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NOMENCLATURE

Symbol Definition

English Letter

BLEAK Bypass leakage rate

Cp Specific heat of air, J/kg °K

FJ Collector efficiency factor

FR Collector heat removal factor

FRra Product of collector heat removal factor, trans-
mittance and absorptance

FRUL Product of collector heat removal factor, and
heat loss coefficient, W/m2 °K

HR Solar radiation per unit area in plane of the cellector,
W/m? °K

MOD Collector efficiency modifier

PLEAK Periphery leakage rate

RLEAK Recirculation leakage rate

Ta Ambient temperature, °K

Tcin Temperature cold side inlet, °K

Tcout Temperature cold side outlet, °K

Thin Temperature hot side inlet, °K

Thout Temperature hot side outlet, °K

Tin Temperature collector inlet, °K

TlI’ TZI Inlet temperature of side 1 and side 2,

respectively, °K



Symbol

10” “20

10° T20

11° 21

10° "20

W00 M2

Greek Letters

vi

Definition

OQutlet temperature of sides 1 and 2, respectively,
including effects of leakage, °K

Qutlet temperature of sides 1 and 2, respectively,
excluding effects of leakage, °K

Inlet humidity ratio sides 1 and 2, respectively,
kg water/kg air

OQutlet humidity ratio sides 1 and 2, respectively,
including the effects of leakage, kg water/kg air

Outlet humidity ratio sides 1 and 2, respectively,

excluding the effects of leakage, kg water/kg air

Heat exchanger effectiveness
Collector efficiency

Uncertainty
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CHAPTER I

INTRODUCTION

The use of dehumidified air has, for decades, been employed to
numerous industrial applications. In the production of foods such as
potato . chips, dry breakfast foods, crackers, dried fruits, and powdery
foods, air humidity control is a necessity for quality control. 1In
the pharmaceutical and chemical industries dehumidified air has been
used to reduce lumping and caking of powdered substances due to the
presence of moisture. Air humidity control in storage areas is a must
to reduce the possibilities of rot, mildew, rust and corrosionm,
espacially when storage locations are underground or in marine areas.
Humidity control of operating equipment rooms, and packaging rooms, in
many instances reduces the maintenance requirements of electrical and
mechanical systems. Also many pneumatic control systems require the
use of very low humidity air to prevent the possibility of water
condensation in instrument zir lines.

More recently the applications of dehumidified air to the lumber,
grain drying and human comfort areas have been investigated. 1In the
grain and lumber industry product drying is normally achieved by blowing
ambient air heated from 65°C (150°F) to 85°C (185°F) through the grain
or lumber held in a drying chamber. Since the partial pressure of the water
inside the grain or wood is higher than the partial pressure cf the
water in the heated air, water is transferred from the product to the
airstream. The advantages of this conventional system are the simplicity

of operation, low drying times and provem technology.



Drying with the use of dehumidified air is accomplished by reducing
the wet bulb temperature of the air until the partial pressure of water
in the grain or lumber is greater than the partial pressure of the water
in the dehumidified air.

Check and Pfaff (6 ) have indicated the dehumidification drying of
spruce studs would result in an energy savings of 46 to 68 percent
compared to conventional drying techniques. Dehumidification drying also
has the added advantages of being able to dry softwoods and hardwoods
simultaneously in the same kiln. Kiln construction may be of agy air
tight, moisture resistant, insulated material, not restricted to high
temperature applications only, as in the conventional systems. Also
the spruce studs which are dried by dehumidified air exhibited less
shrinkage, warp and grade drop. The major disadvantage of dehumidification
drying is the increased drying time.

The use of dehumidified air in the drying of grain has been
investigated by Rodda (37) and Danziger et al. (11). Dehumidification dry-
ing was shown to be a very effective way of grain drying when compared
to conventional methods. Less kernel cracking and other grain
degradation was found in the dehumidification dried grain. Also,
dehumidification dried cornm at 21°C (70°F) maintained germination above
90% while corn dried with conventional heated air at 60°C (140°F)
exhibited zero percent germination.

Until recently, humidity control of conditioned air for human comfort
has been accomplished by employing a conventional air conditiomer. In
this conventional system the cooling coil is required to remove the

moisture from the circulated room air as well as reduce the dry bulb



temperature. In some instances, to achieve proper moisture control the
air is over-cooled to remove the excess moisture content and then must

be reheated to achieve the required dry bulb temperature resulting in
obvious energy waste. Felski et al. (16) has indicated that an alternative
method would be to dehumidify outside makeup air and introduce it into

the return ducts of the conventional air conditiomer. Ideally, the
returning air mixture would then have the proper moisture content and the
cooling coils would only be required to remove the sensible cooling load.
Lunde (28) has indicated this could reduce the air conditioner's load
requirement by 20 to 30 percent. Also since the cooling coil temperature
of the air conditioner could possibly be increased to 20°C (63°F), the air
conditioner could be operated more efficiently.

Coincident with these increased requirements for dehumidified air,
there has been a decrease in the availability of fossil energy sources.,
This has led to an increased interest in the use of solar energy to
produce dehumidified air. In most research utilizing solar energy the
dehumidification apparatus is of similar construction to a conventional
system with the exception that the heat required to regenerate the
desiccant material is supplied from solar collectors.

The objectives of this research were to of been three fold;

1. Because the selection of the optimum solar dehumidification
technique has been a topic of much investigation, an evaluation
of the numerous dehumidification types and arrangements
was to be conducted with regard to their application to solar

energy.



2. Once this preferred method had been selected , a computer model
simulating this solar dehumidifier was to be developed.

3. A test apparatus of the preferred technique was té be constructed
so a comparative evaluation of the computer model could be

perfcrmed.



CHAPTER II

DEHUMIDIFICATICN PROCESS DESCRIPTION

Methods of Dehumidification

The dehumidification of air can be accomplished by three economically
feasitble methods; refrigeration, liquid sorption, solid sorption, or a
combination of these systems.

The refrigeration method is the most widely utilized, efficient,
compact, reliable and technically understood method of dehumidification.
This stystem, composed of a common mechanical air conditicner, emplovs
a refrigerant, compressor, expansion valve and evaporation coils. As
humid air comes into contact with the evaporating coils the zair's dew
point and dry bulb temperature are reducad near the evaporating or
cooling cocil temperature, thereby condensing excess moisture from the
air.

In liquid sorption dehumidification systems, air is passed through
an atomized spray of hygroscopic liquid sorbent such as solutions cf
lithium chloride, calcium chloride, lithium bromide, ethylene glycol,
ammonid, or sulfuric acid. Sorption using these sorbents is termed
absorption since the sorbent changes physically or chemically during the
sorption process. The sorbent in the concentrated state has a vapor
pressure of water less than that of the air, therefore absorbing moisture
from the air, When the sorbent solution becomes diluted with the absorbed
moisture it is regenerated by heating and spraying the solution in an
ambient air stream. To provide a continucus procsss only a por:tion of the
total sorbent solution is bled~off and regenerated whils the rest remains

in the contactor section.



If this process is conducted without the loss of heat, it will be
adiabatic causing the ocutlet dry bulb temperature to increase signifi-
cantly. If, however, the sorbent solution is sprayed over cooling coils
in the contact chamber the process becomes nearly isothermal.

Solid sorption can be accomplished by absorption or adsorption
utilizing either fixed or rotating beds. The dehumidification is
accomplished by passing the unconditioned air through the hygroscopic
sorbent or desiccant. Bullock and Therelkeld (5) describe the solid
sorption process as the migration of the water vapor molecules to the
desiccant surface caused by the unbalanced molecular forces occurring
at the surface of the solid desiccant. This spontaneous process continues
until a concentrated layer of the vapor is collected on the desiccant
surface. The process is exothermic. Regeneration of the desiccant is
accomplished by passing a heated air stream through the bed causing the
absorbed layer to evaporate from the surface of the desiccant.

This process is termed adsorption or absorption dependent upon the
physical or chemical changes of the desiccant. In the absorption of water
on a desiccant, such as lithium chloride, the desiccant undergces a
chemical change to a hydrate state. Additional moisture absorption
would cause the desiccant to dissolve into a solution,

The desiccant used in adsorption processes will not react physically
or chemically with the condensed vapor which is termed sorbate. Numerous
substances may be used for adsorption desiccants including: activated
alumina, silica gel, activated bauxites aand activated charcoals.

If fixed beds are utilized in the solid sorption process, two beds

must be installed to maintain the system in continuous operation (i.e. one



is regenerated while the other is in use). A rotating bed requires the
use of only one bed for a continuous operating system. A portion of
the bed is rotated into the regeneration chamber while the rest remains
in the operation mode.

Solar Dehumidification

The particular attractiveness of solar dehumidificationlies in the
fact that dehumidification need may, in many cases, parallel solar
radiation intensity. This may be especially true in the area of
human comfort.

Several papers have summarized the recent research being conducted
to utilize solar energy to regenerate the desiccant material so it can
be reintroduced into the moist air stream. Satcunanathan and So'Brien
(43) have published an excellent summary of solar dehumidification
techniques. Similar papers have been written by Shelpuk (44), Thornton
(49), Shelpuk and Hooker (45), and Olsen (35).

Solar Dehumidification Utilizing Vapor Compression Cvcles

Although dehumidification by compression refrigeration is the most
efficient, compact, and reliable, the adaptation of this system to solar
energy does not appear attractive in the near future. Either the
compressor is electrically driven from photovoltaic solar cells or
directly driven using a solar heat engine similar to those discussed by
Eckard (14), Freeman (17) and Barber ( 2). Neither of these two methods
is . as attractive as other comparable methods of solar dehumidification

currently available.



Solar Dehumidification Utilizing Liquid Sorbents

The investigation of solar liquid desiccant systems was pioneered by
L8f (25) in 1955 as the critical part of a solar air conditioning system.
Others who have studied or reported in this area included Mallick and
Gupta (33), Olsen (35), Johannsen (20), Kababaer and Khandurdyev (21),
Boldrin et al. (4) and Valentine (50). These systems utilize either
lithium bromide, calcium chloride, glycol or ammonia as the liquid
desiccant. The liquid ‘system's major advantages over the solid systems
are its lower air pressure drop, and the ease in which it can become an
isothermal process.

The disadvantages of the liquid systems are the solution leakage
possibilities, solution entraimment in the processed air, cooling tower
requirements, maintenance requirements of pumps, valves, and heat exchangers
as well as their bulky size. These disadvantages become more pronounced when
small domestic dehumidification systems are considered.

Solar Dehumidification Utilizing Solid Sorbents

The solar dehumidification of air using solid desiccants was originally
developed in the early 1960's by Dwnkle (13) in Australia, again with
regard to solar air conditioning applications. The major advantages of
these systems are simplicity and the fact that they may be constructed from
inexpensive materials. Piping and pumps are not necessary with the
solid desiccant. The only moving parts are the fans, and possible rotating
desiccant beds and heat exchangers.

While the major advantage of a solid desiccant system is its simplicity,

it has several disadvantages when compared to a liquid dehumidification



system. If the solid desiccant system has a rotating bed, there will be
inherent air leakage past the seals separating the two airstreams. If

it is a fixed bed system, the apparatus is made more complex with the
valves and associated control mechanism required to provide continuous
regeneration. The solid desiccant system will have a greater air stream
pressure drop through the dehumidifier requiring increased fan power.

Also since it is difficult to provide cooling during the solid desicecant
dehumidification process, it will be a more nearly adiabatic process than
the isothermal liquid system. This results in a higher final dry bulb air
temperature.

After analyzing the advantages and disadvantages of the liquid and
solid desiccant systems, it was decided that the solid system may provide
superior performance for solar dehumidification applicatioms.

A schematic of a continuous solar air dehumidification system is
shown on Figure 1. To make the system shown continuous, the desiccant
wheel is rotated allowing concurrent air dehumidification through one half
of the bed and desiccant regeneration in the remaining portion of the bed.
The flow of air is directed through the system by way of two isolated
flow paths: the process flow stream, in which air will be dehumidified,
and the regeneration flow stream which is used to regenerate the desiccant.

The rotating bed system shown is considered superior to the fixed
bed system because of its increased simplicity. No dew point sensing
devices or timers are required to initiate the regeneration cycle
characteristic c¢f the fixed bed system. Also no mechanically modulated
directional dampers and significantly less ductwork are required by the

rotating system. The major disadvantage of the rotating bed technique is



10

INI 1Y

SNLYYYddY NOTLVIIJIAIWNHIAA LNVIIISIA YY10S 40 JILVWIHIS

WOY §

O

\

Ly

AT ATQTHNIIO

NOTLTO0Y
VI
F101SNIS

TAOHIY
1vian
TgIsNas

®

NOTELOOY Lyad
{AYIIXNY)
UY'10s

®

[

®

NOT1IVYINIDIY
INYID1S30

NOTLVILATaIRMA
LNVIDIS 30

LN THHY _
e

01 MInLRY

®

_ INITAIWY
AHHV 10HE]



11

the air stream leakage associated with the wheel seals.

Figure 2 shows a physchrometric plot of the flow streams at each state
during the dehumidification process. Air to be dehumidified (ambient air)
enters the process flow stream a2t condition 1 and is adiabatically
dehumidified to state 2. The dried air has a higher dry bulb temperature
resulting from the heat of condensation being converted to semsible heat
in the process airstream. This flow stream then passes through an optional
sensible heat exchanger to reduce the final dry bulb temperature to
point 3.

The regeneration flow stream begins with ambient air at state 1. The
air is heated to state 4 by passing it through the sensible heat exchanger
adding the heat extracted from the process flow stream. Because this
temperature is insufficient for desiccant bed regeneration, the flow
stream is then directed through the solar collectors. If the temperature
is still too low for desiccant regeneration, it is increased to the pre-
determined regeneration air temperature by the use of auxiliary heaters
to point 5. As the regeneration air stream passes through the desiccant
bed, the bed is regenerated and the air stream is humidified to state
6 where it is released to the atmosphere.

It should be noted that in some drying application the dehumidified air
at point 2 may be at more beneficial conditions than point 3. In this
instance,the heat exchanger is removed from the system resulting in the
regeneration flow stream being heated from point 1 to point 5 by solar
and auxiliary heating.

Comparison of Solid Desiccant Bed Materials

From Dunkles original work on solar dehumidification systems, subse-

quent investigators have developed solid desiccant systems differing most



12

'6 01lvd ALIQINNH

’
n

J}EEX 4e3e

SS3008d NOILVIIAIAIWNHAA 40 LOTd ITULINOWIIASY 2 U914

Jo  JUNIVHAdWAL 471NT AYA ¥TV

NI NOTLVUNLYS

a1nda 131
INVLSHOD




13

significantly in the desiccant material utilized. Lunde (26) (27)(28)
employed a rotating desiccant bed containing silica gel with inter-
spaced heat exchangers to produce a more nearly isothermal process. Rush
(40) (41) (42) developed a system using a molecular sieve as the desiccant
bed. This molecular sieve was originally constructed from sodium
aluminum silicate deposited on an asbestos matrix which was later
replaced by a refractory material to improve long term stability. Mei

et al. (30) have developed a unique fixed desiccant bed constructed by
depositing silica gel upon a Teflon matrix web. Robinson et al. (39)
have investigated the use of a commercially available lithium chloride
rotating desiccant wheel as the heart of a solar air conditioning
apparatus. Tchernev (48) has investigated the use of zeolite for air
dehumidification.

Because the selection of the optimum solar desiccant material is a
topic of much discussion, Satcunanathan and So'Brien (43) have developed
a rating system based upon the desiccant efficiency, capacity, and speed
to dehumidify. However, the overriding parameter for solar desiccant
selection is the ease withpwhich it can be regenerated. This implies
that the desiccant material should have a regeneration temperature
obtainable with common flat plate collectors, if minimum auxiliary
fossil fuels are to be required. When considering this criterion silica
gel and activated alumina desiccant beds become the most attractive.
However silica gel proves to be superior to activated alumina in the
capacity to adsorb water from the air stream. This results in silica gel

being the common choice for solar dehumidification. The principle
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disadvantage of silica gel is the air pressure drop associated with a
packed bed. This is one of the primary reasons other desiccant beds

have been developed such as the molecular sieve (Rush), lithium cloride

on a honeycomb matrix (Robinson et al), and silica gel on Teflon (Mei).
Each of these, except the silica gel on Teflon would require an additional
"topping" air heater to completely regenerate the bed. Other important
parameters to consider in desiccant bed selection include: low cost, long
life, énd stability for all gases found in air such as Nox, CO2 and

502.

Other Associated Equipment

The other equipment required for solar dehumidification utilizing a
solid adsorbent include the heat exchanger wheel, drive motors to rotate
the desiccant and heat exchanger wheels, fans, auxiliary heaters, and the
airtight enclosure to house these components.

The most significant of these compcnents is the sensible heat exchanger.
Because the adsorption process is nearly adiabatic, it produces a high
final air dry bulb temperature; this heat is then transferred to the
inlet regeneration air in the sensible heat exchanger. This air pre-
heating permits a higher collector temperature which in turn allows more
complete regeneration of the desiccant bed. Properties of the sensible
heat exchanger are that it must have a high heat exchanger effectiveness,
a low air pressure drop, a low thermal conductivity in the direction of
air flow, the appropriate heat capacity and a long life. The heat
exchanger must also be hydrophobic since any absorbed water will result in

loss of performance.



15
CHAPTER III

SOLAR DEHUMIDIFICATION APPARATUS

The experimental apparatus used in this investigation is shown
in Figure 3. The process side of the apparatus is shown in photograph
(a). Process air enters the system through a fan (1) and flows into a
flow divider (2) where the flowstream is modulated for the proper
flowrate. The flowrate is measured by an electronic flowmeter (3).

The flow stream then enters the dehumidifier (4) and exits to the
atmosphere (5).

The regeneration side is shown in photograph (b). The regeneration
flow stream enters through the fan (1) and is modulated and measured
similar to the process flow stream before it enters the dehumidifier
(2). Heat is supplied to the system through the solar collectors (3).
However, if this air temperature is insufficient for regeneration of the
silica gel, the auxiliary heater (4) will provide sufficient heat input.
This is accomplished by utilized a thermostat (5) to maintain minimum
regeneration temperature.

The complete dehumidification system can be divided into nine major
components. They are: desiccant wheel, sensible heat exchanger, air
seals, motor drives, dehumidifier housing and ducting, solar collectors,
blowers, auxiliary heaters, and instrumentation.

Desiccant Wheel: The desiccant wheel is the principal component of

the dehumidification system. The selected material for the desiccant
wheel is commercial silica gel. Silica gel is an amorphous form of

silica consisting mainly of partially hydrated silicon dioxide.
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FIGURE 3 LAYOUT OF PROCESS (a) AND REGENERATION (b) FLOW STREAMS
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The reasons for selecting silica gel as the desiccant material are
numerous. First the adsorption of water vapor by silica gel has been
studied for many years (31) (32) and is . common practice. Therefore
silica gel is readily available commercially, and is accepted by the
dehumidification industry. Secondly there is published material
available regarding the physical characteristics, heat of wetting, and
equilibrum data of silica gel and water vapor (10) (18) (19). Finally,
there have been numerous investigations into the numerical modeling of
the silica gel dehumidification process utilizing fixed and rotating
beds.

The silica gel use& in the desiccant bed was manufactured by
Davison Chemical Division of WR Grace and Co. Inc., Grade 01 (3-8 mesh).
The estimated particle diameter is 3.23 mm (.0106 ft), the surface to
volume ratio is 714.6 mZ/m3 (218 ftzlft3) and the volume fraction is
75 percent (18).

The physical dimensions of the desiccant bed are shown in Figure &4
and its location in the dehumidifier in Figure 5. The bed is constructed
_from a plastic rim 10 mm (.39 in) in thickness. Attached to the bottom
of the rim along its perimeter is a brass/felt seal to decrease leakage
past the desiccant wheel into the next chémber. The silica gel is
sandwiched between two layers of perforated aluminum sheet. Also located
between these aluminum sheets is a plastic lattice which connects the
outer rim with a small pulley located in the center and provides overall
bed ridgidity. The small pulley allows mounting of the desiccant wheel
on a drive shaft. All the materials except the silica gel are assummed

to be hydrophobic.



18

ST3IHM INVIIISIA ANV YAINVHIXI LVIH ITAISNIAS ¥ FuN9ld

Leas
1194/55049

93133e7
j40ddng ar3sed ww QL

199 eDLLLS i /] %

193YS WNULWN|Y Pajea0jdad wu | UMV

adllje]
pa0ddng opgse|d wwm |

e

w0

|||ﬁ||

(39 INV221S3a 139 WIITIS

!

| g

i g2

7 1

WIONVHOX3 1val I19ISNIS

Aa|ng

[OOM [9935 W GZ IS

t

ww g

6

199YS WNULUN|Y P931eJA0}Add L P.luw

a

buy|44eq — *
UMJNMHHH\\ g
I S

N

w62

Z28 B




19

Drive Belts

Outlet Regeneration and Pulleys
Air Vinyl Seals
//”—— DESICCANT BED
. : —

X ]

() Inlet Process

T

) Air

Air

U

(___

From Collectors ()_1
Drive Motors

(___

U

(___

Air
il } ,///

To Collectors

|

e | B

Air

B o | [ |

{
i
i
§

() Qutlet Process
)

\\‘-—— HEAT EXCHANGER

Inlet
Regeneration Air

Brass/Felt
Seals

FIGURE 5 DIAGRAM OF DEHUMIDIFICATION APPARATUS



20

The total mass of the desiccant bed is 1.831 kg, of which 0.816 kg
is contributed by the silica gel and adsorbed water vapor. Based upon
formation by Hubbard (19) the estimated water vapor content of silica
gel under the weighing conditions is approximately 21% by weight of
silica gel. Therefore the actual estimated mass of the silica gel,
only, is 0.645 kg.

Sensible Heat Exchanger Wheel: The sensible heat exchanger wheel is

constructed identically to the desiccant wheel and is located as shown
in Figure 5.

The fill material is NAPA Balkamp No. 3 steel wool. The calculated
£fi1l density is 191 Kg/m; (12 lbm/ftB) and void fraction 98 percent.

The physical dimensions of the sensible heat exchanger are shown
on Figure 4. The total mass of the wheel is 1.279 Kg. Of this, 0.481 kg,
representing the £ill and perforated aluminum, is considered to have any
heat transfer ability. All materials composing the heat exchanger wheel
are considered hydrophobic.
Air Seals Air seals required to reduce the leakage of air around the
desiccant and heat exchanger wheels are shown in Figure 6. Seals were
required in two areas: first to prohibit the flow of air around the
desiccant and heat exchanger wheels while remaining in the same flow path
and secondly to reduce air leakage from one flow path to the other where
the rotating wheels pass through the compartment dividers.

To reduce the air flow around the rotating wheels in the same flow
path a periphery seal was utilized. The periphery seal is constructed

from a 25.4 mm (1 in.) 25 guage brass strip and a 15.9 mm (.625 in) by
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1.6 mm (.063 in) felt strip epoxied to the periphery of the bottom of
the rotating wheels.

Leakage of air from one flow path to the other ‘is reduced using a
crossflow seal. These seals are constructed from a 25.4 mm (1 in.) vinyl
strip held in a 25.4 mm (1 in) aluminum support. The seals are held to
the sheet metal compartment partitions byscrews which may be adjusted for
various bed depths.

Motor Drives: Two motor drives and control systems are utilized to

rotate the desiccant and heat exchanger wheels independently. The motors
are Dayton Model 72574 1/8 hp, 90V DC, permanent magnet, TENV gear motors
with Dayton SCR Model 6X165A 115 VACinput, 90 VDC output speed controllers.
Full load speed of the motors is 2.3 rad/s (22 rpm) at a rated full load
torque of 31.6 Nm (280 in 1df).

To provide proper rotating speeds of each wheel various belts and
pulleys are required. The pulley ratio of the desiccant wheel is 22:1
while the heat exchanger pulley ratio is approximately 1.25:1. These pulley
ratios will permit operating speeds of 0.0034 rad/s (2 rph) to 0.105 rad/s
(60 rph) for the desiccant bed and 0.105 rad/s (1 rpm) to 1.885 rad/s
(18 rpm) for the heat exchanger wheel.

Enclosures and Ducting: The desiccant wheel, heat exchanger wheel,

drive motors, and associated pulleys and belts are enclosed in a sealed
metal enclosure. The enclosure shown in Figure 5 is constructed from
commercial 24 guage sheet metal fitted over a 19.1 mm (.75 in) alluminum
"L" framing. All intermal compartments are constructed using sheet metal

and insulated with 25.4 mm (1 in.) polystyrene insulatiom.
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The ductwork located inside the enclosure is 102 mm (4.0 in) round
aluminum duct with .5 mm (.0187 in) wall thickness. All external ducting
is accomplished using 102 mm (4.0 in) flexable plastic duct insulated
with a 102 mm (4 in) mineral fiber batt insulation manufactured by Certanteed
Corp. The baft insulations is wraped around the flexable ductwork and then
covered with a plastic sheet to protect it from the enviromment.

Solar Collectors: The solar collectors employed to provide solar heated

air to the dehumidification apparatus are two Solaron Series 3000 Air
Collectors manufactured by Solaron Corporation in Denver Co. The collector
aperture area is 1.586 m2 (17.07 ftz) for each collector. The single
glazing consists of 3.2 mm (0.125 in) thick tempered, low iron glass with

a weather resistant, synthetic rubber (EPDM) edge gasket. Tramnsmittance

of the glazing is 0.89. The absorber plate comnsists of electroplated

black chrome on 24 gauge steel with a 0.5 mil undercoating of nickel.

The absorptivity and emissivity of the selective surface are 0.95 and

0.15 respectively. Recommended air flow rate through each collector is
17.7 1/s (37.4 scfm) to 26.5 1/s (56.2 scfm).

Blowers. One Davton type 2C573 blower is used to provide air flow to the
process and regeneration flow paths. The rated air flow at 3 in wg static
pressure is 322 1/s (682 scfm) at a rotating speed of 361.2 rad/s (3450 rpm).
The wheel diameter and width are 270 mm (10.625 in) and 64 mm (2.5 in),
‘respectively.

The blower discharges into a supply plenum constructed of 24 guage

sheet metal. From this plenum the flow rates for the process air and the

regeneration air may be controlled individually by modulating the guillotine
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type dampers located in the plenum. An air filter is located inside the
plenum to minimize dust entrainment into the system.

Auxiliary Heater: In the event the solar collectors are unable to

maintain the regeneration air temperature to the desiccant bed at the
required set point, an auxiliary heater will automatically be energized
to maintain the regeneration set temperature. The auxiliary heater
consists of a Eagle Model 415A, 660W cone glo coil contained in a 457 mm
(18 in) by 457 mm (18 in) by 610 mm (24 in) sheet metal enclosure. The
auxiliary heater enclosure is equipped with a series of baffles to
promote mixing of the air flow stream.

The auxiliary heater is controlled by a RFL Model 760K-1 92945
Temperature Controller. The regeneration air temperature is measured
at the inlet to the desiccant wheel by an encased chrome-alumz=l thermo-
couple. Should this temperature be below the set point of the temperature
controller the auxiliary heater is energized. For safety considerations,
a Honeywell S688A sail switch is installed in the fan discharge plenum to
insure sufficient air flow prior to auxiliary heater excitation. Should
air flow be insufficient, the sail switch deenergizes a Dayton Model
5X846A power relay cutting off power to the auxiliary heater.

Instrumentation: Instrumentation was required to collect and record data

of the following types: temperature, dew point, solar radiation, wind
speed, time of day, and air flow rate.

A Monitor Labs Model 9302 data acquisition system is the focal
point for most data recording. This data recording system provides an

alpha-numeric display and printer coupled with a 365 day clock allowing
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the automatic acquisition of hard copy data and concurrent time of

day. This data recording system allows direct input and units conversion

of thermocouples and permits units conversion from any instrument with

output voltage from +30.0 mV to + 10.0V. This data recording system

has capacity of 40 independent channels which may be scanned at any

predetermined time interval of less than 999 hours. Averaging of up to

999 samples in each channel is also permitted. All programming is

accomplished through the keyboard located on the front of the console.
Redundant temperature measurement is provided in each compartment

of the dehumidifier, at the inlet and outlet to the solar collectors and

auxiliary heater, and at the ambient conditions. This is achieved by

the use of type T-copper constantan thermocouples inserted intc the air

flow streams at these locations. The thermocouples were constructed

from 24 guage copper constantan wire manufactured by Omega Corp. The

ends of the thermocouple wires were stripped and soldered and then tested

for uniformity by immersing them into a constant temperature bath. The

thermocouples are terminated and grounded at the data aquisition system

input connections. Aluminum foil is wrapped around the thermocouples as

shelding to reduce radio frequency interference.

Dew point temperatures are measured in each flow stream at the inlet
and outlet desiccant wheel compartments. These four dew points are measured
by the insertion of a 6.4 mm(0.25 in) OD soft drawn copper tube into each
of the four compartments. The copper tubing is routed to a five way
electrically actuated valve permitting the systematic sampling from any

of the four locations. A Hills-McCanna Ramcon Mode 832-2 rotary electro-
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mechanical actuator is used to rotate the five way valve in %/2 radian
(90 degree) increments when a signal is received from the timer. A
Dayton Model 2E213 24 hour control timer is employed to provide an input
signal to the valve actuator in 15 minute intervals.

ane the sample location is selected,a single copper tube delivers
the air sample from the five way valve to the dew point analyzer. The
dew point analyzer, a EG&G Model 911 Dew-All digital humidity analyzer,
determines the sample dew point and transmits the reading to the data
recorder. Intermittent wet and dry bulb temperatures are manually taken
using a DigiTec HT Series 5810 thermometer to provide cross checking
of the dew point analyzer.

To insure proper operation of this system a 160 watt heating tape and
Delta-T Model ATT-70 differential temperature thermostat is utilized to
insure that at no time does the tube wall temperature fall below the air
sample dew point. All tubing located outdoors is also insulated with a
fiberglass wrap and covered with plastic sheeting.

Solar radiation is measured by two independent methods. The first
employs an Epply Radiometer Model PSP-16275F3 which provides direct
millivolt inmput into the data acquisition system. A Hollis Observatory
Model MR-5A~2092 pyranometer is the measuring device for the secondary
system. Output from this pyranometer is directed to a Hollis Observatory
Model LM-3000 Solar Integrator for output on pressure sensitive chart
paper. The recorder provides instantaneous as well as integrated results.

Wind direction and speed is measured by a Climatronics Mark ITI

Wind Measuring System with a wind velocity range of 0 to 22 m/s (50 mph).
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Wind speed is determined using a 3 cup anemometer and wind direction with
the use of a wind vane. Direction and speed are transmitted electrically
to a Gultan Model 3 CS recorder where they are output on a pressure
sensitive chart paper.

Air flow is measured in the process and regeneration flow path after
the air exits the fan discharge plenum. The process flow stream air flow
rate is measured by a Gould Datametrics Series 100-3F Mass Flow
Transducer. The electrical transducer output is wired to a Datometrics
Series 810C digital indicator giving instantaneous air flow rates. The
regeneration volumetric flow rate is measured using a 2 inch ASME long
radium flow nozzle and an oil filled manometer. The two flow-
meters were calibrated prior to use.

A visual layout of the instrumentation is shown in Figure 7. The
photograph shows the incident solar radiatiom recorder (1), digital
electronic flowmeter indicator (2), dew point meter (3), wind speed and

direction recorder (4), and the data logger (5).
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FIGURE 7 LAYOUT OF INSTRUMENTATION USED FOR DATA AQUISITION
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CHAPTER IV
COMPUTER MODEL

A principal objective of this research was the development of a
computer model for a solar dehumidification process. The model
constructed consists of a main program, MAIN, and seven subroutines;

HUMID, EGV, ALFAV, LEAK, COLPER, COLEFF, and HEATX. A listing of the
program and associated nomenclature are contained in Appendix B. All
computer simulation and results were performed on the KSU IBM 370

digital computer, utilizing WATFIV FORTRAN language.

MAIN: This portion of the program performs three major tasks. First,

most data input and output is accomplished through the MAIN subprogram.
Required input parameters are hourly ambient temperature, humidity ratio,
wind speed, and solar radiation. Parameters describing the dehumidification
wheel, collectors, and heat exchangers are also required. Time of year and
time of day must also be input for each hour so that the position of the sun may
~ be determined relative to the earth. Collector orientation relative to

the earth (i.e. slope, latitude, and longitude) must be input so actual
radiation striking the collector may be determined. The program output
consists of temperature and humidity ratio profiles and a heat balance

of the dehumidifier. Input parameters, hourly solar data and collector
performance are also output for verification.

Secondly, the MAIN subprogram specifies which program option and
collector type will be utilized. There are two program options available
which involve the specification of dehumidifier regeneration temperature.
This parameter may be specified as a constant most useful during pre-

liminary design procedures utilizing an auxiliary heater with a downstream
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thermostat. The regeneration temperature may also be specified as an
hourly value which will be the instance where no thermostat is installed
and the outlet collector temperature is known prior to dehumidifier
design.

Four collector types may be specified.r A type zero collector
indicates manufacturers performance data for collector efficiency have
been input into the program. These equatioms provide values of FRta,

FRUL, and any efficiency modifiers required by the manufacture.

Three collector types may be specified in which the efficiency is
theoretically determined using techniques outlined by Beckman and
Duffie (3) (12). A type 1 collector is a water collector with bonded
tubes and specified air to water heat exchanger. Type 2 and 3 collectors
are air type collectors with metal/glass and metal/metal flow channels,
respectively.

The third task accomplished by the MAIN subprogram is it serves as
a data base and a source for calling the HUMID, COLPER, and HEATX
subroutines representing the three major subcomponents of the dehumidifier.
HUMID: The HUMID subroutine is an analytical model of the desiccant
wheel component of the dehumidification system.

The methods for calculating the performance of a silica gel desiccant
bed have lagged significantly behind the commercial use of silica gel
dehumidifiers. The modeling of the dehumidification process involves the
simultaneous transfer of heat and mass between the desiccant and air stream.
Systems of equations modeling this process are difficult to describe and solve
theoretically owing to their non-linear and coupled characteristics. This

non-linearity is a direct result of the complex thermal and sorptive



31

properties of the air/water mixture and desiccant. TFor this reason
initial aﬁalyses of the dehumidification process were either empirical
in nature or involved linearization by considering only isothermal
dehumidification.

One of the first attempts to determine an analytical solutiom to
this problem was Hougen and Marshall (18) in 1949. This research provided
a method of graphically calculating the time-position-temperature-
concentration conditions in both the gas and solid. The process was
assumed to be isothermal, the bed stationary, and a linear equilibrium
relation was assumed to exist between the adsorbate contained in the
gas the solid absorbent.

A method of amalysis of an adsorption system was developed based
upon empirical relationships by Ross and McLaughin (38) in 1955. Taking
experimental data from a stationary silica gel bed, Ross and McLaughin
were able to predict bed parameters such as break point time, absorption
efficiency, temperature rise, etc. based upon inlet air temperature,
relative humidity, air flow, and bed dimensions. Adsorption efficiency is
defined as the ratio of the amount of water adsorbed by the desiccant in
a given time to the amount of water vapor in the air entering the desiccant
bed during that time. The adsorption efficiency of a desiccant bed remains
relatively constant from the beginning of the adsorption cycle until some
later point when the desiccant bed becomes nearly completely saturated
resulting in a sharp decrease in adsorption efficiency. This point is
termed breakpoint or breakpoint time.

Since these initial attempts at modeling the dehumidification of

air by silica gel, the majority of theoretical effort has been concentrated
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on two techniques. The first technique was originally developed by Bullock
and Threlkeld (5) for isothermal dehumidification. A series of partial
differential equations resulting from an energy balance, water mass
balance, and heat and mass transfer relationships were solved numerically
using a given set of boundry conditions. The results were compared to
experimental data taken for a stationary silica gel bed and were found to
be very accurate.

Chi and Wasan (7) expanded Bullock and Threlkeld's model to include
adiabatic dehumidification for stationary beds of hygroscopic salts on a
support matrix. Again the results were verified by comparing the calculated
values to Chi's experimental work for lithium chloride on Torrex. Pla Barby
(36) further refined Bullocks and Chi's work by expanding it to include
rotating beds.

The greatest advantage of this numerical analysis method is that
temperature and moisture content of the desiccant and' air/water mixture
may be determined at any time step and at any bed thickness. Other advantages
of this . method. are the proven numerical techniques used (i.e. predictor-
corrector and modified Euler) and the excellent correlation between
measured and calculated values.

The second major method utilized to predict dehumidifier performance
was initially developed by Banks (1) in Australia in 1971. This approximate
method transformes the mass and energy conservation equations into two
potential kinematic wave equations. These equations are linearized by
assuming the potentials are linear functions of temperature and humidity.
This allows constant potential lines to be drawn on a psychrometric chart
from known physical properties of the desiccant. These potentials are

analogous to temperature if heat transfer alone is considered.
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By incorperating rate equations of heat and mass transfer for
gilica gel and an air-water mixture,Close and Banks (9 ) (10) were able
to theoretically determine the outlet conditions of a stationary silica
gel desiccant bed. Assuming an initially steady state desiccant bed
disrupted by a step change in inlet condition, the Bank and Close model
predicts a wave front will pass through the bed resulting in new outlet
conditions. These conditions will remain constant until the second wave
passes through thé bed leaving the outlet conditioms identical to the
inlet conditions.

This model was further developed by MacLaine-Cross and Banks (29)
to include rotating desiccant wheels. Since the heat and mass
transfer potentials are analogous to temperature when heat transfer alone
is considered, they were able to apply these newly developed potentials
to sensible rotating heat exchanger theory. Using correlations
similar to parameters developed by Kays and London (22) (23) for rotating
sensible heat exchanger effectiveness, MacLaine-Cross and Banks were
able to predict the performance of a rotating desiccant wheel.

Nelson (34) computerized the Maclaine-Cross and Banks method to
provide outlet process and regeneration temperatures similar to the
Pla Barby model. The MacLaine-~Cross and Banks model does not provide
time-temperature-position results as does the Pla Barby model, however
this information is not necessary for use in the solar
dehumidification model. Since the Pla Barby computer model requires
significantly greater storage capacity and calculations, as the result of

the time-temperature-position information, this model requires significantly
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more computer cost per run. The Pla Barby model requires some 200 to
1000 seconds of computation time for one desiccant bed analysis,

while the MacLaine-Cross and Banks model only requires 1 to 2 seconds of
computation time.

As a result of the savings in computation time with no significant
difference in required output information, the MacLaine-Cross and Banks
model and Nelson computer model are used as the bases of the HUMID
subprogram with only minor revisions. The HUMID subroutine is supported
by two subprograms ALFAV and EGV which provide parameter information
based upon properties of silica gel.

A comparison of the output results for the Pla Barby, MacLaine-Cross
and Banks, and HUMID subroutine is shown in Table 1. The silica gel
desiccant bed modeled is 50 mm (2.0 in.) in thickness. The inlet
temperature and humidity ratio for the process side are 26.2°C (79.2°F)
and 10.1 g/kg, respectively. The regeneration air flow temperature and
humidity ratio are 61.1°C (141.9°F) and 18.2 g/kg, respectively.
Rotating speed of the desiccant wheel is 18.1 minutes per revolutiom.
Between all three models the maximum variation between temperatures is
3°C or about 7 per cent and 1 g/kg or 4 per cent for absolute humidity.
LEAK: Since the desiccant bed and the sensible heat exchanger are
packed beds the pressure drop through each is significant when compared
to the total fan static pressure. This high static pressure (3 to 5
in wg) through each wheel at 23.6 1/s (50 cfm} results in a strong
tendency for the air flow streams to leak around the beds through the
seals in lieu of passing through the beds. The LEAK subroutine models

the leakage process of both the desiccant bed and heat exchanger wheel.
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Table 1. Comparison Between HUMID Subprogram, Pla Barby Model, and

MacLaine-Cross and Banks Model (36) (29).

Mac Laine-Cross

Property and Banks Pla-Barby  HUMID
Qutlet Process Air Temp - °C 41 38 41
Qutlet Regeneration Air Temp - °C 47 49 46
Outlet Process Air Humidity - g/kg 6 7 6

Outlet Regeneration Air Humidity - g/kg 22 21 23
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Leakage is expected to occur by three methods. First bypass
leakage may occur when inlet air bypasses the complete dehumidification
process by flowing across one of the crossflow seals rather than
passing through the bed. Secondly, recirculation leakage may result when
the air water-vapor mixture, after passing through one bed, would
prefer to recirculate to the other flow stream by passing through a
crossover seal rather than passing through the second bed. Finally,
periphery leakage is a result of leakage around a bed by passing through
the periphery seals. It should be noted that recirculation and bypass
leakage result in the passage of some of the air water mixture from one
flow stream to the other while periphery leakage does not.

A theoretical derivation of the equations modeling the leakage
processes is included in Appendix C. If only a desiccant wheel is used
in the dehumidification process, the LEAK subprogram will select the
proper leakage equations by inputing a zero value for the sensible heat
exchanger effectiveness.

COLPER: The COLPER subprogram determines the performance or useful heat
gain of the solar collector. After initialization of parameters, the
COLPER subroutine determines the amount of radiation striking the
collector,utilizing ambient conditions, collector orientation, time of
day, and time of year. The computer model follows closely the equations
developed by Beckman and Duffie (3).

Knowing the incident radiation on the surface of the collector, the
COLPER subprogram calls the COLEFF subroutine for the appropriate

collector efficiency given ambient conditions, inlet collector conditions
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and loss coefficients. Given this efficiency, the collector useful heat
gain and outlet temperature are determined.

The COLPER subprogram also determines the amount of heat lost
through the ductwork from the collector to the dehumidifier given the
estimated temperature drops. If the temperature returning to the
dehumidifier is below the required inlet regeneration temperature,
the COLPER subprogram determines the amount of auxiliary heat required
to assure proper regeneration temperature. If the return temperature
is greater than the required regeneration temperature, the COLPER
subprogram determines the amount of heat available for storage.

The final purpose of the COLPER subprogram is to assure proper
collector parameter input by descriptively outputing each input collector
parameter.

COLEFF: The COLEFF serves as a support program for the COLPER subprogram.
This subprogram has the capacity to determine the collector efficiency
for any of four given collector types specified in the MAIN subprcgram.

The zero type collector indicates that empirical correlations between
FRUL, FRta, efficiency modifiers, and volumetric air flow per collector
area developed from test data have been input. Once the values of FRta
and FRUL have been determined the collector efficiency is calculated by
the following equation.

n = MOD {FR'rcx - FRUL {Tin-—Ta ] ]
HR

The remaining three collector types permit the collector efficiency

to be determined theoretically. One of the collector types is a water
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collector coupled to a air to water heat exchanger. The remaining two
collector types are air collectors. For all these collector types ambient
temperature, solar radiation, and wind speed are required input para-
parameters. Also collector air flow rate, collector area

and length, collector transmittance, emittance, and absorpance are

all required input. The number of collector covers and bottom loss
coefficient must be input for all theoretically calculated collector
efficiencies.

In all collector geometries, the top heat loss coefficieﬂt is
initially calculated assuming a collector absorber plate temperature.
Values of the collector heat removal factor, FR, and the collector
efficiency factor, F', are then determined for each collector geometry
using the unique correlations for that particular geometry (3). Knowing
the values of FR and F' the collector efficiency and useful heat gain
are determined. Once the useful heat gain is calculated a new value of
the average absorber plate temperature may be determined and compared
to the assumed value. If the difference is greater than 0.5°C the
entire process is reiterated using the new absorber plate temperature.

In the special water collector geometry, an air to water counterflow
heat exchanger effectiveness and water flow rate must be specified. This
results in the regeneration flow stream from the dehumidifier entering
the air side of the heat exchanger and leaving the heat exchanger to
return to the dehumidifier.

The final step of the COLEFF subroutine is to assure the collector
heat gain is greater than zero. If the heat -gain is less than zero the
collector is considered not operable and efficiency and heat gain are set

equal to zero.



39

HEATX: The final program subroutine in the program models the sensible
heat exchanger of the dehumidification system. Given the heat exchanger

effectiveness, the program determines the corresponding outlet temperatures

using the following equatioms

T

e« Gout 1

cin

hin = 'cin
and e = Thin~ Thout

hin- Tcin
Knowing these temperatures the LEAK subprogram is called to determine the
actual outlet temperature and humidity ratios accounting for leakage.
The heat transfer by the sensible heat exchange may then be determined
from these values by calculating the change of enhalpy for one of the flow
paths. It should be noted that dehumidification systems not utilizing

a sensible heat exchanger may be modeled by setting the heat exchanger

effectivenss equal to zero.
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CHAPTER V
EXPERIMENTAL RESULTS AND DISCUSSION

The experimental apparatus was constructed to permit concurrent
operation of the desiccant and heat exchanger wheels. During preliminary
testing however, the operation of ﬁoth wheels produced such large leakage
rates and low air stream flow rates that it was decided to concentrate
the data collection solely around the desiccant wheel. Since the operation
of the sensible heat exchanger is more widely understood and predictable,
the computer modeling of the heat exchanger is considered acceptable and
its inclusion into the dehumidification system not critical for proper
operation.

Data Taking Procedures.

Because the operation of the experimental apparatus is dependent
upon the presence of sunshine and other ambient conditions, the everyday
operation of the experimental apparatus was not possible. When ambient
conditions in the early morning hours did appear promising the following
data taking procedures were followed.

Approximately two hours prior to actual data aquisitiom, the
desiccant wheel drive motor, blower, and all instrumentation were turned
on to allow proper warm up of all equipment and to promote steady state
operation of the entire dehumidification system.

After proper warm up, the desiccant wheel drive motor was set at the
proper rotating speed by adjusting the motor controller. The guillotine
dampers, located in the fan discharge plenum, were then modulated to

provide balanced air flow to the process and regeneration flow streams.
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Prior to any data recording, the data logger was checked for accurate
time of day and all instrument readings were examined for reasonableness
and consistancy. The dew point meter was zeroed, balanced, and placed into
operation, measuring the ambient dew point. This indication was checked
against values obtained by a sling psychrometer. If the two readings
did not agree within approximately 1°C, the dew point meter was rebalanced
or disassembled and cleaned. Should ambient conditions be such that
vapor condensation could occur in the dew point sampling lines, a heater
tape was placed into service to maintain the local sampling line temperature
above the dew point. The timer controlling the five way wvalve used to
systematically sample each dew point line was synchronized with the data
logger. This assured that the dew point reading was recorded approximately
1 to 2 minutes before the valve was rotated to a new sampling lime. Strip
chart recorders for solar radiation and wind speed and direction were
also synchronized with the data logger.

The actual recording of data information was begun on the hour,
permitting 120 readings of all thermocouples and pyranometer inputs to
be taken each hour. The average value of these 120 readings was computed
and printed by the data logger. A dew point value was printed out
every fifteen minutes, starting 30 minutes after the beginning of
the test. Thus the four dew point measurements were printed at 30 and
45 minutes after the hour, on the hour, and 15 minutes after the average
thermocouple values were printed. The last dew point was taken 15 minutes
after the thermocouple averages were printed because it better represented
the effect of the preceding hour due to the lagging dehumidification

characteristics of a rotating desiccant bed. Continuously recorded on
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strip charts were values of wind speed and direction, and solar radiation
in the plane of the collector.

All data recorded by the data logger for May 1, 5, 6, and 10, 1981
are shown in Appendix A. The errors associated with their measurement
are discussed in Appendix D. Because the temperatures at each sampling
point were determined by at least two indepeﬁdent thermocouples, each
thermocouple reading is given in the appendix and the average value
computed. Very little discrepancy between thermocouples located at the
same sampling point were noted, with one exception. As the process flow
stream exits the desiccant wheel a variation of + 10°C is indicated. It
is expected that this may be the effect of stratification in this flow
chamber. As the regenerated desiccant wheel enters the process flow
stream, heating of the process air is not only due to the effects of
dehumidification but alsc the cooling cof the hot desiccant wheel. If
this air remains stratified the local thermocouple will indicate high
temperature reading. The opposite effect may occur as the desiccant
wheel is about to reenter the regeneration flowstream. Since the desiccant
bed may be nearing its dehumidification capacity the process air passing
through will be only partially dehumidified resulting in a lower outlet
temperature.

The only other significant variation in measured values is between
the inlet dew points of the regeneration and process flow streams. Both
of these points were ambient conditions so they sould have had the same
value., However, these two dew point readings were taken 30 minutes apart
and awmbient conditions could have changed in this time span. Also the

dew point meter itself was observed to oscillate as much as +.5°C prior
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to most readings. This could also result in significantly different
dew points being recorded for the same conditioms.

Comparison of Experimental Results with Computed Values.

From the experimental data shown in Appendix A, the wvalidity of the
computer model can be analyzed. The computer program requires the
following inputs to determine dehumidification system performance. These
inputs include, collector and desiccant bed parameters, time of day,
leakage rates, ambient temperature and dew point (humidity ratio), wind
speed, and solar radiation. The results of these computer simulations
are compared to the experimental data in Table 2 through Table 11.
Experimental and calculated desiccant bed inlet and outlet conditions
are shown in Tables 2 through 9. Experimental and calculated solar
collector inlet and outlet conditions are compared in Tables 10 and 11.

It should be noted that the three leakage factors: BLEAK, PLEAK,
and RLEAK can make a significant change in the predicted outlet
temperatures and humidity ratios. The actual effect of these three
leakages is unknown, because time did not permit their experimental
determination. However, the three leakage rates may be varied independently
or together in the computer model. This was done and the results for a
typical hour, 14:00 CDT May 5, 1981, are shown in Table 12. The base
case is evaluated for the following leakage rates; BLEAK and RLEAK
equal to 40 per cent, and PLEAK equal to 20 per cent. It is obvious
from these results that each leakage rate is coupled to all four outlet
conditions and changing one leakage rate may improve the correlation

between one temperature and humidity ratio while decreasing the correlation
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Table 10. Comparison of Experimental and Calculated Values of Solar

Collector Performance for May 1 and May 5, 1981.

Inlet Temperature Qutlet Temperature

Time Texp Tr_'al AT Texp Tcal &
(CDT) (°0) (°C) (°c) (°C) (°c) (°C)
May 1, 1981

14:00 25.8 24.0 -1.8 72.6 713 -1.3
15:00 26.6 24,5 -1.9 72.3 69.1 -3.2
16:00 26.3 25.0 -1.3 68.1 64.8 -3.3
17:00 26.4 25,2 -1.2 59.2 53.7 =-5.5
18:00 26.0 24.3 -1.7 52.3 26.1 -26.2
19:00 24.6 24.1 -0.5 33.0 24.1 -8.9
May 5, 1981

13:00 21.6 20.8 -0.8 67.1 62.8 -4.3
14:00 22.8 21:7 -1.1 68.6 65.6 -3.0
15:00 3.1 22.4 -0.7 61.6 59.0 -2.6
16:00 22.1 22.7 0.0 54.8 - 50.5 -4.3

17:00 22.4 22.6 +0.2 bb. & 39.4  =5.0



Table 11. Comparison of Experimental and Calculated Values of Solar

Collector Performance for May 6 and May 10, 1981.

Inlet Temperature Qutlet Temperature
Time Texp Tcal AT Texp Tcal AT
(CoT) (°C) (°c) (°0) (°C) (°C) (°c)
May 6, 1981
14:00 19.1 18.9 -0.2 44,4 43.8 -0.6
15:00 20.7 19.6 -1.1 64.2 69.5 +5.3
16:00 20.4 20.2 -0.2 59.3 51.8 -7.5
17:00 212 20.7 -0.5 55.2 50.3 -4.9
18:00 20.8 20.2 -0.6 44.5 2052 -23.3
19:00 19.6 20.2 +0.6 30.2 20.2 -10.0
May 10, 1981
12:00 212 19.3 -1.9 65.5 62.1 -3.4
13:00 22.6 20.2 -2.4 71.7 66.9 -4.8
14:00 23.2 21.0 -2.2 72.4 68.9 =3.5
15:00 23.9 22,7 -1.2 71.4 67.9 -3+5
16:00 23.2 23,1 -0.1 66.0 62,2 -3.+8
17:00 23.6 23.4 -0.2 56.4 50.8 -5.6

18:00 23.0 23.1 +0.1 43.7 23.4 -20.3



Table 12. Comparison of the Effect of Leakage Rates on Typical
Calculated Values of Outlet Temperatures and Humidity

Ratios.*

Leakage Rates

BLEAK 40 55 40
o
[

PLEAK = 20 20 20
w
[

RLEAK & 40 40 55

Process Side

Desiccant Bed

T, 23.7 21.7 21.7 21.7
in

T 46.5 50.3 53.4 52.0
out

W, 7.3 7.3 7.3 7.3
in

W 5.4 4.9 5.2 5.5
out

Regeneration Side

Desiccant Bed

T 74.2 74.2 T2 74.2
in

T 377 44.9 43.4 41.8
out

W, 8.0 T3 743 7.3
in

W 9.2 9.9 9.2 9.6
out

*
Temperature shown in °C, humidity ratios shown in g water per kg of

dry air.
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of another property or at another test peint. After comparing

these results at several test points it was decided that the base case
of: 40 per cent leakage for BLEAK and RLEAK, and 20 per cent leakage for
PLEAK seems to compare very favorably for several test points. These
values are used to evaulate all the test points shown in Tables 2
through 11.

In reviewing Tables 2 through 9, it is noted that the predicted
outlet temperatures leaving the desiccant bed are always greater than
the experimental values. This is especially true of the regeneration
airstream. The reason for this discrepancy is not completely understood.
One possible source of this difference may be related to the heat
transfer through the insulated compartment walls, not included in the
computer program. A theoretical analysis indicates the effect of this
heat transfer should be less than 1°C (1.8°F). Another possible cause
of this discrepancy may be in silica gel properties used in the program.
The silica gel used in the experimental apparatus is 3-8 mesh, however input
parameters required by the program are only available for mesh sizes
2-4, 4-6, and 6-8, therefore a weighted average was used for the 3-8
mesh. It is not known if this type of averaging is permissible in
evaluating desiccant performance or if the silica gel utilized is
equivalent to that used by Hubard (19) in determiningsilica gel properties.
The heat transfer effects of the top and bottom perforated aluminum
sheets are also not included in the program model. The program assumes
the heat transfer between the support material and the air stream will
be insignificant when compared to the effects of the desiccant material.

Should this assumption be grossly incorrect it is expected that the
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calculated outlet process air temperature would be significantly lower
that the experimental value due to the under estimation of the heat
transferred. This is not the case however, shown by the experimental
data. A final source of error may be the result of incorrectly
estimating the leakage rates as discussed previously.

Despite the differences between the calculated and experimental
values for outlet temperatures the computer program is considered to
yield an acceptable estimation of these valués.

Also included in Tables 2 through 9 is a comparison of experimental
and predicted dew points. These values are shown to correlate very
well for the conditions tested. This is especially significant con-
sidering the oscillation of the dewpoint meter of + .5°C may result ipA
a variation in humidity ratios of + 1.0 g/kg. Also, the calculated
humidity ratio may be determined fromambient conditions taken as much
as 45 minutes prior to the time the experimental value was taken. Again
the effects of leakage rates may also cause some variation between
actual and calculated values.

The comparison of experimental and calculated values of solar
collector temperatures are shown on Tables 10 and 11. A temperature
rise of 3°C (5.4°F) is estimated to occur between the ambient conditions
and collector inlet due to fan work input. This approximation is shown
to be within about + 0.5°C and -2.0°C of the experimental data. It
should be noted that the 3.0°C estimation becomes a better approximation

as the time in operation increases.
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In most instances, the outlet air collector temperature is under-
extimated approximately 3°C (5.4°F) to 5°C (8.0°F) by the program. This
approximation is considered very satisfactory since outlet temperatures
may be as high as 72°C (162°F). Significant underestimations, 20°C
(36°F), of the outlet collector temperature are shown to exist consistantly
at approximately 18:00. This is a direct result of the empirical
relationships supplied by the collector manufacturer and is not a result
of program error. The manufacturers relationships for determining
collector efficiency are only given for zenith angles less than 1 rad.
(60°) or approximately 16:00 solar time. As the sun is setting or
rising the determination of collector efficiency requires a severe
extrapolation of data and results in a significant underestimation of
the collector efficiency.

The misestimation of seal leakage rates may also have an effect on
the calculation of outlet collector temperature, because collector
efficiency is a direct function of air volume flow rate, therefore if
the bypass leakage rate is overestimated or the recirculation leakage
underestimated the collector efficiency will be underestimated.

It should be noted that only one type of collector, Solaron Series
3000, was utilized during the entire experimental procedure. This did
not permit the experimental verification of each type of collector
modeled by the computer program. Computer models of these collectors
were however developed and the results were as expected for these
collectors. The actual verification of these collector models should

be the subject of further investigationm.



No comparison between the results reported here and other
investigators were made. This was due to the limited amount of
previous research done in the area of dehumidification utilizing
rotating desiccant beds. Pla Barby (3g) was the only investigator
found to present experimental data for these types of beds. However,
the systems investigated were either of unbalanced flow rates or
providad insufficient operating parameters to allow any direct
comparison between his results and the predicticns made by this

program,

58
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CHAPTER VI

CONCLUSIONS

From this research it was found:

1) A dehumidification system employing a solid rotating bed of
silica gel was found to exhibit several characteristics which
may make it a preferred method of dehumidification utilizing
solar energy.

2) The mathmatical model developed by MacLaine-Cross and Banks
provides acceptable predictions of the outlet conditions of
a rotating desiccant bed.

3) The complete computer model produces a satisfactory analysis
of a solar, rotating desiccant bed, dehumidification system.

4) The use of various wheel leakage rates can significantly
change the predicted values of outlet desiccant temperature

and humidity ratio.
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CHAPTER VII

RECOMMENDATIONS OF FURTHER STUDY

As a result of the experimental and theoretical research

reported here the following recommendations are made:

1)

2)

3)

4)

5)

6)

7

Further test points need to be analyzed with the current
experimental apparatus, especially over a wider range of air
flow rates and ambient humidity ratios and temperatures.
Variation of physical bed parameters such as wheel speed

and bed depths and diameters need to be investigated to further
verify the computer program.

A complete theoretical or experimental evaluation of the
wheel seal leakage rates needs to be performed to accurately
determine them.

If better wheel seals can be developed, experimental tests
employing the sensible heat exchanger should be performed.
Different types of air-cooled collectors and liquid-cooled
collectors should be employed to verify these portions of

the computer program.

The computer program should be expanded such that the
modeling of dehumidification systems with differing airstream
flow rates and airstreams with differing inlet conditions are
permitted.

Following the completion of these other recommendations, an
economic evaluation of the dehumidification system should be
performed utilizing the auxiliary heating requirements output

by the program.
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APPENDIX B
COMPUTER PROGRAM AND RESULTS FOR TYPICAL INPUT

A listing of the computer program and typical results are given
in this Appendix. The input is the . experimental data collected
on May 1, 1981, 2:00 pm to 7:00 pm CDT. The program option 1 is
employed since the regeneration temperature entering the desiccant
wheel is a variable and known value from the recorded data. Since
manufacturer's performance curves for the Solaron Series 3000

collectors are input, the program collector type is zero.
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APPENDIX C
BED LEAKAGE ANALYSIS

Three avenues of leakage around the desiccant and sensible heat
exchanger wheels are available for the airstreams. These leakages are
termed bypass, recirculation and periphery. The equations developed to
simulate these leakages and their effects are influenced by the
existance of a sensible heat exchanger in the dehumidification system.

No Sensible Heat Exchanger Utilized. The three leakage flow paths for

a single bed dehumidification system are shown on Figure C.1 (a).

Side 1 is the process flow stream and side 2 is the regeneration flow

stream. Each side is assumed to have a normalized flow rate of unity.
An energy balance on side 1 of the desiccant wheel results in the

following equatiomns.

Heat = Heat,
out in

(1.0 - BLEAR + RLEAK) « T, C_ =

PLEAK - C_ T I + (1.0-BLEAR-PLEAK) * CP . T10

P 1

+ RLEAK - Cp ' T2I

Solving for the outlet temperature of side 1, TlO’ results in the

following equation.
1

T,, = PLEAK *+ T._ + RLEAK °* T,  + (1.0-BLEAK-PLEAK) - Tl0

10 11 21
1.0-BLEAK + RLEAK
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From a similar analysis of side 2 the following equation for outlet

temperature results.

t 20

= PLEAK -+ T, + BLEAK - T T + (1.0-PLEAK-RLEAK) * T

21 1
1.0 + BLEAK - RLEAK

20

A water mass balance on side 1 is used to determine the outlet

humidity ratio including the effects of leakage.

Mass Water = Mass Water
out in
WlD (1.0 - BLEAK + RLEAK) =
1
PLEAK - wlI + RLEAK - wZI + (1.0 - BLEAK-PLEAK) - WlO
Therefore,
1
wlO = PLEAK - WlI + RLEAK - W2I + (1.0-BLEAK-PLEAK) - ng

1.0 - BLEAK + RLEAK

A similar analysis of side 2 results in the following equations for
the outlet humidity ratio of side 2 including leakage effects.

W20 + (1.0 + BLEAK - RLEAK) =

1

20

20

PLEAK - WZI + BLEAK - WII + (1.0 - PLEAK - BLEAK) * W

= PLEAK - WZI + BLEAK - WlI + (1.0 - PLEAK ~ RLEAK) " W

1.0 + BLEAK - RLEAK

20

Sensible Heat Exchanger Utilized. When a sensible heat exchanger is

utilized in the dehumidifier system the same three leakage paths may exist.
However, they may have different numerical values from those of the no
heat exchanger design. To assure the values of RLEAK, BLEAK, and PLEAK
are constant for both the desiccant and heat exchanger wheel the pressure
drops through eacﬁ wheel are assumed to be approximately the same. It
should be noted, that from the leakage standpoint, the heat exchanger

wheel is identical to an inverted desiccant wheel, thus permitting the
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analysis of only one wheel to be applied to both cases. In each case,
the normalized flow into side 1 of the wheel is unity énd the flow into
side 2 is 1.0 - BLEAK + RLEAK.

An energy balance of side 1 of either wheel results in the following
equations.

Heat = Heat,
out in

(1.0 - BLEAK - RLEAK) ° Cp ¥ T10 -

1
(1.0 - BLEAK - PLEAK) - CP * Tlp + PLEAK - TlI : Cp

+ RLEAK - CP ‘ TZI
Solving this equation for the outlet temperature yields the following:
1

= (1.0 - BLEAK - PLEAK) TlO + PLEAK * T11 + RLEAK - TZI

(1.0 - BLEAK + RLEAK)

To

Performing a similar analysis of side 2 gives the following results,
((1.0 - BLEAK + RLEAK) + BLEAK - RLEAK) - CP . TZO

T

= ((1.0 - BLEAK + RLEAK) - RLEAK - PLEAK) - Cp . Tzd'

+ BLEAK * C_ + T

+ PLEAK * C_ * Ty 5t T

Therefore,

t

T20 = (1.0 - BLEAK - PLEAK) - T20 + PLEAK - T2I + BLEAK - TlI

Considering a mass balance on side 1 of the wheel results in the
following derivation for the outlet humidity ratio.

Mass Water = Mass Water
out out

(1.0 - BLEAK + RLEAK) ° WlO =
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1
PLEAK * W, + RLEAK ° WZ + (1.0 - BLEAK - PLEAK) * W

11 I

1p

W = PLEAK * W._ + RLEAK * W, + ( 1.0 - BLEAK - PLEAK) - WlO

10 1T 21
(1.0 - BLEAK + RLEAK)

A similar mass balance of side 2 yields the following equation for

outlet humidity ratio.

1

WZD = (1.0 - BLEAK - PLEAK) - WZO' + PLEAK ° WZI + BLEAK - WlI
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APPENDIX D

UNCERTAINTY ANALYSIS

The uncertainties in the experimental dehumidification parameters;
temperature, dew point, air flow rate, and solar radiatiomn, were
determined based upon the following relationship:

N
Ap = Z S
L}

A (D.1)

2
N

2N

This equations states that the uncertainty, Ap, in a measured parameter,
is equal to the squre root of the sum of the squares of the AV and SW
3 I\

product. The value S_ is the sensitivity factor for the A

. contributing

N
uncertainties. This relationship allows the determination of the combined
effects of several sources of uncertainty encountered while one measure-
ment is taken.

For this analysis, SN was given the value of unity, meaning each
source of uncertainty was assumed to have equal significance. The values
of Ap are presented as an uncertainty range in the units of the parameter
measured.

Temperature. The uncertainty in temperature is a result of three major
sources of error: the uncertainty resulting in the nonhomogeneity of the
thermocouples, thermocouple nonlinearity, and data logger resolution and
compensation. Based upon manufacturers information, test results, or

educated approximation these uncertainties were given the following

values.
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- -]
Athermocouples %176
- °
llinearity = S-L°C
= -]
A esolution ~ 0°° ©

Therefore, the overall temperature uncertainty is 0.5°C, from equation D.1.
Dew Point. The uncertainty in dew point temperature could be attributed

to three uncertainty sources also; the uncertainty in linearity, dew
point meter accuracy, and data logger resolution. These values were

given the following values based upon manufacturers data and experimental

approximation.
= ©
7tlinea.rfu:y B
- °
Adew point meter %278
= 0.1°C

Adata logger

Using equation D.1 results in an overall dew point uncertainty of 0.6°C.
Air Flow Rate. Because the regeneration and process flow streams were
measured by two separate methods the uncertainty of each method was
determined.

For measurement of the process flow stream,an electronic flowmeter
was utilized. The individual uncertainities are a result of the following
causes: flow meter and transducer accuracy, flow rate linearity, and data
logger resolution. These uncertainties have the following estimated or

specified values.
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A =

- flow meter 1 =k
ltransducer =1 ek
llinearity =3 cfm

The total process flow rate uncertainty is therefore 1.5 cfm (0.7 1/s).
No manufacturers'data was available for the oil manometers used

to measure regeneration flow rate. Therefore the linearity and flow

meter uncertainty were assumed to be one half the smallest division of

the manometer or .05 in Wg. This reading corresponds to approximately

4.0 cfm at a total flow of 50 cfm. The total regeneration flow rate

uncertainty is therefore 5.6 cfm (2.5 1/s) by using equation D.1.

Solar Radiation. The uncertainty in the measurement of solar radiation

results from the pyranometer. accuracy and linearity and the data logger
resolution. These values based upon information from the manufacturers

are as follows.

4.5 BTU/hr £t

lpyranometer
2

[}

A dars Togges 0.2 BTU/hr ft

2
llinearity = 2,0 BTU/hr ft

2
The overall solar radiation uncertainty is therefore 4.9 BTU/hr ft

{ 15.5 W/mz).
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ABSTRACT

The dehumidification of air utilizing rotating beds of silica gel
regenerated by solar energy was computer modeled and experimentally
investigated. The use of rotating beds of silica gel was found to be
a workable method for air dehumidification. The silica gel bed was
continuously regenerated using high temperature air heated by sclar
collectors. When the solar collectors provided insufficient energy an
auxiliary electric heatef was energized. The computer model was
developed to predict the performance of the solar dehumidifier, and
included numerous subroutines modeling the desiccant bed, heat exchanger,
solar collectors, and flow stream leakage. This computer program was
found acceptable to predict the performance of the experimental solar

dehumidifier.



