11 .204 .944 5.646 .950 5.385 .900
03-04-86 2B 2 .973 1.95 .413 .874 5.255 .864 4.154 1.086
03-04-86 lB 2 .973 3.67 .205 .944 5.718 .950 5.399 .910
03-06-86 5A 2 .972 2.77 .247 .931 5.678 .933 4.993 .979
03-06-86 lB 2 .966 3.35 .206 .947 5.761 .951 5.296 .937
03-10-86 1A 2 .976 2.43 .290 .915 5.567 .908 4.400 1.089
03-03-86 2A 2 .981 2.61 .291 .912 5.512 .908 4.522 1.048
03-04-86 3A 2 .974 2.07 .372 .889 5.394 .883 4.389 1.056
03-11-86 2A 2 .977 3.36 .246 .928 5.558 .915 4.055 1.176
03-04-86 2A 2 .971 2.34 .329 .904 5.497 .900 4.516 1.046
03-05-86 lB 2 .972 2.42 .249 .930 5.652 .927 4.711 1.036
03-03-86 1A 2 .972 3.12 .247 .930 5.589 .936 5.195 .924
03-05-86 lA 2 .966 2.93 .206 .946 5.657 .951 5.319 .919
03-11-86 1A 2 .976 2.83 .288 .915 5.489 .909 4.417 1.066
04-16-86 lB 2 .983 2.11 .251 .924 5.548
04-16-86 5A 2 .982 1.56 .321 .902 5.462
04-29-86 4A 2 .983 1.51 .251 .920 5.280
04-16-86 4A 2 .982 1.21 .321 .900 5.358
04-29-86 3A 2 .983 1.20 .251 .919 5.194

cy3
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Table E.7 High rotation speed experiments considered in Fig. 5.14.

exp. run tiro, w1 , Nk F1  Ntut,1

no. no. (C) (g/kg) (rev/hr)

rewound wheel

1 11-20-85 lA 53.74 4.36 606 6.39 7.9
2 11-18-85 3A 45.66 13.11 638 6.81 7.9
3 11-01-85 iD 55.93 6.75 602 6.47 8.0
4 11-01-85 2D 54.34 7.47 598 9.54 10.5
5 11-19-85 2A 55.42 4.69 607 9.81 10.6
6 11-01-85 1B 47.04 19.62 599 9.77 10.6
7 11-18-85 2A 46.90 13.66 639 10.42 10.6
8 10-31-85 2A 46.03 14.81 121 1.98 10.6
9 11-01-85 3D 55.93 6.61 598 12.23 12.7

10 11-18-85 iC 55.70 6.82 646 13.35 12.8
11 11-19-85 1A 55.92 4.43 595 12.36 12.9
12 10-31-85 3A 46.63 18.48 122 2.55 12.8
13 11-15-85 1A 47.34 14.16 639 13.44 12.9

microbead wheel

1 03-06-86 2A 73.53 9.03 960 4.05 15.8
2 03-07-86 2A 76.10 10.75 959 8.20 34.0
3 03-10-86 3A 72.78 5.38 950 3.59 13.9
4 03-07-86 lA 76.08 8.66 949 8.12 34.1
5 03-10-86 4A 73.54 5.22 949 4.04 16.0
6 03-10-86 2A 72.06 5.69 946 3.21 12.3
7 03-04-86 1A 74.08 6.61 945 4.58 18.4
8 03-06-86 lA 74.08 10.13 943 4.55 18.3
9 03-11-86 3A 75.45 5.32 937 6.43 27.1

10 03-04-86 2B 72.02 5.95 937 3.17 12.3
11 03-04-86 1B 75.46 5.84 936 6.38 26.8
12 03-06-86 5A 74.80 8.22 936 5.30 21.9
13 03-06-86 lB 75.27 7.58 935 6.33 26.6
14 03-10-86 lA 74.19 7.51 934 4.53 18.4
15 03-03-86 2A 74.28 5.81 932 4.52 18.5
16 03-04-86 3A 72.80 5.94 932 3.51 13.9
17 03-11-86 2A 74.89 5.11 930 5.30 22.1
18 03-04-86 2A 73.44 5.89 928 3.94 15.9
19 03-05-86 lB 74.75 11.24 926 5.22 21.7
20 03-03-86 lA 74.75 5.61 926 5.25 21.9
21 03-05-86 lA 75.20 10.53 922 6.24 26.5
22 03-11-86 lA 74.18 5.25 917 4.47 18.6
23 04-16-86 13 74.91 13.95 797 4.52 21.8
24 04-16-86 5A 73.68 15.60 792 3.50 16.6
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Table E.7 High rotation speed experiments in Fig. 5.14. (cont.)

exp. run t1 ,0  w1 ,0  N F1  Ntut, 1

no. no. (C) (g/kg) (rev/hr)

25 04-29-86 4A 74.52 16.31 607 3.44 21.8
26 04-16-86 4A 73.34 15.01 607 2.68 16.6
27 04-29-86 3A 74.22 16.01 482 2.73 21.8
28 04-16-86 3A 72.91 14.41 479 2.12 16.6
29 04-29-86 2A 73.66 15.57 355 2.01 21.8
30 04-16-86 2A 72.07 13.64 354 1.57 16.5
31 04-29-86 lA 72.07 13.66 232 1.32 21.7
32 04-16-86 lA 69.62 11.31 223 0.99 16.5

Table E.8 Experimental data from original wheel for variation in rotation
speed (associated with Figs. 5.20 and 5.23).

tl, i ~ 31.0 C t2 , i ~ 80.0 C rhDA O j = 0.2 1kgDA/s

w ,1i = 14.0 g/kg w2 , i 12.5 g/kg Rej 170

exp. run t1 ,0  w 0  F, N

no. no. (C) (g/kg) (rev/hr)

1 04-11-85 lA 35.10 12.92 0.006 0.335
2 04-11-85 2A 37.69 12.04 0.010 0.567
3 04-19-85 lA 43.36 10.46 0.022 1.179
4 04-19-85 2A 47.24 9.36 0.033 1.78
5 04-19-85 3A 50.10 8.67 0.044 2.40
6 05-04-85 lA 54.25 7.71 0.064 3.50
7 04-26-85 lA 57.04 7.12 0.092 5.00
8 05-04-85 2A 59.38 6.87 0.138 7.50
9 04-26-85 2A 60.65 6.80 0.183 10.00

10 05-06-85 lA 61.35 6.89 0.229 12.50
11 05-06-85 2A 61.84 7.06 0.275 15.0
12 05-06-85 lB 62.92 7.44 0.366 20.0
13 05-06-85 2B 64.42 8.24 0.550 30.0
14 05-07-85 1A 66.82 9.84 0.964 52.5
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Table E.9 Experimental data from original wheel for variation in
regeneration inlet state (associated with Fig. 5.24).

t1 ,i 31.0C N ~=12 revhr m IDA, = 0.21 kgDA/s

wl, j~ = 14.0 g/kg Ntut, j-~-7.3 Rej ~ 170

exp. run t 2 , i W2, i tl, 0  Wl, o

no. no. (C) (g/kg) (C) (g/kg)

1 05-09-85 1A 59.98 12.48 49.37 9.20
2 05-09-85 4A 69.98 9.94 56.51 7.39
3 05-09-85 3A 69.97 12.58 55.45 8.05
4 05-08-85 2B 69.97 15.28 54.44 8.57
5 05-10-85 1A 79.96 10.16 62.28 6.51
6 05-08-85 lB 79.97 15.09 60.86 7.53
7 05-09-85 lB 89.97 10.05 68.13 5.65
8 05-09-85 2A 89.97 12.53 67.18 6.04
9 05-09-85 2B 89.96 14.76 66.44 6.28

Table E.10 Experimental data from original wheel for variation in process
inlet state (associated with Fig. 5.25).

t2 , i= 80.0C N ~ 12 rev/hr ?hDA, j ~ 0.21 kgDA/s

w2 , i ~ 12.5 g/kg Rej ~ 170

exp. run tl i W1 i, tiro, w1,o

no. no. (C) (g/kg) (C) (g/kg)

1 05-06-85 lA 31.00 14.03 61.35 6.89
2 05-10-85 lB 37.00 8.05 59.07 4.50
3 05-10-85 2B 30.99 8.03 56.20 3.86
4 05-10-85 3B 30.99 17.87 63.70 9.78
5 05-13-85 lA 25.67 17.40 61.12 8.00
6 05-13-85 2A 25.64 14.04 58.92 6.10
7 05-13-85 3A 37.00 14.02 63.83 7.76
8 05-13-85 4A 30.99 17.52 63.52 9.01
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Table E.11 Experimental data from rewound wheel for variation in inlet
humidity ratio (associated with Fig. 5.26).

tl, i30.0C N9 ~ 10rev/hr jhDAj-0. 2 2 kgvA/s

t2, i 80.0 C Ntut, j9... 10.7 Re j ~ 195

exp. run wl, i w2 , i t1 ,0  w 1 ,0

no. no. (g/kg) (g/kg) (C) (g/kg)

1 11-08-85 1A 6.78 6.85 54.83 1.77
2 11-18-85 lA 12.43 12.88 59.94 5.27
3 11-18-85 2A 15.79 14.85 61.75 7.49
4 11-18-85 3A 22.06 21.19 63.71 13.16

Table E.12 Experimental data from rewound wheel for variation in flow rates
(associated with Fig. 5.27).

t1 , i ~30.0C t2 , i ~ 80.0 C N0revfhr
wli~15.8g/kg W2 i=16.0g/kg

exp. run mWDA,1 mDA,2 tlo Wlo

no. no. (kgDA/s) (kgDA/s) (C) (g/kg)

1 11-12-85 3B 0.190 0.192 62.73 7.48
2 11-12-85 4B 0.210 0.212 61.97 8.01
3 11-12-85 5B 0.229 0.232 61.51 8.06
4 11-12-85 iC 0.249 0.251 60.18 7.66
5 11-12-85 2C 0.268 0.271 59.77 7.61
6 11-12-85 3C 0.288 0.290 58.95 7.52
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Table E.14 Experimental data from microbead wheel for variation in inlet
humidity ratio (associated with Fig. 5.28).

tj, i -30.0C N = 35 rev/hr mDA, j ~0.22 kgDA/s

t2 , i80.0C Ntut, j - 16.3 Rej= 120

exp. run Wi w 2 ,i t 0  W1,o

no. no. (g/kg) (g/kg) (C) (g/kg)

1 04-11-86 3A 18.67 19.02 63.31 9.66
2 04-11-86 4A 16.42 16.50 62.66 7.65
3 04-14-86 3B 15.72 16.17 62.37 7.23
4 04-11-86 5A 12.33 12.17 60.75 4.73
5 04-11-86 lB 8.78 9.86 57.34 2.90

Table E.15 Experimental data from microbead wheel for variation in flow
rates (associated with Fig. 5.29).

tl , i ~ 30.0C t2 , i~ 80.0 C N35 rev/hr

wi, i ~ 15.2 g/kg w 2 ,i ~15.2 g/kg
exp. run mDA,1 mDA,2 t, 0  w,

no. no. (kgDA/s) (kgDA/s) (C) (g/kg)

1 04-10-86 lA 0.178 0.174 63.53 6.70
2 04-10-86 2A 0.208 0.204 62.84 6.66
3 04-14-86 3B 0.228 0.224 62.37 7.23
4 04-10-86 3A 0.238 0.233 62.12 6.74
5 04-11-86 lA 0.268 0.263 60.83 6.75
6 04-11-86 2A 0.298 0.292 59.79 7.02
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