SERI/TR-252-2774
UC Category: 59a
DE86010724

Heat and Mass Transfer Analysis
of a Desiccant Dehumidifier
Matrix

A. A. Pesaran

July 1986

Prepared under Task No. 3009.10
FTP No. 467-84

Solar Energy Research Institute
A Division of Midwest Research Institute

1617 Cole Boulevard
Golden, Colorado 80401

Prepared for the

U.S. Department of Energy
Contract No. DE-AC02-83CH10093



NOTICE

This report was prepared as an account of work sponsored by the United States Government. Neither the
United States nor the United States Department of Energy, nor any of their employees, nor any of their
contractors, subcontractors, or their employees, makes any warranty, expressed or implied, or assumes any
legal liability or responsibility for the accuracy, completeness or usefutness of any information, apparatus,
product or process disclosed, or represents that its use would not infringe privately owned rights.

Printed in the United States of America
Available from:

National Technical Information Service
U.S. Department of Commerce
5285 Port Royal Road
Springfield, VA 22161

Price. Microfiche A0
Printed Copy A04

Codes are used for pricing all publications. The code is determined by the number of pages in the publication.
Information pertaining to the pricing codes can be found in the current issue of the following publications,
which are generally available in most libraries: Energy Research Abstracts, (ERA); Government Reports
Announcemants and Index (GRA and |); Scientific and Technical Abstract Reports (STAR), and pubtication,
NTIS-PR-360 available from NTIS atthe above address.

P



S=RA % TR-2774
PREFACE

In keeping with the national energy policy goal of fostering an adequate
supply of energy at a reasonable cost, the United States Department of Energy
(DOE) supports a variety of programs to promote a balanced and mixed energy
resource system. The mission of the DOE Solar Buildings Research and
Development Program is to support this goal by providing for the development
of solar technology alternatives for the buildings sector. It is the goal of
the program to establish a proven technology base to allow industry to develop
solar products and designs for buildings that are economically competitive and
can contribute significantly to the nation's building energy supplies. Toward
this end, the program sponsors research activities related to increasing the
efficiency, reducing the cost, and improving the long-term durability of
passive and active solar systems for building water and space heating,
cooling, and daylighting applications. These activities are conducted in four
major areas! Advanced Passive Solar Materials Research, Collector Technology
Research, Cooling Systems Research, and Systems Analysis and Applications
Research. '

Advanced Passive Solar Materials Research - This activity area includes work
on new aperture materials for controlling solar heat gains, and for enhancing
the use of daylight for building interior lighting purposes. It also
encompasses work on low-cost thermal storage materials that have high thermal
storage capacity and can be integrated with conventional building elements,
and work on materials and methods to transport thermal energy efficiently
between any building exterior surface and the building interior by
nonmechanical means.

Collector Technology Research =- This activity area encompasses work on
advanced low- to medium-temperature (up to 180°F useful operating temperature)
flat-plate collectors for water and space heating applications, and medium- to
high-temperature (up to 400°F wuseful operating temperature) evacuated
tube/concentrating collectors for space heating and cooling applications. The
focus is on design innovations using new materials and fabrication techniques.

Cooling Systems Research - This activity area involves research on high-
performance dehumidifiers and chillers that can operate efficiently with the
variable thermal outputs and delivery temperatures associated with solar
collectors. It also includes work on advanced passive cooling techniques.

Systems Analysis and Applications Research - This activity area encompasses
experimental testing, analysis, and evaluation of solar heating, cooling, and
daylighting systems for residential and nonresidential buildings. This
involves system integration studies, the development of design and analysis
tools, and the establishment of overall cost, performance, and durability
targets for various technology or system options.

This report is an account of research conducted in cooling system research to
improve the performance of solid desiccant dehumidifiers by investigating the
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experimental and theoretical performance of innovative geometries. Character-
ization of dehumidifier geometries is an important step toward achieving a
high-performance dehumidifier for solar desiccant cooling systems.

This report documents the efforts of design, fabrication, and instrumentation
of the SERI Single-Blow Test Facility and also the design and fabrication of a
highly uniform silica~gel parallel-plate test dehumidifier. Transient experi-
ments were performed, and the results were compared with available heat and
mass transfer models, This research was performed at the Solar Energy
Research Institute (SERI) in FY 1984 and the early part of FY 1985 under task

3009.10 of the Thermal Sciences Research Branch for the Solar Desiccant
Cooling Program.

The author would like to acknowledge the contribution of James Dolan, master
technician, for assisting in the design and fabrication of the test facility
and the test dehumidifier, Sung-Ho Jo, laboratory technician, for instrumenta-
tion of the facility, and Terry Penney for his guidance during the course of
this work., Review comments by Kenneth Schultz and Eric Van den Bulck,
University of Wisconsinj Ian Maclaine-cross, University of New South Wales,
Australiaj and Frank Kreith, SERI, are appreciated.
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SUMMARY

Objectives

The objective of this work is to design, fabricate, and test a single-blow
test facility to obtain transient experimental data on solid desiccant
dehumidifiers with different geometry/material combinations.

Discussion

The SERI single~blow test facility was designed, fabricated, and tested (mass
airflow rate = 50-120 scfm, temperature = 25°-90°C, and humidity ratio =
0.005-0.03 kg/kg). A silica-gel parallel-plate dehumidifier with highly
uniform passages was designed and fabricated as the first test article. The
facility operates under typical conditions that are encountered in operation
of solar desiccant cooling systems (e.g., temperatures of 35°-90°C and
humidity ratios of 0.012-0.025 kg/kg). A limited number of single-blow
experiments were performed, and transient heat and mass transfer data, as well
as pressure drop data across the dehumidifier, were obtained. A single-blow
test was performed by passing a process airstream through a desiccant
dehumidifier to characterize the dehumidifier's transient heat and mass
transfer performance. This is part of the Solar Energy Research Institute's
(SERI) efforts to characterize the performance of promising solar-energy-
regenerated dehumidifiers and validate heat and mass transfer models for
design purposes. Available heat and mass transfer models originally used for
packed beds were extended to the parallel-plate geometry, and the experimental
data were compared with model predictions. Pressure drop measurements were
also compared with model predictions of the fully developed laminar flow
theory.

Conclusions and Recommendations

The comparisons between the predictions of the "lumped-capacitance" model and
the experimental data were generally satisfactory, within 10% for adsorption
and 307% for desorption cases. The agreements were better for adsorption cases
than desorption ones as reported by other investigators. The measured
pressure drops across the parallel-plate dehumidifier were within 15% of the
predicted pressure drops, which is reasonable.

This lumped-capacitance model can be used by researchers and industry to
reasonably predict the transient performance of a desiccant dehumidifier,
which can provide design information. The single-blow test facility can
provide data on dehumidifiers with different geometry/material combinations.
These data can be used to validate and improve the models that predict
dehumidifier performance, which <can later be wused in designing
dehumidifiers., Industry can also use these data to compare different
dehumidifiers and select one to suit a particular need.

A "solid-side resistance'" model that does not assume symmetrical diffusion in
the particles and that is more sophisticated than the "lumped-capacitance"
model was recommended for more accurately opredicting dehumidifier
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performance. More comprehensive experimental data on the silica-gel parallel-
plate dehumidifier and other promising geometries (e.g., staggered parallel
strip) and desiccants need to be obtained, which will result in the evaluation
of their potential as advanced geometry/material combinations for desiccant
dehumidifiers. The method of moments is recommended to estimate the heat and
mass transfer coefficients from the transient heat and mass transfer data.
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NOMENCLATURE

a surface area per volume (1/m)

A frontal area (m?)

B width of dehumidifier (m)

c specific heat (J/kg K)

Cp,e specific heat of humid air (J/kg K)

D effective diffusivity (m?/s)

D* Dt/R? (dimensionless)

DAR desiccant to air ratio, pbAL/mGT (dimensionless)

dy hydraulic diameter (m)

dp particle diameter (m)

f Fanning friction factor

g equilibrium isotherm function

h, convective heat transfer coefficient (W/m? K)

H,oqs heat of adsorption (J/kg water)

k thermal conductivity of humid air (W/m K)

K pressure drop coefficient for entrance effect inside passages
(dimensionless)

K¢ gas-side mass transfer coefficient (kg/mzs)

Kg,eff overall mass transfer coefficient (kg/mzs)

L length of the dehumidifier (m)

Le Lewis number, Sc/Pr (dimensionless)

Leg¢s effective Lewis number, hc/KG,effcp,e (dimensionless)

my water-vapor mass fraction (kg water/kg humid air)

ﬁG mass flow rate of humid air (kg/s)

Mp dry mass of desiccant per unit area of tape (kg/m?)

L number of transfer units, KGpL/rhG (dimensionless)

Nu Nusselt number, h.d)/k (dimensionless)

P pressure (Pa)

P perimeter (m)

Pr Prandtl number (dimensionless)

r radial coordinate in a particle (m)

¥ r/R (dimensionless)

R particle radius (m)

Re Reynolds number, Vd, /v (dimensionless)
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sup

gap

“dod WX K E Q<
* w ®»
LT -

N

z¥*

relative humidity ratio, P /P (dimensionless)

vapor’ “sat
real time (s)
t/t (dimensionless)
temperature (°C)
ratio of tape mass to dry desiccant mass (dimensionless)
Schmidt number (dimensionless)
heat transfer Stanton number, hc/cp’epV (dimensionless)
overall mass transfer Stanton number, Kc,eff/pv (dimensionless)
air velocity in a channel (m/s)
superficial air velocity (m/s)
absolute humidity ratio (kg water/kg dry air)
desiccant water content (kg water/kg dry desiccant)
air gap (m)
sheet thickness (m)

center-to-center spacing (m)

distance perpendicular to direction of flow from the solid
surface (m)

y/dp
axial distance (m)

z/L (dimensionless)

Greek symbols

a

8
Y1

Yb
AP

€

Ke/Kg, efs

ppD/KGR (dimensionless)’
cp,llcp,e (dimensionless)
cb/Cp,e (dimensionless)

pressure drop (Pa)

bed porosity (dimensionless)
kinematic viscosity (m%/s)
density; humid air density (kg/m>)

duration of an experiment (s)

xi
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Subscripts

1 water

avg average value

b bed

B bypass value

dp dew point temperature

e external condition

eff effective value

exp measured or experimental value
in inlet value

0 initial value

out outlet value

P particle

pre predicted value

s s~surface, in gas phase adjacent to desiccant particles
sat saturation

t total

xii
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1.0 INTRODUCTION

1.1 Backgroﬁnd

Open-cycle solid desiccant cooling is one of the promising methods of solar
cooling. Solar desiccant cooling coupled with evaporative cooling has
received considerable attention in the last several years as a mechanically
simple solar-fired option to conventional vapor compression air-conditioning
systems. The desiccant cooling system involves passing process air (which is
warm and humid) through a desiccant bed for drying, and subsequent evaporative
cooling to provide conditioned air. The desiccant is regenerated with hot air
provided by solar collectors. A typical desiccant cooling system (as seen in
Figure 1-1) consists of two evaporative coolers, a regenerative heat
exchanger, a solar heater, and a desiccant dehumidifier [l1]., Several studies
have indicated that desiccant cooling systems can be competitive with vapor
compression air-conditioning if thermal coefficients of performance (COPs)
greater than 1.2 can be obtained [2,3,4]. The thermal performance of the
system depends on the efficiencies of each component. Efficient and low-cost
components should be used so that these systems can be economically viable.
The state of technology in solid desiccant dehumidifiers for air conditioning
applications is relatively new compared with other components. Development of
desiccant dehumidifiers with high-performance, low-pressure drop, and low cost
is a crucial step in making the desiccant cooling systems competitive with
vapor compression systems. The efficiency of a desiccant dehumidifier, for
the most part, depends on the type of desiccant used and the geometry of the
dehumidifier.

The most common solid desiccant material proposed for solar desiccant cooling
application is silica gel (4,5,6] due to its high moisture recycling capacity
compared with other industrial desiccants. Jurinak [4] characterized the
material properties that influence the performance of dehumidifiers. These
interrelating properties are maximum water capacity, isothermal shape, heat of
adsorption, hysteresis upon thermal cycling, moisture diffusivity, and thermal
capacitance. Jurinak concluded that among those commercially available,
microporous silica gel is an attractive material for dehumidifier construction
and can result in relatively good dehumidifier performance. However, to
improve the thermal performance and reliability while reducing the cost of
dehumidifiers, desiccant materials with improved properties over silica gel

are needed. Polymers with the required desiccant properties can be used to
fabricate cost-effective dehumidifiers. SERI has begun to characterize and
evaluate polymers for their potential as advanced desiccants. The Gas

Research Institute is involved in 1identifying and eventually developing
desiccants that can improve the performance of gas-fired desiccant cooling
systems.

The configurations that researchers have used for desiccant dehumidifier
research are packed bed {1,5,6], Illinois Institute of Technology (IIT) Teflon
fiber plates [7], Institute of Gas Technology (IGT) corrugated structure [8],
and coated parallel plate [9,10,11]}. Traditionally, long, packed beds have
been used in commercial and industrial applications where parasitic power
losses are not a major concern. However, in air-conditioning applications
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Figure 1-1. The Ventilation Cycle Desiccant Cooling System

there is a need to have low parasitic power losses. This resulted in the use
of thin packed beds with large cross-sectional areas [6,12], which make the
dehumidifier large and undesirable.

The dynamic performance of packed beds was investigated theoretically and
experimentally [1,5,6,13,14]. The ratio of heat transfer Stanton number to
friction factor (St,/f) for packed beds is about 0.06 (Re = 50), while the
ratio of overall mass transfer Stanton number to friction factor (St_/f) of
packed beds is even lower (about 0.02) due to large diffusional solid-side
resistance of moisture transfer in the particles [15]. The ratios of Stanton
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numbers to friction factor (St,/f and St /f), or the ratios of heat or mass
transfer coeffieient to pressure drop, are measures of compactness and
performance of the dehumidifiers. For a given pumping power the geometries
with higher St,/f and St _/f provide high transfer rates and thus are more
efficient. gerefore, smaller dehumidifiers can be used in a cooling
system. Large values of St,/f and St_/f are desired for dehumidifier
geometries. IGT [8] made an effort to 1mprove Sth/f by using a corrugated
structure on which particles of a molecular sieve were impregnated. The St /f
of fully developed laminar flow with constant heat flux at walls for a
corrugated structure is about 0.32. No data on St_/f has been reported, but
it can be estimated to be 30% to 60% lower than Sty

Researchers at IIT [7], the University of California at Los Angeles (UCLA)
[9,16,17], and the Solar Energy Research Institute (SERI) [10] made efforts to
increase the St,/f and the St_/f. The dehumidifier designed in IIT basically
consists of silica gel sheets that form laminar flow channels. The silica gel
sheets were made by bonding silica gel particles (average diameter 9 um) with
a fine Teflon web [7]. The St /f of the IIT concept is 0.49 under fully
developed laminar flow condltlons while its St_/f is about 0,16 [7,15] due to
diffusional resistance of moisture transfer in the Teflon web.

The UCLA dehumidifier concept [9] consists of parallel plates coated with a
layer of fine silica gel particles (120-250 um). Researchers at SERI [10]
combined the UCLA concept with one using a rotary heat exchanger construction
developed by CSIRO in Australia [18]. The SERI dehumidifier has parallel
channels of double-sided polyester tapes with an adhesive on which fine
particles of silica gel are bonded. The St,./f of laminar flow channels is
0.49, which is higher than the other dehumljﬁfler geometries except for the
IIT concept. It is estimated that the St_/f of the UCLA and SERI concept is
about 0.41 [10], which is higher than the f&T concept. Since larger St /f and
St_/f would result in more compact and efficient dehumidifiers, the coated
parallel-plate concept appears to have a great potential to provide an
advanced, cost-effective dehumidifier.

Researchers at UCLA [16,17] performed adiabatic single-blow experiments on a
bench-scale parallel-plate test article. Fine grains of silica gel (average
diameter 120 to 250 um) were bonded to one side of 0.76-mm-thick Lexan® plas-
tic sheets using a thin layer of silicon rubber adhesive to produce a sand-
paper-like surface. The coated sheets were stacked and spacers were used to
form parallel-walled, laminar flow channels. The experimental results using
this test dehumidifier were compared with a lumped-capacitance heat and mass
transfer model. The agreement was generally fair and the discrepancies were
attributed to heat losses and shortcomings of the model.

SERI tested a small-scale prototype parallel-plate dehumidifier [10]. The
prototype was built by coating both sides of a double-sided polyester tape
with fine silica gel particles and then spirally winding the coated tape to
form parallel-walled, laminar flow passages. Single-blow adsorption and
desorption experiments were performed under adiabatic conditions, and the
results were compared with a pseudo steady-state model. The equations for
simple steady-state counterflow heat and mass exchangers were used in the
model for predicting the dehumidifiers' performance. Predictions were in
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reasonable agreement with the experimental results for adsorption cases and
were relatively poor for desorption cases. The diffusional resistance in the
silica gel particles was estimated to be 20%-30% of gas-side film resistance
and thus an overall transfer coefficient was used., This may be one of the
reasons for the discrepancies observed between the model predictions and
experimental results.

Heat and mass transfer models that properly account for moisture diffusion
into the desiccant particles of parallel-plate dehumidifiers are required.
These models should be compared with experimental data to further improve the

models. These models can later be used in system analysis and component
design.

1.2 Purpose of this Work

The objective of this work was to obtain transient experimental data on bench-
scale solid desiccant dehumidifiers wunder conditions typical of those
encountered in solar desiccant cooling applications by fabricating a single-
blow test facility and desiccant dehumidifier test articles. Another
objective of the project was to extend and improve the available heat and mass
transfer models to silica-gel parallel-plate dehumidifiers by comparing the
experimental results and model predictions. The single-blow test facility can
be used to obtain the performance of different dehumidifier geometries with
different desiccant materials and provide data bases for comparing and
selecting geometries/material combinations. This report describes a single-
blow test facility and a silica-gel parallel-plate test article with limited
test results and compares their test results with model predictions. Further
experimental and theoretical efforts were scheduled in FY 1985
(task 3022.210).
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2.0 DESCRIPTION OF THE SINGLE-BLOW TEST FACILITY

2.1 Configuration

The single-blow test apparatus was conceived to obtain transient adsorption/
desorption experiments of a bench-~scale dehumidifier. The reasoniple area for
the dehumidifier test section was chosen to be about 0.025 m“ to have a
reasonably small-scale apparatus, but with small end effects on the dehumidi-
fier. The geometry of the test section was chosen to be square (about 0,16 m
x 0.16 m) for ease of fabricating test dehumidifiers. The design of the test
air velocity in a residential dehumidifier wheel was estimated to be about
1.2 m/s. Using this design velocitg, the design air flow rate in the dehumi-
difier test section was then 0.03 m”/s (about 0.03 kg/s or 63 scfm). A belt-
driven centrifugal blower from a previous desiccant test loop [19] was avail-
able that could produce this flow rate. The maximum flow rate that this fan
could produce was 0.045 m’/s (about 0.045 kg/s or 100 scfm). The other design
parameters at the design flow rate were

Range of inlet adsorption temperature Ambient* to 40°C
Range of inlet desorption temperature 60° to 90°C
Range of inlet humidity ratio Ambient* to 0.03 kg/kg

*temperature 20°-25°C; humidity 0.005 to 0.012 kg/kg

These air conditions cover the range of temperature and humidity that would be
encountered in both recirculation and ventilation modes of operation for solar
desiccant cooling systems, as shown in Figure 2-1,

To minimize duct requirements, the test rig was designed to use ambient air in
the laboratory space. We found that in the winter, room air ordinarily is low
in both dry-bulb temperature and moisture content and this permitted dehumidi-
fier testing over the range of desired conditions. However, in the summer,
the humidity level is high due to the evaporative cooling component of the
building HVAC system, and we may not be able to operate at the desired condi-
tions. In such a case, sufficient ducting supplies outside air, which is
sufficiently low in humidity because of the dry Colorado climate. The exhaust
air after adsorption/desorption tests is discharged to the laboratory space at
this time.

The schematic of the single-blow test apparatus is shown in Figure 2-2. The
setup consists of a duct heater, a humidifier, a multispeed blower, an orifice
plate, the test section, and required instrumentation for measuring tempera-
tures, pressure drops, humidities, and air flow rate. The heater and humidi-
fier are mounted on a square duct <cross-section of galvanized 1iron
[0.2 x 0.2 m (8 x 8 in.), 20 gauge (0.85 mm) thick], A 0.,15-m (6-in.)
diameter 20-gauge circular duct was chosen (because it is rigid and leak-
proof) for connecting the blower to the orifice plate and then to the test
section and finally to the exhaust. A smooth transition section from circular
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Figure 2-la. Facility Adsorption Stream Capabilities

to square was used to connect the circular duct to the square test section,
The test section, which contains the test article, temperature sensors, air
samplers, and pressure tap, has a cross-section of 0.161l m x 173 m and is
0.6 m long. The test section can be opened from two sides for any
modification required. Two walls of the test section, which can be removed,
are made of Lexan® for flow visualization. Major components are connected
using bolted flanges and are supported on stands approximately 0.6 m above the
floor. The bolted flanges give the system the capability of easy access to
the components in case problems arise or modifications are necessary.

The finned tubular duct heater is 4.1 kW (manufactured by Wellman) and needs
208 volts and a 3-phase power supply and heats up the process air for both
adsorption (up to 40°C) and regeneration (up to 90°C). Humidification of
process air is accomplished by injecting steam produced by an electric boiler
through a duct humidifier, The 50-kW, 480-volt boiler (manufactured by
Electro-Steam) used for this setup is shared with the SERI Cyclic Test
Facility. The dry steam is injected into the system using a duct humidifier
(model ST-50 manufactured by Walton) at a rate of 0.2 to 3 kg/h. The capacity
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Figure 2-1b. Facility Regeneration Stream Capabilities

and the arrangement of the boiler is such that the operation of one test
facility does not interfere with the operation of the other one.

The belt-driven air blower (manufactured by NYB) has 0.3-m (12-in.) diameter
straight radial blades and is driven by an externally mounted, 2-speed (1140
and 1725 rpm), 230-V single-phase 994-W electric motor (manufactured by
General Electric). Using a stepped-cone pulley system and a duct damper, air
flow rates of 0.0047 to 0.047 m”/s (10 to 100 scfm) can be provided. Two
butterfly valves (manufactured by Keystone) and a gate valve (GV) are used to
send air through the test section (BV1 and GV cpen, BV2 closed) or through the
bypass (BV1 and GV closed, BV2 open). These valves are leak—-proof when
closed. The gate valve is expected to produce only small disturbances to flow
after entering the test section.

The single-blow test facility is installed in the west high bay (laboratory
158) of SERI's Field Test Laboratory Building (FTLB). Figure 2-3 is a photo-
graph of the test section of the single-blow test facility.
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2.2 Instrumentation and Control

Important quantities to measure in the single-blow experiments are inlet and
outlet temperatures and humidities, flow rate, and pressure drop across the
dehumidifier. The temperature and humidity of air going through the bypass
are also measured before introducing air to the test article. Figure 2-4
schematically shows measurement locations in the test facility.

The data acquisition system consists of a HP-9845A desk~top computer with a
HP-3497A scanner/multiplexer/digital voltmeter. Both of these units were
available at SERI. The voltmeter was recently calibrated to the manufac-
turer's specifications. The accuracy of the voltmeter is less than 0.03% of
the reading with a resolution of 1 uV.

Temperature measurements are made using gauge 30 (0.25-mm~diameter) copper-
constantan (type T) thermocouples. Average inlet and outlet temperatures are
obtained by an array of four thermocouples connected in series. The arrays
are located in the duct to obtain an area weighted average. The electromotive
force (emf) produced in this manner 1is four times the emf of a single
thermocouple and thus the error in reading voltages by the voltmeter is
reduced by a factor of four.

Each thermocouple junction is designed [10,18] with sufficient bare wire (see
Figure 2-5) to reduce conduction and radiation errors. The actual temperature
measuring point of the sensor is not at the junction but at the copper side.
For this study it is about 5 mm on the copper side. The accuracy of the
temperature measurement depends on the air velocity. The length of bare
copper wire 1is about three times longer than bare constantan, since its
conductivity is higher. The emmisivity of bare wires is very low when clean
(0.03). With thin wires and air flow perpendicular to the wire, high
convective heat transfer rates are obtained. The conduction error is estimated
to be less than 0.01°C, with a radiation error of less than 0.2°C at an air
velocity of 0.8 m/s. The thermocouples are connected to an isothermal box.
The emf generated because of temperature difference between junctions and the
isothermal box is measured by the voltmeter of the HP-3497A through a voltage
card. An ice bath provides a reference emf so that absolute values of tem-
peratures can be measured. The use of an ice bath, instead of a voltage-
compensated 1ice junction, reduces the error of reference junction to
$#0.01°C. The emf of the thermocouple junction at the measuring location rela-
tive to the ice box can be used to obtain the temperature of the junction. To
convert this emf to temperature, a third-order regression fit, based on the
voltage-temperature calibration data obtained at SERI, was used with an error
of +0.04°C over the range of 0° to 100°C. Assuming the above errors combine

randomly, the uncertainty in temperature measurement is expected to be less
than 0.3°C.

When the process air flows through the bypass, the temperature of the air is
monitored by a single thermocouple junction (T,). This thermocouple is also
used for controlling the heat input by the heater and thus controlling the dry
bulb temperature. This thermocouple is connected to a temperature propor-
tional controller (manufactured by Omega Engineering). The controller
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Figure 2-3. Test Section and Measuring Instruments of The Single—Blow
Test Facility (insulation removed)
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Wire can be approached within #0.3°C with

diameter <— Insulated an oscillation period of up to about

=0.254 mm constantan three minutes. It was found that the

40 mm temperature control is quite

Bare acceptable for the purpose of this
copper —> work.

Humidity measurements are made using

optical condensation dew-point hygro-

meters (manufactured by General

Insulated copper Eastern, Model 1100DP/1111D). The

uncertainty of the sensors in

, measuring dew point temperature 1is

D?hue?—ﬁérésoﬂ a:ed $0.4°C. Two dew-point hygrometers

ple were  purchased for this test

facility. The average bypass and

inlet dew-point temperatures were

Figure 2-5. A Thermocouple Junction measured by a single dew point sensor

using a three-way switching valve.

The average outlet dew point temperature was measured using the second

hygrometer., To ensure a representative air sample from the duct, the air for

each hygrometer was drawn by a small pump from 1/4-in. air samplers with eight

holes 0.8 mm in diameter. For the bypass the air sampler had four holes. The

air samplers were arranged across the duct perpendicular to air flow so that

air was sampled from the core of the air flow. See Figure 2-6 for a close-up
of the air sampler and the thermocouple array.

Conversion of dew point temperature to humidity ratio was accomplished by the
relation :

P (Tqq)
. w=0.622 z—28E LR (2-1)
where t sat‘\+dp
w = humidity ratio
po = dew point temperature
Pt = total absolute pressure
P ,r = saturation pressure.

A correlation for saturation pressure as a function of temperature suggested
by Maclaine-cross [20] was used that has an uncertainty of less than *0.l1%.
The total uncertainty in calculating humidity ratio is estimated to be less
than 3% [11].
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Figure 2-6. Air Sampler, Thermocouple Array, and Test Article in the
Test Section. The thermocouple array is mounted on the
air sampler.

The humidity of the process air was controlled by controlling the steam flow
rate using an electronically operated value in the steam supply line. Elec-
trical signals, based on comparing a set-point relative humidity and the out-
put of a resistance-type relative humidity sensor in the duct, controlled the
opening of the valve. The fluctuation in dew point temperature of the process
air in some of the tests was *#2°C, which is unsatisfactory. The efforts in an
FY 1985 project were successful in resolving this problem. The results from
this project will be reported in a forthcoming report [21].

Flow rates were determined by measuring the pressure differences across ASME
standard orifice plates. Three aluminum orifice plates with diameter ratios
(orifice diameter/duct diameter) of 0.2, 0.3, and 0.4 were made to cover the
range of flow rates (0.004-0.047 kg/s). Ten diameters of straight duct
upstream and six diameters of straight duct downstream of the orifice plate
were installed to conform to ASME standards. A one diameter and a half
diameter pressure tap (1D and 1/2D) were used for pressure drop measurements
across the orifice plate. The maximum uncertainty in mass flow rate measure-
ment is about *2% [1l1].

The pressure drop across the orifice plates and across the test dehumidifier
were measured using capacitance-type pressure sensors {(manufactured by MKS
Instruments, Baratron type 221D) with a range of 0 to 10 mm Hg. The
uncertainty in pressure drop measurements is expected to be less than *2,5% of
the reading. The pressure transducers were calibrated with a Dwyer micrometer
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with an accuracy of *#0.0005 mm Hg. The ambient absolute pressure was obtained
using a capacitance-type sensor (MKS Instruments, Baratron type 220A) with an
uncertainty of less than 1.7%.

A data acquisition program called DAP, written in BASIC, monitored the experi-
ments and also collected the data. Appendix A lists DAP. The output voltages
from the measuring instruments are stored on a cartridge at an interval that
can be changed during the experiments. These voltages can be analyzed with
another program called PLOT that plots the experimental data in meaningful
parameters, 1i.,e.,, temperatures and humidities as a function of time.
Appendix A also lists PLOT.
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3.0 DESCRIPTION OF THE PARALLEL-PLATE TEST ARTICLE

The test section in the Single-Blow Test Facility was designed to facilitate
mounting various dehumidifier geometries with different desiccant materials.
This design allows testing of promising geometry/material combinations. By
measuring the performance of the geometry/material combinations one can
identify their potential. In addition, small-scale test articles can be fab-
ricated and tested in the Single-Blow Test Facility for less money compared
with testing a larger dehumidifier wheel in the Cyclic Test Facility.

The first test article we investigated in the Single-Blow Test Facility for
this study had a parallel-plate geometry. This test article simulates the
silica-gel parallel-plate dehumidifier wheel that is under testing in the SERI
Cyclic Test Facility. The single-blow test results provides supplemental
information (such as nature and magnitude of solid-side resistance) for per-
formance analysis of the rotary dehumidifier wheel. The single-blow results
also provides data for comparison with, and validation of, detailed heat and
mass transfer models. The silica-gel parallel-plate dehumidifier wheel tested
in the SERI Cyclic Test Facility [22] had a manufacturing problem--the
passages were not uniform due to sagging of the silica-gel-ccated polyester
film. In the design and fabrication of the bench-scale parallel-plate test
article, we succeeded in preventing the problem of sagging and nonuniformity.
The test article consists of a supporting frame, silica-gel-coated polyester
tapes, and spacers.

The spacers of the test unit are made of 0.794-mm (1/32-in.) thick precision
punched aluminum shims, The spacers are 25.4 mm (1 in.) wide and 0.20 m
(8 in.) long with three holes of 12.7 mm (1/2 in.). The rods of the sup-
porting frame go through these holes for keeping the spacers in place.
Figure 3-1 is a photograph of the spacers along with a silica-gel-coated poly-
ester tape. Figure 3-2 is a schematic of the parallel-plate test article. A
double-sided polyester tape with acrylic adhesive is coated on both sides with
fine particles of silica gel 177 to 297 um (mesh size 50 to 80) after they are
attached to two spacers on each side. Figure 3-2 schematically shows this
arrangement., The tape (film and adhesive) is 76-um (3-mil) thick, 0.167-m
(6.57-in.) wide, and 0.203-m (8-in.) long. However, only 0.117 m (4.57 in.)
of the width is covered with silica gel. The rest of the width is covered
with the spacers from both ends} i.e., each tape is sandwiched between two
spacers at each end.

The sheets (i.e., the silica-gel-coated polyester tapes with four spacers,
Figure 3-1) are then stacked in the supporting frame. The supporting frame,
as seen in Figure 3-3, is made of aluminum. The solid rods, which have a
diameter of 12.7 mm (1/2 in.), were designed to have sufficient strength from
bowing and bending caused by tension from the sheets. The supporting frame
can be opened from both ends by unscrewing six screws and taking off the
lids. The lids are 19 mm (3/4 in.) thick, 0.167 m (6.57 in.) wide, and
0.203 m (8 in.) long. The lids are cut in half and two sliding pins keep them
together., Two back-off screws on one side of a half are provided to pull the
two halves apart. This mechanism prevents the sheets from sagging.

14



TR-2774

S=RI ¥

Figure 3-1. A Silica-Gel-Coated Polyester Tape with Attached Spacers
(used in a parallel-plate dehumidifier)
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Figure 3—-2. Parallel-Plate Test Article (cross-sectional view)
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Figure 3-3. Supporting Frame of the Parallel-Plate Test Article

Figure 3-4. Finished Parallel-Plate Dehumidifier Test Article
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Figure 3-5. Cross—Sectional View of the Parallel-Plate Test Article. Note
the highly uniform spacing.

Figures 3-4 and 3-5 show the highly uniform spacing in the finished test
article. Spacers with different thicknesses can be inserted between sheets to
provide different flow gaps. The specifications of this test article are
given in Table 3-1.
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Table 3-1.
Dehumidifier

TR-2774

Specification of the Parallel-Plate Test Article

Desiccant type

Particle size (dp)

Particle density (pp)
Specific heat of silica gel (cgel)
Tape type

Specific heat of tape (ctape)
Tape thickness
Adhesive thickness (each side)

Sheet thickness (X, )
(silica-gel-coated tape, both sides)

Center-to-center sheet spacing (xsp)

Spacer thickness

Flow gap (xgap)
Silica gel density on tape,
both sides, M,
Dimensions of the dehumidifier part

Dimensions of the test article

Surface area/volume (a)

Tape to desiccant ratio (TDR)

Desiccant bed density (py)

Silica gel, Davison Grade 11
177-297 ym (mesh size 50 to 80)

Average! 237 um

1131 kg/m3

921 J/kg K

AR Clad 5190, Adhesive Research,
Inc. (Double-sided polyester
tape with acrylic adhesive)

1172 J/kg K

76 um

25 um

430-670 um

Average: 550 um

1664 um

794 um (aluminum)

994 to 1234 um
Average: 1114 um

0.279 kg/m?

0,117 x 0.126 x 0.203 m
(width x height x length)

0,169 x 0,161 x 0.203 m
(width x height x length)

1202 1/m

0.350 kg of tape/kg of dry
desiccant

176.6 kg of dry desiccant/m> of
bed

18
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4.0 EXPERIMENTAL PROCEDURE

To obtain single-blow data, first bring the desiccant in the test article up
to initial desired conditions, and then introduce process air prepared at
specified conditions to the test article. This simulates a step change in the
inlet conditions. The inlet and outlet air conditions (temperature and
humidity) are monitored and recorded with time, and the data are collected.
The test section is insulated to simulate adiabatic operation. The following
is a step-by-step procedure for performing the experiments (see Figure 2-2),
Each test consists of preparation and process steps. Depending on the desired
initial and inlet conditions, the process step of one test can be the
preparation step for the next test.

4.1 Preparation of The Test Article
1. Close BVl and GV. Open BV2 and switch the three-way valve to monitor
the dew point temperature of the bypass.
2. Turn on the blower.
3. Adjust D to the desired flow rate.

4., Set temperature at the temperature controller and turn on 4.1-kW heater
(if heating is necessary).

5. Turn on the boiler and set the humidity (if humidification is neces-
sary).

6. Activate the data acquisition program. When desired temperature or
humidity is reached, adjust D again,

7. Open BVl and GV. Close BV2 to introduce conditioned air to the test
article. Switch the three-way valve to monitor the dew point tempera-
ture of the inlet process air.

8. Monitor inlet and outlet conditions. When the conditions are the same,
the desiccant in the test article has reached equilibrium with the pro-
cess air. Note the air conditions for a period of five minutes.

9. Open BV2., Close BVl and GV. Switch the three-way valve to bypass.
10. Turn off the boiler, the heater, and finally the blower.

4.2 Process (Adsorption/Desorption)

1. Make sure that BV1 and GV are closed and BV2 is open. Switch the
three-way valve to monitor the dew point temperature of the bypass.

2. Turn on the blower (the desired pully combination and motor speed are
already set.

3. Adjust D to desired flow rate.
4., Set the temperature on the controller and turn on the heater.

5. Turn on the humidifier and set the humidity.
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9.
10.

Activate the data acquisition program. When desired temperature and
humdity are reached, adjust D.

Open BV1l, and simultaneously open GV and close BV2 to start the single-
blow experiment. Activate the data collection. Switch the three-way
valve to monitor the dew point temperature of the inlet process air.

Record inlet and outlet air temperatures and humidities and pressure
drops to measure the transient response of the test dehumidifier,
Carry out the experiment until equilibrium is reached.

Open BV2. Close BVl and GV.
Turn off the boiler, the heater, and finally the blower.
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5.0 HEAT AND MASS TRANSFER MODELS

5.1 Governing Equations

The purpose of this study is to use the available heat and mass transfer
models for other geometries than parallel plate and extend them to the geo-
metry that is under invegtigation here. Among the computer codes available at
SERI (DESSIM [1], MOSHMX [20], and DESICCANT [14]), DESICCANT has the
capability of simulating transient performance of a dehumidifier by both
lumped-capacitance and solid-side-resistance models in which we are
interested. DESICCANT was originally developed and validated for packed beds,
and thus needs to be modified for parallel-plate geometry. The methodology
for developing differential equations used in DESICCANT that govern the adia-
batic transient response of a desiccant bed can be found in Pesaran [l4]. The
assumptions made for these governing equations are: axial and radial diffu-
sion and conduction and the storage terms in the gas phase are negligible} the
particles are isothermal at each axial locationj transfer coefficients are
constant; and axial diffusion and conduction in the solid phase are negli-
gible., In this section the governing equations developed for DESICCANT are
presented.

The dimensionless form of the governing equations for the lumped-capacitance
model are as follows:

mass balance in the gas phase!

imj e
5* = Ney,eff (mp,g = mp e) (1 - m ), (5-1)

mass balance in the solid phase:

away& = - Neu,eff (

at* DAR ml,s - ml,e)7 (5"'2)
energy balance in the gas phase:!
3aTe
Py “Ney,eff[leess + Yilmy s = mp o) |(Te - T4), (5-3)

and energy balance in the solid phase:

3Ts _ Ney,eff
5t = YbéAR [Leeff(Te - Tg) - (Hads/cp,e)(ml,s - ml,e)]' (5-4)

The above equations are coupled through the equilibrium isotherm relation

mi,s = 8[wavg! T, P] . (5-5)

For the definition of the above parameters, see the Nomenclature. Note that
in the lumped-capacitance model the solid phase at each cross section is
treated as a lump with no concentration gradient in the solid phase perpen-
dicular to the flow, The transfer unit N u,eff depends on the effective mass
transfer coefficient Kg,eff through the relation

KGzeffpL
e

Nty,eff = ’ (5-6)
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where p is the perimeter of the desiccant bed. The coefficient Ko off depends
on the magnitude of both gas-side and solid-side mass transfer céeggicients.
However, since the driving potentials in the gas and solid phases have
different units, K eff cannot be easily expressed in terms of gas- and solid-
side transfer coeé%1c1ents. For the small particles of silica gel used for
this study the solid-side resistance can be considered a fraction of gas-side
resistance {9], and thus one can write

Kg
Kc’eff = '&— ’ (5'7)

where K, is the pure gas-side mass transfer coefficient in the passages and a
is a number greater than unity that depends on the particle size and diffu-
sivity of H,0 into the desiccant particles. To obtain the relation between
effective Lewis number and a, the anology between heat and mass transfer for
parallel-plate geometry is used

Le = (Sc/Pr) be (5-8)
e = |(Sc/Prj = o0——r -
KGCp’e ’
and h,
Le =, (5-9)
eff Kg,effCp,e
Dividing Eq. 5-9 by Eq. 5-8 and substituting Eq. 5-7 one can obtain
Leess :
=5 - (5-10)

For silica-gel-coated parallel-plate geometry the specific heat of the bed Ch
depends on the specific heat of moist silica gel and the polyester tape
through the relation

Cp = W

avgcl * Cdesiccant + Ctape TR , (5-11)

where TDR is the ratio of tape mass to dry desiccant mass.

The model with solid-side resistance in the DESICCANT code assumes that the
particles are spherical, that there is a concentration gradient across each
particle and that water molecules diffuse into microporous silica gel parti-
cles by surface diffusion [14]. Assuming radial symmetry for spherical silica
gel particles, the dimensionless mass balance equation in the solid phase
becomes

W 1 3 % %9 W
= = 7 (D' — (5-12a)
at™  r¥2 3 ( ar”)
with boundary conditions:
at the center
W _ =0, (5-12b)
ar” 'r¥*=0
and at the surface
3w
- 8 — * = (m ~m, ) (5-12¢)
ar e =1 l,s 1,e

The above set of equations replaces Eq. 5-2 of the lumped-capacitance model.
The other governing equations of the model with solid-side resistance are the
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same as Eqs. 5-1, 5-3, and 5-4 of the lumped-capacitance model if Ny efs and
. . ) &
Le,¢¢ are replaced with Niu and Le, respectively. The transfer unit N a
depends on the true gas—side mass transfer coefficient Ke through the relation
KapL
Ney = —— (5-13)
thg
The governing equations are coupled through the equilibrium isotherm at the
surface of desiccant particles

my,g = g[W(r*=1), Tq, P] . (5-14)

An average gel water content is required for energy conservation equations,
which for a spherical particle is

1
Wavg = 3 [ 2 war* . (5-15)
)
Note that part of a particle is blocked by the adhesive that bonds the
particle to the wall of passages and thus the diffusion of H,0 into the
particle is not symmetrical. However, as a first approximation we have
assumed that the diffusion mechanism is symmetrical.

The governing equations (Eqs. 5-1, 5-2, 5-3, 5-4, 5-5 for the lumped-
capacitance model and Eqs. 5-1, 5-3, 5-4, 5-12, 5-14, 5-15 for the solid-side-
resistance model) were solved for a step change in the inlet conditions using
finite difference methods [14]. The inlet and initial ‘condition for solving
the equations are:

inlet conditions

T(t*, z*

: %, g%
ml,e(t y Z

0)

"
-3

in?

0) = M ,in?

and initial conditions

T(t*
W(t*

0, z¥*)

0, z‘:'f)

o
E 3

The details of the numerical procedure and the associated computer program
DESICCANT can be found in Pesaran [14]. The results of solving DESICCANT,
which are in terms of mass fraction m;, can be easily converted to an absolute
humidity ratio for comparison with experimental results using the relation
w=m/(l - m).

5.2 Auxiliary Equations

To obtain numerical predictions several parameters that specify characteris-
tics of the desiccant, the bed, and the flow must be known. If xsh is the
thickness of a sheet of silica-gel-coated tape and Xy is the center-to-center
spacing of the sheets, then the air gap of each channgl from Figure 3-2 is

Xgap = xsp - Xsh ! (5-16)
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and thus the hydraulic diameter of each channel is
d, = 2Xgap = z(xsp -X,) . (5-17)

The number of sheets per unit height of the matrix is 1/x sp and the surface
area per unit volume of the dehumidifier is
a=<>. (5-18)
Xsp ;
The density of desiccant in the matrix b is

b = 57— (5-19)
b Xp ! ,

where M, is the dry mass of desiccant per unit area of sheets. Then the
desiccant-to-air ratio when a mass flow rate of m passes through the bed
during experimental time t is

PpAL

haT
where A is the frontal area of the dehumidifier matrix. The porosity of the
matrix is

’ (5-20)

(Xgp = Xgp) :
c = 27sp ~ “sh’ . (5-21)
Using this porosity one can find the velocity in a channel from superficial
air velocity Vsup
A
V=32, (5-22)
where
g
The Reynolds number in a channel is
vd '
Re = —8 , (5-24)
v
Gas-side heat or mass transfer coefficients, h_ or KG, can be estimated from a

theoretical Nusselt number of fully developeg laminar flow between parallel
plates [25] for the cases of constant wall temperature or concentration
(Nu = 7.54) and constant heat or mass flux (Nu = 8.,325). Although the sorp-
tion process does not fit either of these limits, it is closer to the constant
heat or mass flux cases [26]. The gas—-side heat transfer coefficient is

he = =2, (5-25)

where k is humid air conductivity. The gas—side mass transfer coefficient,
using an analogy between heat and mass transfer for parallel plate, is
h
c

Kg = <5 ele (5~26)

The overall mass transfer coefficient is lower than the gas~side transfer
coefficient because of resistance of moisture diffusion within the desiccant
particles
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Kg Le hc

K = —= =K = . (5-27)
C,eff = 4 G Legff c¢p,e Leeff

The number of transfer units can be estimated from

KepL KgaAL

Ntu - ) (5—28)
thg thg
or
K aAL
N = C,eff7 (5-29)
tu,eff o

Grade 11, Davison, silica gel used in this study has properties similar to
Grade 40 gel. The following polynomial [14] that fits the manufacturer's
vapor pressure data on Grade 40 is used to represent the equilibrium isotherm
of the desiccant:

RH = 0.0078 - 0.05759 W + 24.16554 W2 - 124,478 W3 + 204.226 wh (5-30)

where RH is relative humidity ratio, Pvapor/Psat' Preliminary results have
shown that the adhesive can reduce the capacity of the gel only up to 10%.

The heat of adsorption is estimated from the following relations [14]:

Hads = -12400 W + 3500 W <0.05
" kJ/kg water . (5-31)

Hygg = —1400 W + 2950 W 20.05
The dominant mechanism of moisture diffusion within microporous silica gel
particles is surface diffusion, and a correlation for this surface diffusivity

is given in Pesaran [14], which is

D =1.6 x 1078 exp [-0.947 x 1073 (H, 4 /(T + 273.15)] . (5-32)

5.3 Pressure Drop Analysis

Assuming fully developed laminar flow in the channels, the pressure drop
across the dehumidifier matrix for constant property is [23]

2
AP = B%— [K + 4f %E] , (5-33)

where f is the Fanning friction factor and for rectangular passages is given
by [24]

24 1
f = — (5-34)
Re (1 + Xg,p/B)2 (1 - 0.639249 Xg,p/B)

and K = 0,686,

The measured pressure drop is slightly different than the pressure drop across
the dehumidifier matrix because the pressure taps are positioned away from the
matrix. The correction for this configuration that is used here is recom-
mended by Maclaine-cross and Ambrose [23]. The pressure drop between the
inlet pressure tap, and the entrance of the dehumidifier matrix is [23]

DVZ

APin = —2' [1 - (Ae/Ad)z) ’ (5'35)
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where Aj is the minimum free-flow area of the dehumidifier passages and Ag is
the cross-sectional area of the test section at the inlet pressure tap.
Equation 5-35 is obtained using Bernoulli's equation and the continuity at the
entrance of the dehumidifier. The pressure drop between the exit of the
dehumidifier and outlet pressure tap is [23]

2
APout = E%“ (2(ae/8)2 - 2.4 A /) , (5-36)

where A is the frontal area of the dehumidifier matrix. Eq. 5-36 is obtained
using conservation of momentum and continuity at the exit of the matrix
assuming a parabolic velocity profile at the exit of the dehumidifier and a
uniform velocity at the outlet pressure tap.

The predicted pressure drop between the inlet and outlet pressure taps can be
estimated using Eqs. 5-33, 5-35, and 5-36,

APpre = APjp + AP + APoue (5-37)
Then AP re €20 be directly compared with the measured pressure drop APexp‘
The expé;lmental friction factor fexp can be obtained from

dh [(Apexp = APjp = APgye)

exXp 4L ov2/2 ] )

and can be compared with the predicted friction factor from Eq. 5-34.
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6.0 RESULTS AND DISCUSSION

The major facus of this project was on the design, fabrication, instrumenta-
tion, and shakedown of the test facility. Therefore only a limited number of
experiments under adiabatic conditions were performed and compared with model
predictions. Table 6-1 summarizes the conditions of the tests performed. The
specifications of the test dehumidifier were given in Table 3-l. The
experimental results were obtained after a step change was introduced in the
air inlet conditions to the dehumidifier. Desired uniform conditions were
established before the step change. The outlet air temperature and humidity
as a function of time and pressure drop across the dehumidifier were measured
during each experiment. Figures 6-1 to 6~4 show the experimental results as
well as model predictions. The experimental data were collected in voltages,
converted to engineering units, and then plotted by an HP9845A computer. The
model predictions using DESICCANT code were obtained from a mainframe computer
(Cyber 760 at NOAA), transferred to the HP9845A, and finally plotted along
with the experimental results. Inlet and outlet conditions are shown in
Table 6-1 for both measured and predicted results as a function of time.

Experiments 1 (Figure 6-1) and 4 (Figure 6-3) are adsorption cases that were
performed by the humidification of the process air using the boiler-
humidifier. The wvariation of the inlet humidity (%0.004 kg/kg) is large,
which can be caused by a fluctuation of supply pressure in the steam boiler
and poor control of steam flow rate by the electronic controller valve. We
can observe that the outlet humidity follows the fluctuation of the inlet
humidity and that the fluctuation in the outlet air temperature is sensitive
to inlet air humidity. Since the DESICCANT code at the present time is set up
for a constant step change in the inlet conditions, average inlet conditions
are used for obtaining the predictions.

Table 6-1. Experimental Parameters

Initial Average Inlet Average Flow

Conditions Conditions Conditions
Run  Process? 5 - Ngu
No. To Wo Tin Yin Mg v Apexp

(°c) - (kg/kg) (°c) (kg/kg) (g/s) (m/s) (Pa)
1 AD 24.6 0.02 30.0 0.0144 20.5 2.22 95 12.67
3 DE 25.2 .14 56.5 0.0084 18.9 2.19 90 14.74
4 AD 21.5 0.04 25.5 0.0125 18.1 1,89 80 14.53
5 DE 24,2 0.23 38.8 0.0670 16.2 1.79 68 16.49

2AD = Adsorption, DE = Desorption
bcalculated using Eq. 5-30

CBased on a Nusselt number of 8.235
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Experiments 3 (Figure 6-2) and 5 (Figure 6-4) are desorption cases that were
performed by heating the process air without any humidification. The
fluctuation of the inlet air temperature is small (+0.3°C). This low initial
inlet air temperature observed in experiments 3 and 5 is a result of the
thermal mass of the metal duct between the bypass test section and the gate
valve that initially cools the air temperature. The small fluctuation in the
inlet air humidity observed in experiments 3 and 4 is caused by a variation of
the ambient air humidity.

Predicted results using the lumped-capacitance model and the model with solid-
side-resistance that were solved by the DESICCANT code were obtained. For the
solid-side-resistance model, predicted results were unstable unless a large
number of integration points in three coordinates (r¥, z¥*, t*) were used; it
appeared that the conditions of these experiments (mainly small particle size)
caused this instability., A higher number of integration points required an
excessive amount of computation time and computer cost.

The predicted results for experiment 5 using both models were compared with
experimental results (Figure 6-4), The predictions of the lumped-capacitance
model agree better with experimental results than the predictions of the
solid-side-resistance model. One may have expected that the model with solid-
side resistance would agree better with experimental data. For example, in
the case of packed beds with larger particle sizes the predictions of the’
solid-side-resistance model agreed better with experimental data [14]. One
possible explanation for the unexpected result could be that the assumption of
symmetrical diffusion, of H,0 within the particles in the silica-gel-coated
parallel-plate dehumidifier, was in error. In this case, parts of the
particles may be blocked by adhesive. Since the predictions of this version
of the solid-side-resistance model do not appear promising for small-particle
coated silica-gel parallel-plate geometry and the computer cost is relatively
high to obtain predictions using this model, we did not use this version of
the solid-side-resistance model for further comparison. A model based on the
same principles of this solid-side-resistance model without any symmetrical
diffusion within the particles is proposed in Section 7.0 for future analysis.

Predictions using the lumped-capacitance model shown in Figures 6-1 to 6-4
were obtained using an a of 1.53 (Lee g of 1.3) based on a formula suggested
by Biswas et al. [9]. The predictions are similar to the experimental
results. Although there are fluctuations in the 1inlet and thus outlet
conditions of the experimental results and the model does not account for
these fluctuations, we can say that the predictions for the adsorption cases
(Figures 6-1 and 6-3) agree better with experimental results than the
desorption case predictions (Figures 6-2 and 6-4). This behavior has been
observed by other investigators [1,14] and may be attributed to the presence
of a dynamic hysteresis in the adsorption/desorption characteristics of silica
gel.

From the desorption cases it is obvious that the predicted outlet humidity
ratio is initially higher than experimental results, and later it is lower
than the experimental outlet humidity and also reaches the inlet humidity
faster. This means that initially the model predicts a higher desorption rate
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and capacity, but later it predicts a lower capacity. These predictions can
result from using inappropriate choices of the equilibrium isotherm equation
and effective amount of desiccant.

The predicted outlet air temperature 1is always higher than the experimental
results and reaches inlet air temperature faster. This can be due to several
factors: lower heat of adsorption in the model, dependence of heat capacity
to temperature, lower equilibrium capacity assumed in the model, heat loss
from the test section, and that initially the inlet air temperature in the
model is assumed to be higher than the experimental inlet air temperature.
Parametric studies of heat of adsorption, equilibrium capacity, and overall
mass transfer coefficient need to be done to investigate their effect for
improving the predictions. Reducing the fluctuations in the inlet air
condition also improves the comparisons.

Figure 6-5 shows the variation of the friction factor versus the Reynolds
number. Measured friction factor (Eq. 5-38) is shown to be in good agreement
with the prediction (Eq. 5-34), which is based on the assumption of a fully
developed laminar flow.

The measured pressure drops across the dehumidifier are within 15% of the
predicted pressure drops, as can be seen from Figure 6~6 and Table 6-2., The
predicted values (Eq. 5-39) were obtained based on the average air gap of the
passages. Although the variation in actual air gap of the passages is small,
the pressure drop variation is larger since the pressure drop is inversely
proportional to the third power of the air gap AP « X—a . Also some of the
longer particles can partially deform the flow caus%ng flow separation and

0.4 ! T 1 T g
B Measured
— Predicted
0.3
S
©
8
.5 0.2
o
C
01
| | ! 1
50 100 150 200 250 300

Reynolds number Re

Figure 6-5. Friction Factor Versus Reynolds Number--Measured
and Predicted
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increase in pressure drop. Under these circumstances, the 15% difference is
reasonable.

110 5
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50 ! | 1 | i | 1 | ! | !
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Predicted pressure drop (Pa)

Figure 6-6., Measured versus Predicted Pressure Drop

Table 6-2. Pressure Drop Results

Run No. &G (g/s) Re APexp APore Difference
(Pa) (Pa) (%)
1 20.5 248.7 95 82.6 14.9
3 18.9 215.4 90 87.4 3.0
4 18.1 221.6 80 71.1 12.5
5 ‘ 16.2 192.0 68 68.2 -0.2
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7.0 CONCLUSIONS AND FUTURE WORK

A single-blow test facility for obtaining adiabatic transient response of
desiccant dehumidifiers was designed and fabricated. A silica-gel parallel-
plate dehumidifier with highly uniform passages was designed and fabricated as
the first article for testing in this facility. A limited number of adiabatic
single-blow experiments were performed and the transient heat and mass
transfer data were compared with the predictions of two models in the
DESICCANT program that was originally developed for analyzing packed beds.
The predictions using the lumped-capacitance model agreed better with the
experimental results than the model with solid-side resistance. This result
was attributed to poor assumption of symmetrical diffusion in partially
blocked silica gel particles., The comparisons between the predictions of the
lumped-capacitance model and experimental data are generally satisfactory,
within 10% for adsorption and 30% for desorption. They are better for
adsorption cases than desorption cases as observed by previous investigators.
Pressure drops across the parallel-plate dehumidifier were measured and were
within 15% of the predicted pressure drops.

The results obtained in this test facility can be used to design dehumidifiers
in two ways:

e by comparing the transient performance of various geometric/material
combinations and then recommending combinations that have greater
potential to provide efficient dehumidifiers, and

e by providing the data for validating the heat and mass transfer models of
dehumidifiers and then wusing these validated models to design more
efficient dehumidifiers,

The inlet humidity level was not uniform when the ambient air was humidified
by injecting steam from the boiler to the process air. The fluctuations were
attributed to fluctuations in the steam supply pressure in the boiler and poor
control of steam injection rate by the controller valve. These activities and
conclusions were performed in a FY 1984 project. In FY 1985, we continued our
efforts to improve the single-blow test facility. These efforts are
documented in a forthcoming report [21]. The test article needs to be
modified by changing the air gap of the passages and particle size of the
desiccant for further testing. In FY 1985 we planned to test a promising
geometry (staggered parallel strip) to evaluate its potential as an advanced
geometry for desiccant dehumidifiers.

To improve the solid-side~resistance model we can assume that the silica gel
layers on the polyester tapes act as slabs of solid with a thickness of d_ and
then we solve the diffusion equation in these slabs rather than solving the

*With the efforts in FY 1985 we were successful in obtaining a more uniform
inlet humidity ratio by solving the humidity control problem. After resolving
this problem we obtained transient response of the parallel-plate test article
by performing experiments at different air flow rates and inlet and initial
conditions.
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diffusion equation in spherical particles. Then the only equation that needs
to be modified is Eq. 6-12 which becomes

aw 3 % W

* = e (D *) bl (7—1a)
at ay” y
with boundary conditions:
at the wall & e =0, (7-1b)
ay” 'y"=0
at the surface of the particles adjacent to the air gap
W

(7-1c)

, = m -~ m .
ay* |y~'€=1 l,s 1,3

The dimensionless parameters in the above set of equations are

D
* oY y* =t pros DT S

A A i A R S T
P P G p

Other governing equations remain the same. Solutions of this model need to be

obtained numerically and compared with the experimental results so that the
model can be improved and validated.

In FY 1985, we planned to apply the method of moments [27,28] to the transient’
heat and mass transfer data to directly obtain heat and mass transfer
coefficients. Transient heat transfer tests for heat exchangers have been
interpreted using the first statistical moment of temperature distribution to
estimate the matrix heat capacity and the second moment to estimate the number
of heat transfer units and thus the heat transfer coefficient [27]. The same
method can be applied to transient heat and mass transfer data by using
combined potentials. Each combined potential satisfies equations analogous to
those for heat transfer alone and has a characteristic wave speed. We expect
that this method will estimate the heat and mass transfer coefficients from
the transient data and eliminate some of the subjectivity used in the
traditional method of matching the experimental transient data with the
predictions.
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APPENDIX A

LISTING OF PROGRAMS

This appendix lists the data acquisition program (DAP) and the program that
analyzes the raw data and plots them in outlet air conditions as a function
time (PLOT). Both programs are written in BASIC for the HP9845A.
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! £ EEF R DAF FeFEEE
! DATA ACGUISITION FREOGRAM
! FOR COLLECTIOW AMD STORHAGE
! ’ OF DATH FROM
!  THE SERI SIHGLE ELOW TEST FRCILITY
] #¢% AFRIL 22, 1985 +%#
! ¥4¥ FORTH VERSIOH #$%5¥
! #%#% AHMAD PESARAM ®E*
I
OFPTION BASE 1
OVERLAF
INTEGER F
IIM Yi9)
IMFUT "HOW D0 Y2l WAWT THE QUTRUTLIA=thermal paper) 1E=CRET
y TaEsEpson printer? P',Frint$
IF Print¥="1&" THEH PRIMTER IZ 14
IF Print$="3" THEH PRIHTER IS &
IF Print$="7v,6" THEHW FRIHWTER 1% 7,%&
oW KEYW #2 GOTO 218
Bp=1
GOTO 244
Ep=@
DISF "BYPASS CALCULATIONS IGHORED
GOTO 2144
OH KEY #3 GOTO 2E@
GOTO =z@
Bp=1
DISF "BEYPASS CALCULATICHS OMHGOIHG®
DISE " TIME TEF TDEWEF AHREF HEEF FAES IFO MEATE M
SFEEL"
FRIHT " TIHME TEF TOEWEF AHREF HFEEF FRES IrP0 MEATECH
SFEED"
GOTO 2148
Flag=8

OH KEY #1 G0OTO 348

GOTO 37a

Flag=1

IMFUT "HEW TIME STEF IN MMSE",Itnew
GOTO 2148

Fif=6
R=£314.12 to~3%paskmole*k  UNIVERSAL GAS COMSTANT
Muair=28.67 | AYERAGE MOLECULAR WEIGHT OF HUMID AIR

Mr=Muair~F
W

Poonw=1,8132ES

FES-TEE | COMERSIOM FRACTOR FREOM TORRS TO PASCHL
Sohn=EYas O SCHRH
I TH
!
]

(=33

HMER ADDRESS

ERMAL FPHAFER HAIODRESS
CRET ADDRESS

EFPZOM PRIMTER ALDDRESS

I' Pap=@

I Crt=18&

I FRIN=Y,&
RESET Sch
QUTPIT Scrhy "SIl

IHFUT "ESFERIMEMT RUH # 2",Runs
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T4
RHOUT

r1s!

PRINT “EXPERIMENT RUH # "y Runs

INFUT "DATE OF TEST MHM-DD-YY ?",Date$

FPRIMT "DATE OF EXPERIMEMT MM~-DD-YY ",Dates

INPUT "TIME OF DAY HHMHM ? ",Time$

PRINT "TIME OF DAY HHMHM "y Time$

INPUT "TIME IMTERYAL IN MMSS ",Dt

FRINT "TIME INTERVAL OF EXPERIMENT IH MMSS ",Dt

IMPUT "TOTARL DURATIGN OF EXPERIMENT IH SEC ", Tmax

FRINT “"TOTAL DURATIOHN OF EXFERIMENT IN SEC 7", Tmax

N=56%2.54-108 ! DUCT DIAMETERm2

Areaf=9.971E-2 | FREE AREA OF DEHUMIDIFIER cm~27

FRINT "DUCT DIAMETER IN METERS ",D

INPUT "WHAT IS THE DIRMETZE RATIO OF ORIFICE FPLATE *",Eeta

PRINT "DIAMETER RATIO QF ORIFICE PLATE (d-D» ",Beta

Bet a4=Bet a~4

E=(1-Betadr~(~-,5)

Mconst=E#(D*Beta)~2*SOR(2)x*PIL -4

Econst={.41+.35%Betad)-1.4

Reconst=4/PI~/0D

O KEY #6& GOTO 718

Hn$=llNll

GOTO 788

DISRELE

Arg="y" | IMFUT "WAWT CRLCULATIOM QOF IMLET HMWD QUTLET oY-H2T",An#

I PRINT "DO %0U WAHWT CRLCULATIOW OF IWLET AWD OUTLET COMDITIONHS <%<HI?",Ans

IF An$g="%" THEH DISP " TIME TIWH TLREWIW ARHIN FRHIH TOUT TDEWOUT AHROUT
IPTA HMRRTE SPEED"

IF Ang="%Y" THEHW PRINT " TIME TIWH TIDEWIH ARHIW FHIH TOUT TDEWOUT ARHEOUT

RHOUT DPTA MRATE SFEED"

rE8
vre
reg
r98a
goa
gig
2z2a
83e
240

i
*®

ileb

o |‘0_.4
51— 3 m

-

ileb

KTCRRS GRS N R Y o SR Y « M I e BV KRR o
g_l

e LS LI SO I L SCR i )
oL Eo DD

EMABLE

GOTO 2149

OH KEY #7 GOTO 848

GOTO &30

An$="N" »

DISP "CALAULATIONW OF IWHLET AWD OUTLET COMDITIOWS STOPFED"
GOTO 2148

FPRINT ,Beta

FRIMT ,Eetad,E,Mconst,Econst

PRIMT ,Reconst

IMPUT "FIRST FILE NAME FOR STORRGE 0OF DATA (WS IF WO STORAGE IS DESIREDY",F

FRINT "FIRST FILE MAME FOR STORAGE OF DATH (HMS IF WO STORAGE IS DESIREDMM,F

IMPUT "SECOWND FILE WRME FOR STORAGE OF DATAH (WS IF MO STORAGE IS DESIRED»",
¥

FRINT "SECOMD FILE MAME FOR STORAGE OF DATAR CMS IF MO STORAGE IS DESIRED:M,
2

IF Filea$="HS" THEH 998

MASS STORAGE IS ":iT13"

DISP “FIRST FILE IS BEING CRERTED"

CREATE Filea¥, 5@

RSSIGH #1 TO Filea#

IF Fileb$="HMS" THEH 99&

DISP "SECOMD FILE IS BEIMG CRERTED"

! CRERTE Fileb$.rR
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98a
998
188
1818
1828

18306
1848
1858
1668
16708
1988
19906
11886
1118
iize
1138
1140
1150
11e0
1178
l11g8
1198
12080
1218
1228
1238

1246
1256
1266
1278
1286
129a
120808
1310
1220
1338
1240
1356
13668
1376
1284
1398
1460
1418
14208
1436
1448
145A
1450
1470
1426
1498
15868

HASSIGH #2 TO Fileb$

EEEP

DISP "If the system is ready for testing press COMTIHNUE "
PAUSE

DISP " TIME TEP TDEWEP AHRBP HREP FRES IFO

SPEED"

ON KEY #4 GOTO 10668

Stor=0

GOTO 1168

PRINT "DATRA IS STORIHG IH “",Filea#

DISP "DATA IS STORING "

Stor=1

GOTO 2140

ON KEY #5 GOTO 1124

GOTO {160

DISP "DATA STORAGE IS STOFPED"

PRINT "DATA STURAGE IS STOPFPED"

Stor=0

GOTO 2148

OH INT #7 GOTO 1280

CONTROL MASK 7;128

CARD EHRELE 7

DUTPUT Scn;"TD"

EHTER Scn;Td$

FRINT "TIME FROM HP 349VA",Td$

PRIMT LINC(3)

PRINT " TIHME TEBP TODEMWEP RHREBP HREP PAES
SFPEED"

QUTPUT Scn;"TEB"

QUTPUT Scn USIHG "K";"SE1G VYRS VYF1 VW8 YAl AF1 AL9"

QUTPUT Schn USING "AA,DDD";"TI",Dt

OUTPUT Scn;"TEZ"

DISABLE

OQUTFUT Scn; "TE"

ENTER Scn;Time

STATUS Scn;P

CARD ENREBELE 7

IF Flag=1 THEW OUTPUT Scn USIMG "AA,DDD";"TIY,Dtrew

Flag=8@

FOR I=1 TO 9

OUTPUT Scn USING "AA,DD";“AI",I

ENTER SchnjiV(I)

I PRINT "I=";I,"W{Ix="3%CI>

HEXT 1

I PRINT USIHG vé2;Time,Vi%2

i IMAGE DDDD,2{(1x,MDD.DDE>

I PRIMT #1;Time, M%)

IF Bp=8 THEH 1746

! CALCULATE THE MASS FLOW RATE

Pab= (9 x1008%FPcaonw 'RESOLUTE FRESSURE IM FASCAL

Vop=shol i+ oE) PEUMMATION OF e.m.f. FROM EYFASS AMD BOXCm\ )

Thp=FHTfulYba? 'TEMPERATURE OF EBYPASS (L3
Denair=Pab+Mr (Thp+273, 15> 'DEMSITY OF AIR ckgerm=2

Dpo=\WOgs#Pconw 'PRESSURE DROFP ACROSS ORIFICE FLATE CPASCAL:

Expar=l-Econszt #DposPab
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1318
1528
1538
1548
1558
15¢8
157@a
1524

C=.6 ’ I INITIAL YALUE 0OF DISCHARGE COEFFICIENMT

Mf=Mconst #Expan*SRAR(ABS{Dpo*Denairi)

Counter=@

!

Mr-ate=C#M¢ ! AIR MARSS FLOW RATE (kg~rs3

Counter=Counter+l

Re=Reconst#Mrate FHYis(Tbp+273.15)

| PRINT "RE=";Re,"PAE=";Pab;" PASCAL";" DFO=";Dpoj;" PFASCAL" ! CALCULALE

HEW VALWUE OF DISCHARGE COEFFICEINT.

1398

Chew=.5959+.0312%Beta~2.1-.184%#Beta~2+.B8B29+Fet a2, 3% 1E6 Re)~.75+.03%9%Bet

a4¥(1~-Betad)r)~(-1)-.01583%Bet a3

lees
lela
leze
1e3p
1646
1658
18
1678
16286
1634
1784
1716
1vzaa
1738

IF ABS(Cnew-C>»-Chew.B@85 THEN 1658

IF Counter>=3 THEN 1658

C=Chew

Mrate=C#Mf

GOTO 1549

Speed=Mrate-Denair-Areaf

! PRINT "C=";C,"RE=";Re,"MRATE=";Mrate;"C(kg- 52", "COUNTER=" Counter

! CALCULATE DEW POINWT TEMFPERATURE QF EYPASS USIHG Y(5)
Tdewbp=Y(5>*18
Pubp=FHPsat (Tdewbp+273.15>
Ahrbp=.622%«Puvbp~-(Pab-Pubp>
Rhbp=FPubp FNPsat (Tbp+273.153 .
FRINT USIHGE 1738;Time, Tbp, Tdewbp, Ahrbp, Rhbp, Pak, Dpo, Mrate, Counter, Spesd
IMAGE LDDDD,2X,DD.DDD,2%,MDOD,DD,2X,D.DD00E, 2X,0.0000, 2%,0.0D0E, 2, D00, 24,

D.DDDE,"¢",D,">", 2%, D.DDD

1748
1738
17608
1778
1738
1798
1288
1gle
1828
1838
1248
13509
1268
1878
1338
1298
1984
1918
1926
1938
1948
1958
1%en
1978
1986
1998

IF An$="H" THEH 261a
Yiout=vY(4r-4+4C2) IBO¥ VOLTAGE AND CUTLET TC ARRAY
Tout=FHTfu(Ytout

Tdewout=Y<(52%10

Puout=FHPsat (Tdewout+273.15>
Ahrout=,E622%Pvout ~(Pab-Puout?

Rhout =Puout "FHPsat (Tout+272,15>
YLin=Y(32/4+V(2)

Tin=FHTfuiV¥ting

Tdewin=V(5>*1B6

Puin=FHPzat (Tdewin+2?73.15>
Ahrin=.622#Puwin-{Pab-Puin’
Rhin=PuinsFHPzat (Tin+273.15>
Fab=¥(9)%18808%FPcanwv

Ilenair=Pab*Mr (Tin+2732.135>
Dpo=vY{(8)#Pconv
Expan=1-Econst#Dpo-FPab

Mf=Mconst *Expan*SARCABS(Dpo*Denair>?

Mrate=C#M§

Speed=MratesDenair-Areaf

Dpta=Y(?3*Pconv

I PRIMT "“TOUT="§Tout, "TDEWCOUT="; Tdewout , "AHROUT="3Rhraout, " FHOUT=";FRhout
I PRINMT "TIWH=";Tin, "TOEWIH=";Tdewin, "AHRIN="jAhrin," RHIM="3Rkin

I PRIMT LINC2)
I PRIMT Time,Tin,Tdewin,Ahrin
PRIMT USIHG 200808;Time,Tin, Tdewin,Ahrin, Rhin, Tout, Tdewout , Ahrout  Riout , Tpt a,

Mrate,Speed

g 1o

14, 0.

IMAGE DDDDLD,2¢1%, DD.DD,1%,MDD.DD,1%, .DDDDDD, 1%, .DDD:,2X,D0D0.0,1%,D.D0DE,
DDD
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28148 !

2828 IF Filea$="NS" THEN 2118

2838 IF Stor=68 THEN 2110

2048 DISP Time,Y(3),¥(4)

285@ IF Fff=P1 THEN 218

2068 IF Fff<>PI THEN PRINT #1;Time,V¥(%)
2878 ON ERROR GOTO 2898

z88a@ GOTO 2118

2098 Fff=Pl
2188 IF Fff=PI THEH PRINT #2;Time,Vi*)
211@ !

2128 IF Time>=Tmax THEN 2170

21386 ENARBLE

2148 GOTO 2148

21598 DEF FHTfui(W)=,00888+26,.18%(V£18BE)~-.7231%(V*#10668) -2+, 0444 (V18081 ~3
2168 DEF FHYis(T»=1.459E-6%T~1.5-/(T+118.77>

217@a STOP

2186 EHND

219@ DEF FHPsat(T»

2286 IF T:2v73.15 THEN Pr=EXP(23,28199-3780,.82-T-225885-T~2)
2218 IF T<{=272.15 THEN Pr=EXP(22,.87-6133.8-T)

2228 RETURN Pr

2238 FHEND

43



S=RI & TR-2774

18 ! FEEF® PLOT EEEF

28 ! THIS PROGRAM PLOTS THE

o8 ! EXFERIMENTAL AND THEQRETICAL RESULTS

48 ! THE EXPERIMEWTAL RESULTS ARE FROM THE

S8 ! SERI SINGLE EBLOW TEST FRCILITY

68 ! THE THEORETICAL RESULTS ARE FOM THE

78 ! ) "DESICCANT" CDIDE

g6 ! .

ag ] *EE MARCH 1, 1985 =###%

188 | $$% SECOND YERSIOHN $3%$$%

11g | #%#% HAHMAD PESARAN %%

1z |

138 OPTIOH BASE 1

140 OVERLAP

1586 PRINTER IS B

168 DIM ¥(9),A1<182>,A2¢182>,A3C182)>

170 R=8314,12 !'m~3#%pa-kmole*K UNIVYERSAL GRS CONSTRHNT

128 Mwair=28.67 | AYERAGE MOLECULAR WEIGHT 0OF HUMID RIR

198 HMr=HMwair-R

280 Pconv=1.B8133ES-768 ! COHMERSION FACTOR FROM TORRS TO PASCAL
218 IHNPUT "ENTER EXPERIMENT RUN # 7",Run

2280 PRINT "EXPERIMENT RUN # 7"y Run

238 INPUT "DRTE OF TEST MMsDD-Y¥Y ?",Date$

248 FRINT "DATE OF EXPERIMEWT MM~DD-sYY ",Date#

258 INPUT "ENTER DURRATION OF EXPERIMEMTC(PERIOD» IN MIMNUTES 7", Time_max
260 PRINT "DURATION OF EXPERIMEWT IN MINUTES ?",Time_max

278 INPUT "EMTER MAXIMUM YALUE ON TIME AXIS",H1

288 PRIHT "ENTER MARXIMUM VALUE OW TIME AXIS",H1

299 I=6*2.54-1006 | DUCT DIARMETER<m?>

388 PRINT "DUCT DIAMETER IW METERS ",D

218 IWMPUT "WHAT IS THE DIRMETER RATIO OF ORIFICE FLATE ?",Beta
328 PRINT "DIAMETER RATID OF ORIFICE PLATE <d«D0) ",Beta

230 INPUT "DO ¥YOU MWANT TO CHANGE THE SPECIFICATIGNS OF THE DEHUMIDIFIER <(Y-H2
7", Spd¥

348 IF Spd$="Y" THEN Change

358 K_sh=5.8E-4

268 X_sp=1.664E-3

3re L=.2

380 Area=1.18E-1%1.28E-1

398 GOTO Coo

488 Change: INFPUT "SHEET THICKMESS,SPACIHG BETWEEM SHEETS,LEMWGTH,FROWTOL ARER",
“_sh,X_sp,L,RArea

418 PRIWT "SHEET THICKMESS,SPACING BETHEEN SHEETS,LEMGTH,FROMTOL ARER", X _zsh,x_=
psL,Area ‘

428 Coo: !

438 Dh=2%/X_sp~X_sh)

448 Porosity=(X_sp-x_sh)~ X¥_sp

458 Areaf=Area*Porosity
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460
478
438
490
Se8
Sie
s52e
538
548
558
o618
Hrin_
578
Sge
ave
=)
€80
618
6206
€28
&40
650
668
670
€806
698
7ae
718
720
738
740
rg=1"
-1
778
7o
798
860
gle
e2e
830
840
858
268
2870
ege
598
1ol
918
928
938
94d
958

Hu=8.235 | NUSSELT NUMEBER

Sc=.61 | SCMIDTH NUMBER

Spu=2sn_sp

Bet ad4=Beta~4

E=(1~-Betad4:~(-.57

Mconst=E*#(D#Beta)~2%#SAR(2)%PI1 4

Econst=(.41+,35%Betad4) 1.4

Reconst=4-P1-D

INPUT "ENTER FILE HAME OF THEORETICAL RESULTS <T:15) ?",Ftheo$

PRINT "FILE WAME OF THEORETICAL RESULTS IS ",Fthec#

INPUT "WHAT IS AYERAGE INLET HUMIDITY RATIO FOR THEORETICAL SIMULATIOWNS ?v,
ave

PRINT “AYERAGE INLET HUMIDITY RATIQ FOR THEORETICAL SIMULATIONS ?",Hrin_ave
INPUT “WHAT IS RYERAGE IMNLET TEMPERATUR FOR THEORETICAL SIMULATIONS ?",Tin_

PRINT "AYERAGE IWLET TEMPERATUR FOR THEORETICAL SIMULARTIONES ?",Tin_ave
INPUT "ENTER FILE HNAME OF EXPERIMEHTAL DATA (:Ti437",Filea%$
PRINT " FILE HAME OF EXPERIMEMTAL DATA IS$ ",Filea#

INPUT "ENTER INITIAL DATA POINT TO BE IGHORED ? ",Ignore
PRINT "INITIAL DATA POINT TO BE IGHORED % ",Igrore

IHPUT "ENTER START~UP TIME IN SECOMDS 7 "yStime
PRIMT "STAT-UP TIME IN SECOWDS 7 "yStime
Stime=5times60

H2=H1-2

H3=2%H1-3

H4=-H1-18.5

HS=-H1-7.5

PRINTER IS B

PLOTTER IS "GRAPHICS™

FPLOTTER IS 7,8,"9872R"

LIMIT B,268,4, 2040

LOCRTE 16,116,15,83

DISF "CHANGE THE PRPER AMD PRESS COHTINUE"

BEEF
PRUSE
DIsp v
Tmin=-26
Tmax=88

SCALE Tmin, Tmax, 8, H1

RXES 1B8,5,Tmax,H1,2,2,5

Hmin=8

Hmax=.84

SCALE Hmin,Hmax,8,H1

AXES .8B2,5,Hmin,B,2,2,5

INFUT "DO %¥OU WAMT TO LABEL AXISCY-H) ?Y,Lbling#
IF Lbling#$="N" THEHW GOTO Plotting

LORG S )

LDIR 3:PIlr2

CSIZE 2.5
Y1=-.83530%(Tmaxz~Tmirn +Tmin
Y2=-,115%(Tmax-Tmin>+Tmin

Y3=1,1B8%CTmasx-Tmirn>+Tmin
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968 SCALE Tmin, Tmax,8,H!1

978 FOR X=0 TO Hi STEP 18

980 MOVE Y1i,H1-X

998 LABEL USING "DDD"; X

1688 NEXT X

1018 FOR ¥Y=Tmin TO Tmax STEP 18
1828 MOVE Y,H1-H4

18308 LABEL USING "DDD.D";V¥

1848 NEXT Y

1858 CSIZE 3.5

1860 MOVE ¥2,H1-H2

1878 LABEL USING "K";"TIME <(min,>»"
1888 MOVE Y3,H1-H3

1898 LABEL USING "DDD";Run

1188 MOVE ¥3,H1-Hz2

1118 LABEL USING "K";"EXPERIMENT # "
1128 LDIR &

1138 MOYE (Tmax+Tmin)>~2,H1-HS

1149 LABEL USING "K";"OUTLET AIR TEMPERATURE ,¢C>"
1158 GOTC Lable

1168 Plotting: !

1178 LDIR @

1188 PDIR ©

1198 MASS STORAGE IS ":Ti1S"

1280 ASSIGN #3 TO Ftheo$

1218 I=1

1220 Theo: |

1238 READ #33;A1C(I>,A2¢1>,A3CD)
1248 RA1CIX=R1CI>*#Time_max

1256 PRINTER IS 16

1268 PRINT ,R1<I>,A2¢IH»,A3CID
1270 IF A1CI>>=Time_max THEN GOTO Out_theo
1288 I=1+1

1298 IF I>1@1 THEN GOTQ Out_theo
1368 GOTO Theo

1318 Dut_theo:i !

1328 SCALE Hmin,Hmax,8,H!

1338 FOR J=1 TO 1

1348 PRINT A1<¢J),A2¢T)

1258 PLAOT R2CI3,HI-ALCT I PLOT HUMIDITY RATIO WS, TIME
1368 NEXT J

1376 MOVE 8,8

1388 PLOT Hrin_ave,H1-A1¢1)

1398 PLOT Hrin_ave,H1-A1C(I)

1488 PENUP

1418 SCALE Tmin, Tmax,8,Hi

1428 FOR J=1 TO I

1438 PRINT R1CJI>,R3CTD

1448 PLOT A3C(JI2,HLI-RL1CTD ' PLOT TEMPERUTURE W¥S. TIME
1458 NEXT J

1468 PEHNUP

1478 PLOT Tin_ave,H1-A1¢1)

1438 PLOT Tin ave,H1-A1C(I>
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1498
1508
1518
1528
1530
1548
‘1558
1560
11578
1580
1598
1€08
1618
1628
1630
1E41
1635@
16€8
1674
1688
1698
1708
iria
1rza
1730
1748
1750
1768
1vve
17206

PENUP

LORG S

CSIZE S

MARSS STORAGE IS ":T1i4"
ASSIGH #1 TO Filea$

Count=8a

Timeold=06

Ms=8

Ntus=8

Begini ! PLOT OF EXPERIMENTAL RESULTS
Count=Count+l

READ #1;Time,VY(#*)

IF Count<Ighore THEM 1590
Time=Time 60
Timenew=Time—-Stime

IF Timenew>Time_max THEN Out

Pab=V(9)#188@%Pconv IABSOLUTE PRESSURE IN PASCAL

Yhp=¥(1)+¥ (2D ISUMMATION OF e.m.f., FROM BYPASS AMD BOX(mY>
Tbp=FHTfuv(¥bp> ITEMPERATURE OF BYPASS <(C)
Denair=PabsMr-(Tbp+273.15> I!DENSITY OF ARIR C(kg/m~3’
Dpo=V(8Y%Pconv IPRESSURE DROP ACROSS ORIFICE FLATE (PASCAL?>
Expan=1-Econst*Dpo-Pab ‘

C=.86 ' INITIAL YALUE OF DISCHARGE COEFFICIENT

Mf=Mconst ¥Expan*SAR(ABS(Dpo*Denairi’

Counter=0

|

Mrate=C*Mf ! AIR MRSS FLOW RATE <kg-s?

Counter=Counter+l

Re=Reconst#Mrate -FHVYis(Thp+273.15>

| PRINT "RE="jRe,"PRAB="jPab;" PASCAL";" DPO=";Dpo;" PFASCAL" ! CALCULALE

NEW YALUE QF DISCHRRGE COEFFICEINT.

1790

Chew=,5939+.08312%Beta~2.1-.184#Bet a~B8+.0802%9%Beta~2,.5%#(1E6 Re) . 75+.683%%Bet

a4*(1-Betagq)~(-13-,01583%Bet a3

18a@0
1818
1828
1830
1840
1850
1868
18706
1888
1898
190808
1918
1928
19328
1948
1958
19&8
1978
1988
1998

IF ABS{Cheuw-C3/Cnew<.0085 THEWN 1858
IF Counter>=3 THEN 1850
C=Chew
Mrate=C*Mf
GOTO 1740
]
t PRINT "C=";C,"RE=";Re, "MRATE=";Mrate;"(kg-2)", "COUNTER="} Counter
! CALCULATE DEW POINT TEMPERATURE OF BYPRASS USING Y(5)
Viout=¥Y{4244%¢22  |BOX YOLTAGE RND QOUTLET TC ARRAY
Tout=FNHTfui{¥tout)
Tdewout=V(E %10
Pvout=FHNPsat (Tdewout+273,15>
Ahrout=.622%FPuout ~(FPab=-FPuvaut )
Rhout=Puout #FNFszat (Tout+272.15)
ViinsY(3r 4+ (22
Tin=FHTfui¥ting
Tdewin=¥(S>+19
Pvin=FHPsat (Tdewin+273.15)
Ahrin=.622%¥FPuins(Pab-Pvin
Rhin=Puin<FHPsat (Tin+2v3.15>
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288
2818
2828
2838
2844
28548
2@g@
2@ve
28s8
2898
2108
2118
2128
2138
2148
2158
2168
21ive
2186
2158
2260
2z1e
2226
2z3a
2244
2250
2268
2278
2288
2294
2309

Pab=VY(9)%180B8%Pcony
Denair=Pab%Mr-(Tin+273.15)
Expan=1-Econst#Dpo-sPab
Speed=MratesDenair-Areaf
Re_dh=Mrate*Dh-Areaf -FHVis(Tin+273.15)
St=Nu-Re_dh-Sc
Htu=St*Spu%l
Mflow=Mrate*(Timenew-Timeald’
Ms=Mflow+Ms

Htus=Htu+Ntus

DISP Timenew,Mrate,Ms,HNtu

SCALE Tmin,Tmax,8,H1

MOVYE Tin,H1-Timenew

LABEL USIHG "K";".,"

MOVYE Tout,H1-Timenesw

LABEL USINHG "K"j;"."

SCALE Hmin,Hmax,6,H1

MOYE Rhrin,HI-Timeneuw

LABEL USING "K";".*"

MOVYE Ahrout,Hl-Timenew

LABEL USING "K";"."

Timeold=Timenew

GOTO Begin

Out:!

Mrate_ awve=Mz-Timehew

Dpta=Y(?14¥Pconv

I PRINT "TOUT=";Tout,"TOEWOUT="; Tdewout , "AHROIUT="; Ahrout, " RHOUT=";Rhout
P PRINT "TIN=";Tin, "TOEMIH=";Tdewin, "AHRIH=";Ahkrin, " RHIH="}Rhin
I PRIMT LINMCZ)

I PRIHT Time,Tin,Tdewin,Rhrin
PRINT USING 2318;Time,Tin, Tdewin,Ahrin,Rhin, Tout, Tdewout , Ahrout ,Rhout , Dpt &,

Mrate,Speed

2319

1%, 0.

2328
2338
2248
2358
2368
23rg
2380
23949
2488
2410
2428
2430
2448
24358
2468
z4ra
2428
2494
2560

IMAGLE DDDDD,2¢1x, DID.DD,1x,MDD.DD,1%, .DDDDDD,1¥, .DDD>,2%,DDD.D,1%,D0.DD0DE,
DID

]

FRINT "AVERAGE MASSFLOW RATE (kgsm~3) "yMrate ave
Mtu_ave=Htus-(Count-Ignarel
PRINT "AYERAGE NTU ",Ntu_awve
GOTO Stopl

Lable: !

SCALE Hmin,Hmax,8,H1

LORG S

LDIR 3#PI~2

CSIZE 2.5

PRINT Hmin,Hmax
Yi=—.@8417%(Hmax-HminY+Hmin
Y2=—-,1209%# (Hmax-Hmin>+Hmin
Y3=1.125%¢(Hmax-Hmin>+Hmin
FOR Y=Hmin TO Hmax STEF .884
MOYE %, H4

LABEL USIWG "D.OOD";Y

NEXT ¢

CSIZE 3.5

48



S=RI TR-2774

2518 LDIR @

2520 MOVE (Hmax+Hmin>~2,HS

2538 LABEL USING "K";"OUTLET HUMIDITY RATIO ,{kg-skgi"

2548 GOTO Plotting

2558 Stopl: |

2568 DEF FNTfuwd¥)=,.8088+26,10%(V*1880,~-,.7931%(V+1008,)~2+.B8444%(V%1@80>~3
2578 DEF FNVis(T)>=1.459E-6%T~1.3/(T+118.77>

2588 STOP

2598 END

26008 DEF FHNPsat(T>

2618 IF T>273.15 THEN Pr=EXP(23,28199-3780.82-T7-225865-T~2)
2628 IF T<=273.15 THEN Pr=EXP(28.87-6133.8-/T>

2638 RETURH Pr

2648 FHNEND

49



k]

TR-2774

SELECTED DISTRIBUTION LIST

William M. Anderson
Anderson Consulting
7605 E. Windlawn Way
Parker, CO 80134

Carl Bergt

Trane Systems Engineering Co.
6200 Troup Highway

Tyler, TX 75711

Kennard L. Bowlen

Cargocaire Engineering Corp,
79 Monroe St.

Amesbury, MA 01913

Glen Chinery

Tennessee Valley Authority
217 Power Board Bldg
Chattanooga, TN 37401

James Coellner, Director R&E
American Solar King Corp.
700 Loop 340 South

Waco, TX 76710

Barry Cohen

Thermal Products Division
ThermoElectron Corporation
45 First Avenue

Waltham, MA 02154

Kirk Collier, Ph.D.
Everscope, Inc.

4886 W. Port Au Prince
Glendale, AZ 85306

Keith Davidson

Gas Research Institute
8600 West Bryn Mawr Avenue
Chicago, IL 60631

Jim Hill, Ph.D.

National Bureau of Standards
Technology B-148

Washington, D.C. 20585

Michael Epstein

Fauske & Associates, Inc.
162070 West 83rd Street
Burr Ridge, IL 60521

50

Phillip Fairey

Florida Solar Energy Center
300 State Road, 401

Cape Canaveral, FL 32920

Stephen D. Fitch
Bry=-Air

P, 0. Box 795
Sunbury, OH 43074

Anthony Fraioli, Ph.D.
Argonne National Laboratory
9700 South Cass Avenue
Argonne, IL 60439

John Goldsmith

U.S. Department of Energy
Route CE-311, Room 5H065
1000 Independence Ave., S.W,
Washington, DC 20585

Anthony Hines, Ph.D.
College of Engineering
Oklahoma State University
Stillwater, OK 74078

Robert Jones

Los Alamos National Laboratory
P.0O. Box 1663

Mail Stop H577

Los Alamos, NM 87545

K. LaPorta

SEIA

1156 15th St., N.W., Suite 520
Washington, DC 20005

Zalman Lavan, Ph.D,

Illinois Institute of Technology

Department of Mechanical Engineering

Illinois Institute of Technology
Center

Chicago, IL 60616

Robert LeChevalier

U.S. Department of Energy

San Francisco Operations Office
1333 Broadway

QOakland, CA 94612



S=R ¥

George 0. G. Lof, Ph.D,

Colorado State University

Solar Energy Applications Laboratory
Fort Collins, CO 80523

Ian Maclaine-cross, Ph.D.

University of New South Wales

School of Mechanical and Industrial
Engineering

P.0. Box 1

Kensington, NSW 2033 Australia

John Mitchell, Ph.D.

University of Wisconsin-Madison
Engineering Research Building
1500 Johnson Drive

Madison, WI 53706

Jeff Morehouse

Department of Mechanical Engineering
University of South Carolina
Columbia, SC 29208

Frederick Morse, Ph.D.

U.S. Department of Energy
Route CE-31, Room 5H-095
1000 Independence Ave., S.W.
Washington, DC 20585

Yves 0. Parent

Res. Eng.

Industrial Chemicals Research
Davison Chemical Division

W. R. Grace & Co.

Washington Research Center
7379 Route 32

Columbia, MD 21044

David Pellish

Solar Buildings Technology Division
Office of Solar Heat Technology
U.S. Department of Energy

Forrestal Building, Room 5H-041
1000 Independence Ave., S.W,
Washington, DC 20585

D. M. Ruthven, Ph.D.
University of New Brunswick
P. 0. Box 4400

Fredericton, N.B.

Canada E58 5A3

51

TR-2774

M. Wahlig, Ph.D.

Lawrence Berkeley Laboratories
University of California

1l Cyclotron

Berkeley, CA 94720

Alex Willman

ACEC Resource and Management
Foundation

1015 15th Street, N.W.

Washington, DC 20005

Byard Wood, Ph.D,

Department of Mechanical & Aerospace
Engineering

Arizona State University

Tempe, AZ 85287



[ Document Control | 1. SERI Report No.
Page SERI/TR-252-2774

2. NTIS Accession No.

3. Recipient's Accession No.

4. Title and Subtitle

Heat & Mass Transfer Analysis of a Desiccant
Dehumidifier Matrix

5. Publication Date

July 1986

7. Author(s)
_A.A. Pesaran

8. Performing Organization Rept. No.

9. Performing Organization Name and Address

Solar Energy Research Institute

A Division of Midwest Research Institute
1617 Cole Boulevard

Golden, Colorado 80401-3393

10. Project/Task/Work Unit No.
3009.10

11. Contract (C) or Grant {G) No.
{C)
(G)

12. Sponsoring Organization Name and Address

13. Type of Report & Period Covered
Technical Report

14,

15. Supplementary Notes

16. Abstract (Limit: 200 words)

This report documents the SERI Single-Blow Test Facility's design, fabrication,
and testing for characterizing desiccant dehumidifiers for solar cooling
applications. The first test article, a silica-gel parallel-plate dehumidifier
with highly uniform passages, was designed and fabricated. Transient heat and
mass transfer data and pressure drop data across the dehumidifier were obtained.
Available heat and mass transfer models were extended to the parallel-plate
geometry, and the experimental data were compared with model predictions.

Pressure drop measurements were also compared with model predictions of the fully
developed laminar flow theory. The comparisons between the lumped-capacitance
model and the experimental data were satisfactory. The pressure drop data com-
pared satifactorily with the theory (within 15%). A solid-side resistance model
that is more detailed and does not assume symmetrical diffusion in particles

was recommended for performance. This study has increased our understanding

of the heat and mass transfer in silica gel parallel-plate dehumidifiers.

17. Document Analysis . .
a Descriptors Dehumidifiers ; Desiccants ; Heat Transfer ; Mass Transfer ;

Silica Gel ; Testing

b. Identifiers/Open-Ended Terms

c. UC Categories

59a

18. Availability Statement 19. No. of Pages

National Technical Information Service 63
U.S. Department of Commerce
5285 Port Royal Road

Springfield, Virginia 22161 20. Price
AD4

Form No. 0069 (3-25-82)



	Table of Contents

	1.0 Introduction

	1.1 Background

	1.2 Purpose of this Work


	2.0 Description of the Single-Blow Test Facility

	2.1 Configuration

	2.2 Instrumentation and Control


	3.0 Description of the Parallel-Plate Test Article

	4.0 Experimental Procedure

	4.1 Preparation of the Test Article

	4.2 Process (Adsorption/Desorption)


	5.0 Heat and Mass Transfer Models

	5.1 Governing Equations

	5.2 Auxiliary Equations

	5.3 Pressure Drop Analysis


	6.0 Results and Discussion

	7.0 Conclusions and Future Work

	8.0 References

	Appendix A. Listing of Programs

	Selected Distribution List




