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CHAPTER I

INTRODUCTION

Dehumidified air finds numercus applications--in food processing
industries for production and storage of food ; in chemical industries
such as paper and textile where humidity control is essential to achieve
miality end products; in ships where circulation of dehumidified air
is to be malntained to preserve interior structures; in the preservation
of grain and lumber for long term storage; in human comfort, etec, Pro-
cesses such as brewing, candy making, packaging of cereals, drying of
leather, and manufacture of certain chemicals need to be carried out
under dry atmosphere conditions,

Conventionally, dehumidification of air is achieved by ccoling the
air to the dew point temperature corresponding to the final humidity
ratio of ailr. This forces the excess moisture to condense out, leaving
behind drier air. In certain instances, such as drying of lumber, it
may be renquired to reheat the dried air sensibly, to carry cut the
desired process more effectively. The process of cooling the air to
dry it is called refrigeration dehumidification.

Almost all the refrigeration dehumidification apparatus is depen-
dent on fossil fuel as the energy source., With increases in the
requirements of dehunidified air and increasing costs of fossil fuel, a
delumidification process that could utilize solar energy as a main energy
source attracted the attention of researchers.

Materials that could extract and hold water vapor from moist air
when it is passed through them and release this vapor to another stream

of hot air seem to premise to effectively use solar power. Materials
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that remove moisture, or in general any 'adsorbate', are called

sorbents, and may be either solid or liquid.

A dehumidification system that uses silica gel as the sorbent

has been built by Richard Singer, a former student eof this school,

to study the adsorption dehumidification process., Singer has also

developed a computer program to predict the performance of the system,

Preliminary runs taken on the actual system show good comparison

between predicted and experimental values,

The objectives of this research were:

1-

Additional data to be collected from the experimental
apparatus mentioned above with different air flow rates,
temperatures, and humidity ratios to study the performance
of the system over a wider range of parameters.

The computer program to be modified such that the modeling
of dehumidification systems with differing air stream flow
rates, Inlet conditions, etec, are permitted,

Ounce the revised computer program credibllity has been
established, predicted performance curves over all possible
range of interest of the variables are to be obtained.

The use of the performance curves was to be demonstrated by

the design of an adsorption air conditioning system.



CHAPTER 11

ADSORPTION DEHUMIDIFICATION

Process Description

An adsorption process takes place through an operation which
deals primarily with the utilization of surface forces, and the
concentration of materials on the surfaces of solid bodies (referred
to as adsorbents). Adsorption should be differentiated from absorption
in that adsorption 1is commonly without any chemical reaction between
the adsorbents and the material adsorbed (called the adsorbate), whereas
in absorption, there is a chemical reaction or phase change taking
place as a result of the process.

On a microscopiec scale the sorption process can be explained as
follows: When equilibrium is established between a gas and a solid
surface, the concentration of gas molecules is always greater near the
surface than it is in the bulk phase. This results in unbalanced
forces bheing exerted on molecules near the surface of the solid nommal
to the solid plane. The balance of forces is partially restored by the
migration of gas molecules to the surface, The process by whiech this
concentrated surface layer of molecules is formed is called adsorptiom.

However, viewing the process on a larger scale, the mass transfer
takes place due to a potential difference of vapor pressure between the
gorbent and the flowing fluid. The wvapor pressure of an adsorbent is
neglizible when it is anhydrous. Hence, when an active adsorbent is
brought in contact with a gas of high humidity, the vapor pressure of
water in the adsorbent tends to reach squilibrium with the partial

pressure of water iIn the surrounding gas., This results in a decrease

n
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in the moisture content of the gas and an increase in moisture content of
the adsorbent.

The sorption process always generates heat, which is mainly the
result of condensation of water vapor. Ome other factor due to which heat
is liberated is known as heat of wetting, which is developed when the
liquid (water droplets) and solid (adsorbent) contact one another. The
heat of wetting is large when the adsorbent is freshly reactivated and
tapers off to a low value as the adsorbent approaches saturation, The
Leat of condensation and heat of wetting together is called the heat of
sorption which is dissipated into the desiccant and the flowing air stream.

The equilibrium capacity of a given adsorbent, or a desiccant, for
water, is basically a function of three variables--temperature of the
air, moisture content of the alr, and percent water adsorbed on the
desiccant. To attempt to predict the performance of a desiccant
analytically is a complex problem because the equations describing the
conservation of energy and mass In the model are coupled and non linear.
The eguations are coupled because of liberation of heat of sorption and
also tecause the equilibrium capacity of the sorbent depends on its
temperature, The equations are non linear because the equilibrium
concentrations of the sorbate (the material that is adsorbad, in this
case, water) in air and the desiccant are not linearly related and also
because the heat of sorpticn and the specific heats of the flowing fluid
and desiccant are not constant.

Desiccants may be solid or liquid., Solid sorbents are generally an
extremely porous 'solid foam', with large iInternal surface areas. When
alumina is specially prepared or when silica is produced in its

gel form, these solid materials way be used to take up molsture at



room temperatures, from an air stream flowing through them. The process
of adsorption by solid desiccants is reversible, 1If the vapor pressure
of the adsorbed water becomes greater than the partial pressure of the
vapor in the surrounding atmosphere, water will be released by the
adsorbent,

Popular liquid sorbents are solutions in water of lithium chloride
and of triethylene glyecol. In this arrangement moist air 1is brought
into direct contact with the adsorbent solution in a spray chamber.
Liquid sorbents too can be reactivated, like solid sorbents.

Soth solid and liquid desiccant delumidification systems have
their own merits and disadvantages. The present study concerns only
sclid desiccants and hence further discussions will be restricted only
to them.

Sufficient reactivation or regeneration of solid sorbents can be
made with air at temperatures of the order of 180°F, And since tem-
peratures of this magnitude arvre attainable with the use of solar
collectors, a dehumidification~regeneration system using solar energy
has become particularly attractive,

As mentioned earlier, the air that is dehumidified, comes out
warmer. In certain cases, this dry and warm air may find direct
application, as in the case of drving grain, lumber, etc. 3But if
cool and dry air is required, as for instance, in comfort air condi-
ticning, the dry warm air may be sensibly cooled to preheat the vegen-
eration air stream, thus inproving the efficiency of the process.

Deslceant beds may be either stationary or rotating. Normally,
in the case of stationary bed systems, there will be two beds; while

one bed dehumlidifies process air, the other bed is being raegenerated.



And when the active bed nears its saturation, the process stream is
diverted to the freshly regenerated bed and the other one is then fed
the regeneration air. In a rotary dynamic dehumidifier, such as the
system for the present study, a circular rotating bed structure is
divided into two sections as shown in Figure 2-1, Through one of the
sections flows the process air which needs to be dehumidified and
through the other flows the hot regeneration air stream. Due to the
rotary motion, freshly activated portions of the desiccant are always
available for drving. A rotary dynamic dehumidifier system is simpler
in construction because there are no reversing valves, and hence the
piping lavout is simplified. But, the problem of effectively sealing
the leakage paths around the rotating bed is not insignificant. However,
rotary dehumidifiers enjoy a lot more popularity than stationary ones.

A space cooling system can be contrived with three basic physical
components—-a rotary dehumidifier, rotary heat exchangers (regenerators)
and spray/evaporative coolers, arranged in a variety of combinations.

Rotary heat exchangers are sensible heat exchangers with no
moisture hold up capacity. These regenerators are made of porous
matrix and have physically the same shape and size as the dchumidifier,
because often these two are enclosed in the same housing. Common
materials used in rotary sensible heat regenerators zre aluminum wire,
polyester film, steel wool, etc. The performance of these heat exchangers
have been thoroughly studied and can be predicted with considerable
accuracy.

The dehumidified alr out of the desiccant will be warm and dcy
and cooled in the regenerator mentioned above, However, its dry bulb

temperature may still not be low easugh for comfort cooling applications.
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But by spray cooling or evaporative cooling, it is possible to obtain
cool and dry air that can pick up sensible and latent loads in the
conditioned space and maintain it within the comfort range.

The air conditioning system may be operated in a vent mode or
recirculation mode. In a vent mode of operation, fresh air is conditioned
in a dehumidifier, sensible heat exchanger and an evaporative cooler
before it 13 led into the comfort space. After this air picks up the
load in the room, it is evaporatively cooled and passed through the
sensible heat exchanger (where it cools the supply air) and is heated
with solar and/or other kinds of energy for regeneration of the desiccant.

Figure 2-2 shows a layout of the various components and Figure 2-3
shows a plot of a psychrometric chart indicating various statepoints,
for a vent mode arrangement for comfort cooling.

The recirculation mode conditions the return air from the space
and feeds it back to the room. Ambient air is preheated in the sensible
heat exchanger and further heated te the desired regeneration tempera-
ture before it is used for the reactivation of the desiccant. Evaporative
coolers are included in the arrangement to improve the performance of
the system, as indicated in Figure 2-4, The statepoints of air at various
locations is indicated in the psychrometric plot in Figure 2-5,

Now that an adsorption dehumidification air conditioning system
has been presented, a feel for the energy requirement may be had,
Primarily, the energy inputs are for heating regeneration air stream,
for the blowers and for the desiccant and regenerator drive motors. If
the repgeneration air heating is supplemented with solar energy, there

wlll definitely bhe 2 substantial saving. The blowers need to covercome,
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. mainly, the pressure drops in the desiccant bed and the regenerator.
These materials being extremely porous, the pressure drops across them
are not considerable, Also, both these beds rotate at a very slow
speed (of the order of 400 secs/rev to 600 secs/rev) and hence their
drive motors can be expected not to consume much power.

Thus a preliminary analysis shows that an adsorption dehumidi-
fication air conditioning system could prove to be an economically

viable system and merits further study.

Discussicn of Paners

There are very many variables that decide the rate of moisture
pick up by the desiccant. These variables concern the desiccant bed
(type, particle size, area of the bed normal to the fluid flow, depth
of bed, etc.), the process air (flow rate, temperature, moisture content,
contact time, etc.), the quality of regeneration air stream, and other
narameters such as the cycle time or rotational speed, leakase, etc.

In view of the large number of variables involved in the sorption
process, it has not been easy to predict the performance of the dehumidi-
‘ler exactly. Attempts at an analytical solution of the adsorption
process are limited and the raesults available in the literature have
been mainly cf empirical nature only,

Following discussions will mainly concern an air-water vapor-silica
sel system, which is the case for the present study.

Hubard (1) has published charts that tabulate data on the equilibrium
between water vapor and commerclal type silica gel over a wide range of
temperatures and partial pressures,

Ross and Mclaughlin (2) derived empirical equations for the adsorp-

tion-desorption characteristics of a stationary silica gel bed with the
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help of test data from an experimental set up, The obvious drawback of
this method is that the reliability of predictions decreases when we
move awav from the standard values at which the readings were taken,
and each different system would require an experimental investigation
and analysis,

Bullock and Threlkeld (3) were probably the first persons to develop
a fundamental analysis describing the adsorption process and to come up
with a numerical solution for the analvsis. Their experimental unit
utilized a stationary bed and their predictions compared favourably with
the experimental results,

Pla Barby (4) too developed a numerical model to simulate the per-
formance of the air dryer. By using the finite difference scheme to
solve the continuum equations with appropriate boundary conditions, his
numerical method 1is capable of predicting the air properties at any
instant of time at any depth of the bed., IMHowever, the computer model
requires a significant amount of time (up to 1000 secs.).

The early analytical approach to the sorption process was provided
by P. J. Banks (5). He attempted to solve the mass and energy conser-
vation equations by the method of characteristics, When these equations
are Lransformed to characteristic form, thevy are found to represent two
kinematiec wave equations, each describing the propagation of a small
change in potential that depends on temperature and adsorbate concentra-
tions. Each velocity of propagation 1is seen to depend on a "specific
capacity ratio", and a2 'characteristic potential’, An analogy with the
heat transfer alone case suggests that the gpecifie capacity ratio is
similar to the ratio specfic heats of the porous medium and the fluid

mixture which determines the velocity of a kinematic temperature wave
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and the characteristic potential is analogous to temperature. Banks'
analysis was for transfer of a single adsorbate between a stationary
porous medium and a single phase fluid mixture.

Close and Banks (6) studied further on Banks' work to obtain a
compatible set of thermal and sorption properties for reversible sorp-
tion. They presented characteristic potentials and specific capacity
ratios as plots on psychrometric charts, for an air-water vapor-silica
gel system, which may be used to predict its behaviour under equilibrium
conditions,

MacLaine-Cross and Banks (7) extended the above model to a rotating
bed. The resulting solution is approximate because of the assumption
that the heat/mass transfer is described by a single film transfer coef-
ficient and diffusion in the fluid flow and sorption hysteresis are
neglected.

Nelson (8) computerized the theory developed by (7) to provide
the mean outlet temperatures and humidity ratios of air on process and
regeneratiocn sides, Nelson's computer model is different from Pla Barby's,
in that Nelson's approach is analytical, and cannot provide the states
of air at any instant and depth of bed, like Pla Barby's. But Nelson's
program requires considerably less amount of computer time, with no loss
in significant output.

Singer (9) modified Helson's computer program and also included
software for the performance of a2 solar collector. This enabled a
comprehensive system of silica gel air dryer with solar energy powered
regeneration to be modeled., A physical system was built comprising of
a desiccant wheel, solar collectors and auxiliary heaters. Preliminary
runs show that the performances of the air dryer and collectors are very

well predicted by the computer program.



CHAPTER IIL

THE COMPUTER MODEL

The original program written by Singer (9) is in FORTRAN WATFIV
language suitable for IBM 370 digital computer.

It was felt that it would be convenient to excute the program from
an interactive terminal in order to be able to make changes in values
of desired parameters from the keyboard. As a Hewlett Packard Model
HP 9845 B desk top computer with such a facility was available in this
Department's laboratory, the FORTRAN program was rewritten in BASIC
language for use with this mini computer.

Although the computation time in BASIC is significantly more than
that when executed in FORTRAN, this disadvantage is offset by many ad-
vantages that po with any interactive torminal,

The original FORTRAN program has been modified to accept humidity
ratios and mass'flow rates of air that are different on process and
regeneration streams. The inlet precess air temperature to the desiccant
could be specified independent of the ambient temperature, whereas the
original program assumed that this inlet air temperature is always 3°F
above that of the ambient, which is assumed to be due to heat of com-
pression in the blower.

The mathematical modeling of the rotary dehumidifier closely follows
the analysis of Close and Banks (6) and MacLaine-Cross and Banks (7).
The theory developed by them assumes, amongst other things, that there
is no diffusion of water wvapor in the flow direction, the fluid mixture
is at constant pressure and there is no hysteresis., Althouph the analy-
sis gets much simplified owing to these assumptions, accuracy of the
results is not avpsared to be lost,

16



The problem is to determine two outlet states (temperatures and
humidity ratios) corresponding to two given inlet states of air--i.e.
process and regeneration air states.

The analysis begins by first assuming that a part of the bed, in
equilibrium with regeneration ailr stream is suddenly exposed to the
process air and some other part of the bed in equilibrium with the
process air stream is exposed to the regeneration air stream,

Close and Banks (6) have showm that the outlet states would follow
paths of constant characteristic potentials, when a step change has
occured in the inlet state of the fluid to the bed. Tor the present
case of two component (enthalpy and water vapor) transfer system, the
surfaces of constant characteristic potentials Fj, 1 = 1,2, become two
sets of lines when plotted on a psychrometric type chart, The F} lines
lie close to adiabatic saturation lines and F3 lines to relative humi-
dity lines., The assigned values of F{ can be completely arbitrary.

It should be noted that ay, 1 = 1,2, which are slopes of Fj lines,
are derivable from the thermal and sorption properties of the air-water
vapor—-silica gel system,

An analysis of the governing parameters for a real situation shows
that T) waves propagate at a faster velocity than Fj; waves. In a rotary
dehumidifier system, if the inlet fluid states of process and regeneration
alr streams are represented by points 1 and 2 respectively in Figure 3-1,
them the outlet state of process air will be 3 and that of the regenera-
tion stream will be 4, if the matrix rotational speed is such that only
Fp change in the outlet states occurs, In a practical situation, the
actual outlet states on process and regeneration sides would be 3' and

4' respectively, vhich may be determined from states 3 and 4 by applying
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the theory developed by MacLaine-Cross and Banks (7).

The computer model first estimates points 3 and 4 by finding the
points of intersection of straizht lines with slopes ay s through the
points 1 and 2. Then with the assumption that the Fy lines through 1
and 2 are linear with slopes a; for a very small temperature increment
(assumed to be 1/60 of the inlet and estimated outlet points), the value
of ay at the new states are determined, and the process repeated until
the two pairs of points converge on the two points 3 and 4,

Leakage around and across the dehumidifier bed could not be avoided.
The original progran was modified to enable the sﬁecification of
peripheral leakape values on process and regeneration stream indepen-—
dent of each other, apart from the bypass and recirculation leaks., The

possible leakasge paths are indicated in Figure 3-2,
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CHAPTER IV

EXPERIMENTAL APPARATUS & RESULTS

Set Up

As one of the objectives of this research was to generate additional
data from the existing desiccant system, the basic layout of the compon-
ents was left unaltered. Some minor modifications were done to be able
to change the humidity ratic of air on the process side. A brief des-
crintion of the set up is given below. The layout of the system can be
seen in Fipure 4-1,

The main component of the physical model is the desiccant wheel
made of silica gel sandwiched between two layers of perforated aluminum
sheet. The gel bed is 17mm (0,67") thick, 290um (11.42") in diameter
and of grade 01 (3-8 mesh). The estimated particle diameter is 3.23mm
(0.127"), surface to volume ratio is 714.6 m2/m3 (218 ft2/ft3) with a
void fraction of 0.75.

A sensible heat exchanger wheel is provided, se that the process
air whieh gets heated up after dehumidification, can be used to indirectly
preheat the regeneration stream before the regeneration stream is further
heated in the solar collectors. This sensible heat exchanger wheel is
constructed from a 25mm (1") thick steel wool bed on a plastic support
and a perforated aluminum sheet cover. This bed also is 290mm (11.42")
in diameter with a fill density of 191 kg/m3 (12 1bm/ft3) and 93% void
fraction. The materials comprising this sensible heat exchanger wheel
are hydrophobic so that there is no latent heat exchange.

Air zeals to prevent leakases of air between stationary and moving

parts of the svystem are made from brass, felt and vinyl strips. The

21



Steam
Vaporizer

Supply
’////—_- Plenum

" Blower
Y
Regeneration .
Air Out \\\\\F ’,////1
i ]
lowmeters
Solar
. Collector
]
' ‘k\\u———*-Desiccant
Wheel
Process
Air Out

Auxiliary
Energy Input

FIGURE 4-1 LAYOUT OF THE DEHUMIDIFICATION SYSTEM



23

possible leakage paths are indicated in Figure 3-2.

The two wheels are mcunted on shafts and could be rotated at any
desired independently controllable speeds with the aid of two DC motor
drives, control systems, pulleys and belts,

The desiccant and sensible heat exchanger wheels, the motors and
associated drives are enclosed in a sealed metallic enclosure made from
24 puage sheet metal. The chambers are well insulated to make the pro-
cess get as close to adiabatic as possible,

The regeneration air is heated in two Solaron Series 3000 Air
Collectors, each having an aperture area of 1.586 m2 (17,07 ft2), with
a single 3.2mm (0.125") thick tempered glass glazing, The absorptivity
and emissivity of the selective surface are 0.95 and 0.15 respectively.
Recommended air flow rate throupgh each collector is 17.7 liters/sec
(37.4 scfm) to 26,5 liters/sec (56.2 scfm),

Air supply to process and regeneration streams 1s provided by a
single blower that has a capacity to discharge 322 liters/sec (682 scfm)
at a static head of 3"ws at a rated speed of 3450 rpm. The blower
discharzes air into a supply plenum made from 24 gauge sheet metal. Two
outlets--one for process air and the other for regemeration air are pro-
vided. Air flow rate to each stream can be regulated by operating the
guillotine type dampers provided on these outlets,

An auxiliary (electric) heater of 660 watts capacity can be ener-
aized in the event the solar collectors being unable to meet the desired
regeneration air temperature., This cone glo coll is contained in a
sheet metal enclosure down stream to the collector, A temperature con-
troller senses the air temperature at the inlet of the desiccant wheel

on the rezeneration side and energizes the auxiliarvy heater, if this
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temperature falls below a pre set regeneration temperature. To ensure
safety in operation, a sail switch is installed in the fan discharge
plenum, that deenergizes a power relay cutting off power to the auxiliary
heater in case air flow is Insufficient.

To have the ability to increase the moisture content in the process
air, if necessary, a commercial 7.57 liter (2 gallon) capacity electric
steam vaporizer 1s nlaced in the c¢ircuit. This vaporizer is contained
in an insulated box provided with inlet and outlet ports on adjacent
faces so that thorough mixing of steam with air can be expected. The
steam generation rate and hence humidity ratio can be controlled by con-
trolling the voltage to the vaporizer.

The existing pipings were made of 102mm (4") diameter flexible
plastic duct. Wherever possible, this duct was replaced with straight
ealvanized duct of the same size, Batt insulation is wrapped arcund
all duct work which is then covered with polythene sheet to protect it
from envircnment;

Thermocouples made from T-Copper-Constantan are installed at
varicus locations throughout the system, At least two thermocouples
are located in every location to minimize any error due to stratificatiom,
The lead wires of the thermocouples are covered with aluminum foil to
shield them from radio frequency interference,.

From each of the four chambers of the desiccant wheel--inlet and
outlet chambers on process and regeneration sides, air can be tapped
off for sempling, through four %" copper tubings. The air sample is used
to determine its moisture content using an electronic dew point meter,

A five way motor operated timer actuated valve lets an air sample flow

from any one of the four tubings to the dew point analyzer. To aveid
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condensation in the sampling lines that could affect the reading of the
dew point meter, a 160 watt heating tape is wrapped around the copper
tubings. A differential temperature thermostat energizes this tape if
the temperature drop in the copper tubing exceeds the set temperature
difference in the thermostat,

Solar radiation on the plane of the collectors is measured using
two methods--an Epply Precision Spectral pyranometer and a Hollis
Obervatory Model MR 5A 2092 pyranometer with its solar integrator that
provides instantaneous as well as integrated ocutputs,

Wind direction and speed are measured with the help of a Clima-
tronics Wind measuring system, the output appearing on a pressure sen-
sitive paper.

Flow rates of process and regeneration air streams are measured
using a 2%" annubar and 2" ASME long radius flow nozzle respectively.
0i1 filled inclined manometers are used to measure the pressure differ-
entials in these flow measuring devices,

All the thermocouple leads as well as outputs from the dew point
meter and the precision spectral pyvranometer, were led to a data logger
which is the heart of the data acquisition system. The data logger can
be wogrammed to scan the channels at any desired rate, average out
individual channel signals, convert them to the specified units and
print out the average valueg at the set rate., During this experiment,
the scanning rate was set at 15 seconds and printer rate at 60 minutes.

It was observed that leakages across the sensible heat exchanger
and dehumidifier could nct be effectively controlled, Since the perfor-

mance of the sensible heat exchanger 1s very well known and its exclusion



would not be affecting the study of performance of the detumidifier, it

was decided to bypass the sensible heat exchanger wheel,

Data Takineg Procedure

Ambient conditions need to be conducive to run the experiment.
llence when the early morning hours appear promising and the fofecast
for the day predicted good sunshine and other desirable weather con-
ditions, the following procedure was adopted to gather data.

The desiccant wheel, the blower and all instrumentation are
turned on a couple of hours before the start of the actual data taking
time. This allowed warming up of all equipment and enables dehumidi-
fication process to reach a steady state, All the instruments are
tested for zero setting and balanced. The guillotine dampers in the
supply plenum are then adjusted to provide required, preferably bal-
anced, flow rates on process and regeneration streams.

The ambient dry bulb and dew point temperatures are measured.

From these values, and knowing the mass flow rate of air on the process
side, the amount of moisture that needs to be added in this stream is
computed to arrive at a final desired relative humidity. This value

is of course only indicative in nature, as, as the day wears on,

the dry bulb and wet bulb temperatures could change requiring different
quantity of steam to be evaporated. The steam vaporizer is switched on
and the variable transformer is adjusted so that steam evaporation rate
is close to what is required. The reading of dew point meter, that
centinously samples air from the inlet on the process side during this
initial period, is compared with the dry bulb temperature at the same

location, read by the data logger. The heating tape that heats the

25a
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copper tubing is left permanently on as a safety measure to avoid any
condensation in the copper tubine,

Just prior to actual data taking, the timer controlling the five
way dew point sampling valve, is adjusted such that the first sampling
line leading to the dew point meter is exposed 15 minutes after the
start of the test and subsequent lines at 15 minute intervals thereafter.
Thus the data logger prints out the first dew point temperature starting
30 minutes after the beginning of the test, and subsequent values at
15 minute intervals thereafter. Hence the last dew point reading for
a given hour would be printed 15 minutes later because it represents
the effect of the preceding heur better due to lagging dehumidification-

humidification characteristics of the desiccant wheel.

Discussion of Results

As mentioned earlier, all the data gathered were with the sensible
heat exchanger bypassed. The prediction of the performance of solar
collectors used in this research has been discussed adequately by Singer
(9), and so, it was decided to concentrate data gathering solely around
the dehumidifier.

A copy of the results from the computer analysis of the experimental
data obtained on June 19, 1982, is presented in Table 4-L. Table 4-2
compares the experimental results with the predicted values.

Data gathering began after an initial warm up period of about 3
hours, At the time of start of the experiment, the process and
regeneration flow rates were adjusted to the desired values. It
was decided to have different flow rates in each stream to check the

valicity of the computer model which has been modified to analvze
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TABLE 4-1 ANALYSIS OF DATA TAKEN ON JUNE 19, 1982--COPY OF OUTPUT

finzlysis of data taken on JUHE 13, 1982

Frocsss sids flow rate PL.BLIFTE kges 0 14101 Tbehrd
Regeneration side flow rate P.BE2E3E kgos O 22501 Tbheahird
Matrix rotational speesd i .B183 rades o ERE s el

Thickness of bedsFrontal area H 5 & S JEZES m2

Fr. drop, proc. sreghn. sides 371 2 1,177 inches of water

RezirculationsBupass leaks Po.488 - 488
FPeripheral lzak, proc.sregh, o2 . 289

FROJOZCESS SIDE PHRAMETEERS

IHNLET CONMDITIONS OUTLET COMDITIOMS
HOUR  Temperaturs Humiditw Fatiao Temperaturs  Humidity Eatio
ENDING CDeg CO fkgekgl tDeg Co fkgokgh
12 32.3 A.813% TR E #.8833
13 4.7 a.8161 53.8 B,a194
14 35.8 a.815e £2.5 g, 3837
15 38,9 @,8154 63,8 W, 3895
15 35. % F.8148 3.8 g.8833
17 25.8 G.81323 S5, 4 @, BEes

REGEMERATICON SIDE PARAMETERS

THLET COWDITIANS OUTLET COMDITIOMS
HOUR  Temperatures Humidite Ravio Temperature Humidity Ratio
EMDIMG vheg Lo Chigokg? iDeg C0 Clgeolkg
12 | i, 9ETa 48,3 H.@145
13 =3B a..8a8s87v 58.9 §,8152
14 vPH.E 2, 8881 $51.5 B.ald44
15 59,2 A.8474 53,3 S T
18 FE.B B,0873 42,73 9. a134



TABLE 4-2 ANALYSIS OF DATA TAXEN ON JUNE 19, 1982--COMPARISON WITH
EVPERIMENTAL VALUES

Outlet Temneratures Outlet Humidity Patios
Time Tén Texp Teal AT in T""s'axp Weal A
.EEI .E_El (°c) (°c) (°c) a/Ke a/ke gfKg gl/¥r
Process Side
12 32,3 5.0 59.6 +1.6 15.9 10.7 9.3 -1.4
13 34,7 62.8 63,0 +0.2 16.1 11,3 10.0 -1.3
14 35.6 62,8 62.5 -0.3 15,6 10.1 9.7 -0.4
15 36.9 £4.3 63,0 ~1.3 15.4 2.9 9.3 -0.4
16 35.8 58.6 58,8 +0.2 14.6 9.2 93 +0.1
17 3548 55.6  55.4 -0.2 13.5 8.9 8.9 0.0

Negeneration Side

1z 15.1 46.4 46,3 =0.1 7.8 14,0 14.7 +0.7
1s 0.6 51.8 50,9 -0.9 8.7 14,0 15.2 +1.2
14 76.8 52.6 51.5 -1.1 B.1 13.9 14.4 +0.5
15 30.8 54,2 53.3 -0.9 7.4 14,0 13.6 -0.4
16 72.8 49,7 48,9 -0.8 7.9 13,8 13.4 -0.4

17 67.0 47,9 46,5 -1.1 Tud 12,8 12.4 -0.4
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systems with unbalanced flow rates, The steam vaporizer in the process
line was also turned on and its steam generation rate was set to a level
that would not lead to any condensation of moisture anywhere in the
system,

The temperature readings are the averaged values of thermocouples,
if there are more than one in a location. The four thermocouples located
in the outlet chamber of the desiccant wheel on the process side differed
in readings by up to 10°F, which could have been due to thermal stratif-
ication of air in this compartment. The values presented in the tables
are the averaged value of the four thermocouples,

A study of Table 4-2 leads to the following discussion:

The computer model almost always predicts the air to come out of
the dehumidifier drier than experimental values, This may lead one to
conclude that the peripheral leak, that is, air flowing to the outlet
along the periphery of the wheel without passing through the desiccant,
is more than that has been accounted for in the computer program. lHowever,
it may be observed that after longer hours of operation, the predicted
and experimental values are very close to each other.

The outlet temperatures on process and regeneration sides have
been predicted with considerable accuracy. As for the small variations
of temperatures between actual and predicted values on the process side,
no significant conclusions are able to be drawn, since the variatioms do
not indicate any trend. However, the computer mnodel predicts that the
regeneration air always comes out cooler. This may be due to some heat
transfer across the insulated compartment walls, which has not been

provided for, im the computer program. The regeneration outlet chamber
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is adjacent to the relatively cooler process inlet chamber which might
lead to cooling of the regeneration stream.

The moisture picked up by the regeneration stream during the first
three hours of operation is lesser than that predicted, but during the
subsequent three hours, 1t is greater. There is no apparent raason for
this trend; however, the differences are less than the measurement ac-
curacy. Additionally, the trend of the above results is consistent with
that of Singer (9). The leakage rates assumed by him and in this pre-
sent analysis are the same.

The order of magnitude of errors in the predicted humidity ratios
are also the same in the present study as was in Singer's (9). However,
it should be noted that the moisture content in the inlet air is about
16 g¢/kg and the moisture removed is about 6.5 o/ks, whereas at the time
Singer conducted his experiment, without artificially humidifying ambient
alr, the humidity ratio was of the order of 5 g/kg and the removal rate
was about 1.5 g /ke.

The dew point meter, which was used to measure the humidity ratios,
was observed to drift through 1°C. Uhen the humidity ratios are of
the order of 16 g/kg, a discrepency of 1°C in the dew point meter reading
could produce an error of 1,2 g/kg in the humidity ratio reading, which
is very significant compared to the error between the predicted and exper-
imental humidity ratios of air. This error could be minimized probably
by lettine the data logger average the dew noint meter readings over a
pericd and print this averaged value, instead of printing the instan-
taneous value of the dew point meter every 15th minute.

The process air in the above discussed experiment was at relative
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humidities of about 40%Z. The following experiment was conducted with
air that was having relative humidities of up to 85%,

The data presented were taken on June 23 and June 24, 1982, The
intention was to study the performance of the dehumidifier on a long-
term operation. Readings were gathered after a 12 hour warm up period,
and it was decided to run the experiment continuously for 24 hours.
There was very little sunshine on June 23rd. Therefore, hardly any solar
energy was gathered by the collectors. The ambient air was also very
humid. These two factors had a detrimental effect on the regeneration
capacity of air, and hence the dehumidification was not very effective,

Table 4-3 lists the predicted and actual values over a 26 hour
period starting at 7 AM on June 23, It may be noted that the humidity
ratios on process and regeneration inlets are the same, because the
steam vaporizer was not turned on due to very humid conditions.

Unlike in the previous case, where the predicted process cutlet
temperatures showed no consistency in variation with the actual values,
the nresent case indicates that process air in the experimental set up
always comes out a little cooler than the calculated values, It can-
not be said that this is due to insufficient dehumidification or larger
peripheral leazkage than assumed, because, then the outlet humidity ratios
siould ccnsistently be higher than the predicted values, which is not
the case, The humidity ratios on the process outlet side vary on both
the sides of the calculated values, on more occasions coming oub wetter
than predicted,

Oan the regeneration side, the air comes out warmer and the strean

does not pick up as much moisture as the computer model preaicts it



TABLE 4-3 COMPARISON OF PREDICTED AND EYPERIMENTAL VALUES TOR
JUNE 23, JUNE 24, 1982

Outlet Temperatures

Time Tin Texp Teal AT
coT Ca  Co  (Co o
Process Side
7 19.6 29,7 30,56 +0.9
8 18.2 23.4 28.9 +0.5
g 17.5 27.4 28.1 0.7
10 18.3 25.2 31.2 +2.0
11 21.2 357 37.8 21
12 23.8 39..2 42,7 +2,8
13 26.4 46.8 49.8 +3.0
14 26.9 47 .4 49,0 +1.6
15 27.8 48,3 50.0 +1.7
16 26.8 46.9 48.3 +1.4
17 27.5 50,8 53,2 +2.4
15 28.7 31.4 52.3 +0.9
19 29:3 47.6 48.3 +0.7
29 28.3 43.6 44,2 +0.6
21 25.6 39,9 40.4 +0.5
22 25.2 36.6 3.1 +0.5
23 28l 34,3 34.8 +0.3
24 21.9 33.0 33.7 +0.7
1 21,2 320 33.0 +0.9
2 20,9 31,8 32.9 : o 9
3 20,8 31.6 32.8 o

W,

Cutlet Numidity Ratios
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W

in exp
alKg a/Ka
10.1 9.1
11.4 9.9
11.4  10.0
12,2 11,1
13.2  11.7
4.1 10.9
12,8  10.8
12.5  10.1
13,2 10.5
13.7  10.3
13,0 10,6
13.4 114
4.2 12,2
14,6 12.2
14,0 12,2
14,3 12.3
. 124
13,7 12.2
13.6  11.8
13.3  11.8
A 1.8

wcal
8/%g

8.7
10.0
10.0
10.4
11.0
11.6
10.0

9.9
10.5
i )

10.0

AU

a/¥g



Outlet Temneratures

Time Tin ?exp Tcal At
cnT Coy Co Co  (Co
4 20.1 31.5 32,6 1.1
5 20.3 31.1 32.3 +1,2
& 20,1 31.0 32,2 +1,2
7 20.1 31.0 32.4 +1.4
8 21,9 33.9 3642 #243
Negeneration Side
7 35.9 25.8 25,7 -0.1
8 34,6 24,2 23.8 -0.4
9 33.7 23,5 23.0 ~0.6
10 38.0 25,1 24,9 -0.2
11 46,8 29.6 29.9 +0.3
12 S8 33.3 33.5 +0,2
13 6347 38.2 397 #1 .5
14 62.3 39.4 39.4 0.0
15 63.2 40,8 40,3 ~-0.5
16 60.3 39,7 38.2 ~-1.5
17 63.6 43.1 42.3 -0.8
18 66.6 44,4 42,2 -2.2
19 59.1 37.4 39.6 +2,2
20 5249 38.2 36.6 -1.6
21 47.6 35,0 38,8 -1.4
2z 43.2 32.4 31.2 ~-1.2
23 40.8 30.2 28,0 ~1.2
24 39.7 28.8 27.7 -1.1

Nutlet Mumidity Ratios

Win wexp
/¥ A
13,0 11.5
12.9 11.6
12,9 11,0
12,9 11.7
13.4 12.1
10.1 10.4
11.4 11.8
11.4 11.7
12.2 12.3
13,2 14.0
14,1 16.0
12.8 15.2
12,5 14,2
13.2 15.1
13.7 15.2
13.0 14,2
13.2 14.6
14,2 15.4
14.6 15.5
14.0 14,4
14,3 i4.8
14.0 14.6
13.7 14.3

wcal

Aw
a/Rg

+1.1
+1.0
+1.1
+1.6
+1.4
+0.7
+0,8
+1.1
#£1.2
+1.3
+2.2
+1.6
+1.5

+1.3

+1.2

+1.1

+1.0
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Outlet Temperatures Outlet Humidity Ratios

Time Tin Texr Teal At "in wexp Wead Au

ot Co Co o Co ef%s  z/kg  g/Rg  g/Kg
1 39,1 28,0 27.1 -0.9 13.6 14,2 15.2 +1.0
2 33.0 27.7 26.9 -0.,8 13.3 13.9 14.9 +1.0
3 39.0 27.4 26.8 -0.6 13.1 13.8 14.7 +0.9
A 38.8 272 26.7 -0.5 13.0 13.8 14.6 +0.8
5 38.5 26.8 26.3 -0.5 2.9 13.6 14.5 +0.9
6 38.4 26.6 26.2 -0.4 12.9 13.3 14.5 +1.2
7 38.8 26.6 26.83 -0.3 12,9 13,4 14,5 +1.1

8 43.6 29.1 29.1 0.0 13.4 14,6 15.3 +0.7
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should, That is, actually the regeneration is less effective, This may
be due to larger peripheral leakages by this stream than assumed in the
program.

It was therefore decided to re-run the computer model with the
regeneration side peripheral leak increased from 207 to 30%. The results
of this chanre are presented in Table 4-4. It must be observed that the
predicted values on the regeneration side are much closer to the actual
values now, but the values on the process stream remain unaltered,

The data for June 19, 1982 also has been analvzed with the above
revised lealage rates and are presented in Table 4-5, In this case,it
cannot be conclusively sald that the predicted performance has shown
an Improvement.

The neripheral seal on the desiccant had to be renlaced because
the original seal peeled off, Presumably for this reason, leakage rate
different from those used by Sincer (9) has resulted in more accurate
predictions.

Due to the limited amount of reaearch done on this area, very
little literature was available for comnarison of present results with
thase of others. Pla Barby (4) has carried out investigations on the
nerformance of rotating beds of silica sel, But, due to insufficient data,
for instance, lack of information on flow rates, and also because of the
uynsvnmetrical nature of his desiccant bed (30% regeneration area and 70%
nrocess area), his resultg could not be directly compared with the
results of the nresent study.

Tven though the results of the present studv could not be compared

with those of others, the cood agreement between the experimental values



TARLE 4-4 FEFFICT OF REVISION TM LFAYAGE EATES OM COMPUTED VALUES
FOR JUNE 23, J™™ME 24, 1982,
PROCTSS SIDE REGENERATION SIDE
Time AT (°0) . AW (z/Kg) At (°0) AV (8/%g)
CoT Origz, Nev, Orig. Rev, Oris, Rav, Orig. Rev,.
7 +0.9 +0,9 -0.4 -N.4 -0.1 +1.0 +1.1 +0.7
8 +0.5 +0.,5 +0.1 +0.1 -0.4 +0.6 +1.0 +0.6
9 +0.7 +0,7 G.0 0.0 -0.6 +0.4 +1.1 +0.7
10 +2.0 +2.0 -0.7 -0,7 -0.2 +1.1 +1.6 +1.2
11 +2.1 +2.1 -0.7 -0.7 +0.3 +1.9 +1.4 +0.9
12 +2.8 +2.,8 +0.7 +0.7 +0.2 +2.2 +0.,7 +0.1
13 +3.0 +3.0 -0.8 -0.8 +1.5 +2.7 +0.8 0.0
14 +1.5 +1.6 -0.2 -0.2 0.0 +2.2 +1.1 +0.4
15 +1.7 +1,7 n.0 0.0 -0.5 +1.7 +1.1 +0.4
16 +1.4 +1.4 +0.7 +0.7 -1.5 +0.7 +1.3 +03.6
17 +2.4 +2.4 -0.6 -0.6 -0.8 +1.7 +2,2 +1.4
18 +0.9 +0.9 -0.,9 -0.9 -2.2 +0.1 +1.6 +3.8
19 +0.6 +0.6 -0.4 -0.4 -2.2 -0.3 +1.3 +0.8
20 +0.6 +0,6 +0,2 +0.2 -1.6 0.0 +1.3 +0.9
21 +0.5 +0.5 -0,1 0.1 -1.4 0.0 +1.5 +1.0
22 +0.5 +0.5 +0,3 +0.3 ~-1.2 n.0 +1,2 +0.8
23 +0.5 +0.5 +n.3 +0.3 -1.2 ~0.1 +1.1 +0.7
24 +N.7 +0.,7 +0.1 +0,1 -1.1 -0.1 +1.0 +0.,56
1 +0.9 +0.9 +0,2 +0.2 ~0.9 +0.3 +1.0 +0.6
2 +1,1 +1,1 +0.2 +3.2 -0.8 +0.4 +1..0 +0.6
3 +1.2 +1.2 -0.2 -0,2 -0.6 +0.6 +0.,9 +0.5
4 +1.1 +1.1 -0.1 -0.1 -0.5 +0,7 +0.8 +0.4
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PROCESS SIDFE RECENERATION SIDE

Time At (°0) AW (e/Xg) AT (°0) AW (g/Xg)

cnT Orig.  Rev, Orig.  Rev, Orie,  Rev. Orig,  Rev.
5 #1.2 41,2 0.4 0.4 0.5 40,7  +0.9  +0.5
6 +1 .2 +1,2 40,2 +0.2 -0.4 +0.8 #1,,2 +0.8
7 +1.4 +1.4 -0.5 -0.5 -0.3 +1.0 +1.1 +0.7

3 +2.3 +2.3 -0.,7 -0,7 0.0 +1.4  +0.7 +0.3



FOR JINE 19, 1982,

PROCESS SIDFE

TABLE 4-5

Time AT (°0)

252 .0 Oric, Rev,
12 +1.6 +1.6
13 +0.2 +0.2
14 -0.3 -0.3
15 -1.3 -1.3
16 +0,2 +0,2
17 -0,2 -0.,2

REGENERATION STDE

EFFECT OF REVISION IN LEAKACGE RATES ON COMPUTED VALUES

A7 (2/Kg) AT (°0) AV (g/¥g)
Nrie.  Rev. Orip.  Rev, Orim.  Rev,
1.4  -1,4  -0.1 42,8  +0.7  -0.2
-1.3 -1.3  =0.9  +1,9  +1.2  +0.3
-0.4  -0.4  -1.1  +1.6 40,5  -0.4
-0.4  -0.4  -0,9 1.6  -0.,4 -1,1
+0.1  +0.1  -0.8 +1.5  -0.4  -1.,1

0.0 0.0 -1.1 +0.8 -0.4  -1.0
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and computer predictions over a wide range of operating conditions, is a

proof of validity of the computer model,



CAPTER V

AIR DRYER PERFORMANCE

It was shown in the precedine chapter that the computer prosram
is capable of predicting the performance of the dehumidifier system
with reasonable accuracy. The objective of this chapter is to utilize
the comnuter model in senerating performance characteristics of the
silica gel air drver over a wide ranpe of operation. Such graphs
would heln in the choice of optimum parameters for a given set of
operating conditions,

There are numercus variables that play roles in deciding the extent
to which process air is dehumidified. Certain variables, such as bed
depth, frontal exposed area, rotational speed of the bed, ete., can be
optimized for the best performance. However, there are a few independent
variables, such as the reseneration air temperature (if the source of
regeneration energyv is solar power) or the regeneration air humidity ratio,
over which the desimer has no control.

The performance of the silica gel dryer i1s primarily determined by
its effectiveness In dehumidifyineg the process air and hence all the
plots presented here are drawn to indicate the variations in outlet
humidity ratic of process air with certain parameters held constant
and varving one specified parameter, The air streams are assumed to be
balanced, in counterflow arrangement, with equal process and regeneration
areas.

It is obvious that a more effective repeneration of the silica gel
can be achieved using air at hisher regeneration temperatures. A well
rerenerated desiccant performs better dehumidification because the partial

pressure of the water vapor in it is very low., Ficures 3-1, 5-2, and

40
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5-3 show the effect of variation of repeneration air remperatures on
the process outlet humidity ratios for varying moisture contents in

the repgeneration stream, for three different process inlet humidity
ratios., The trend in all the three plots are the same: the dehumidifi-
cation process shows rapid improvement with increase in regeneration
temperatures. Hubard's equilibrium data for silica gel and water vapor
(1) show that, at the equilibrium water vapor partial pressure in the
rerion of our interest (0.2" Hg to 1.0" Hg corresponding to dew point
temperatures of 29C to 260C), the useful water content adsorbed by
silica zel decreases at a very fast rate with increase in silica gel
temneratures of up to 80°C, Hence repeneration of silica gel at around
809C results in a very well reactivated bed,

One other fact that may be observed from these three fisures is the
small sensitivity of the dehumidification capacity of the bed to the
moisture content of regeneration air stream at hiph regeneration air
temperatures, At such hiegh temperatures, the regeneration air temper-
ature and not its moisture content, is the dominatinn factor on the
regeneration efficiency.

A particular case in Figure 5-1 shows the process air getting humidi-
fied during its passage through the bed. Uith reseneration air of about
68°C or lower and with humidity ratio of 0,0200, the partial pressure of
water wpor in the recenerated bed is greater than that in the process air
entering the bed, Hence the mass transfer is from the bed to the.air,

Ficure 5-4 shows the affect of inlet temrperature of proceszs air on
the dehumidification capacity of the silica gel bed. Increase in inlet
air temnerature from 15° to 35°C increases the outlet air humidity ratio

from 0.0012 to 0.0044, with all other parameters constant. Thus if the
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drver dehumidifies ambient air, sav, for an air conditioning application,
it can be exnrected to be less efficient durine the day time, when the
air temperature goes up, But it Is likely that the reseneration steam
tamperaturé too will go up feor the same reason and this is roing to
counteract the decreasing effectiveness of dehumidification.

Figure 5-5 is a plot of process outlet humidity ratio vs process
inlet humidity ratio, with the process inlet air temperature fixed at
259C and regeneration air at 90°C, Variations in inlet humidity ratio
does not appear to significantly chanse moisture content at the outlet
of the desiccant bed, For instance, a change in the inlet humidity ratio
of 0,09 (from 0.005 to 0.014) changes the outlet condition by only 0.0023
(from 0.0006 to 0.,0029) for the particular case of regeneration air having
a humidity ratio at inlet of 0,0100,

Figure 5-6 shows the effect of speed of rotation of the matrix on
the outlet humidity ratio for three different bed thicknesses. For the
bed with the smallest thickness (8mm), the dehumidification process gets
ranidly inefficient as the speed of revolution is slowed down. At very
low sneeds of revolution, a thin bed could get saturated before it moves
over to the regeneration chamber and the process air will come out with-
out gettine dehumidified. However, as the thickness of the bed increases,
its ability to hold moisture increases and so the dehumidification is
effective even with speeds of revolution as low as 1/1000 rev/sec.

Hizh rotational speeds, of say less than 200 secs/rev, result in
reducea performance because of insufficient regeneration period. At
very high rotational speeds, the contact time between the air and the

desiceant will be too small to result in any dehumidification/regeneration.
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The two streams could get completely mixed at such high speeds due to
carry over and so that the plots are extrapolated to converge at the point

W s W
process in regn, in

2

Thus the resulting state on both the process and regeneration sides will
be the mean of the two states,

Ficure 5-7 brings out the consequences of increasing the face velocity
on the desicecant bed. When the mass flow rate is such that the velocity
of air through the bed is low, there is adequate contact time between the
desiccant and the fluid to have an effective dehumidification. At higher
velocities, thinner beds become less effective than thicker ones. A
closer observation of the curve for a bed of 5lmm shows that an optimum
velocity of air is about 1.5 mts/sec, and when we move away on either
side , the dehumidification nerformance deteriorates. It is possible
that at this velocitv, the contact time is not too small to result in
insufficient dehumidification nor too larpe that the increase in bed
temperature due to adsorption actually acts against dehumidification
process.

Finallv, the effect of bed thickness on the performance is presented
in Figure 5-8, for two different flow rates, The trend in both the cases
{s the same: as bed thickness increases the dehumidification performance
becomes better, but for large hed thickness, there is actually a small
decrease in the dehumidification effect. is 1s because, thicker beds
tend to dehumidify air as close to equilibriuvm moisture content as
nossible, but due to heat of adsorption, the beds become hotter. This
inturn reduces the beds' ability to adsorb moisture, thus resulting in

decreased nerformance,
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CHAPTER VI

ATR CONDITIONING SYSTEM ANALYSIS

The fuel used for much of the air conditioning is using electricity
generated by natural gas. And natural gas being the cleanest and most
desirable fuel, a solar powered air conditioning system will go far to
conserve it.. Solar energy could be utilized in a mechanical refrigera-
tion air conditioning system too. For instance, a conventional vapor
compression refrigeration system can use a Rankine cycle to convert
solar energy to mechanical power to drive the compressor. Or, in a
vapor absorption system, refrigerant vapof can be driven off from a
strong solution of the solvent in a generator with the help of solar
energy, a4s the generation temperatures are within the temperature range
attainable with flat plate collectors.

Although the technical feagibility of solar energy utilized
refrigeration air conditioning systems has been established, their
economic viabilities have not quite yet been establisghed.

An all solar-powered desiccant air conditioning system can be
contrived, if the desiccant is used to remove more moisture than is
necessary to dehumidify a conditioned space, and the dry air is cooled
by rehumidification. The layout of such a system, operating in vent
and recirculation modes, was presented in Chapter II.

The purpose of this chapter is to study the attractiveness of using
a solid sorption system with solar regeneration for z2ir comndit icning, as
compared to a mechanical refrigeration svystem,

The present analysis assumes that the components that are contained

in the system are ideal, i,e., the sensible heat exchangers, spray/
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evaporative coolers, evaporator, condenser, etc.,, are 100% efficient.
for such an ideal case, an analysis of the sorption system yields
good performance evaluation parameters, it would definitely be worth-
while to iIntroduce actual operative efficiencies in the system and
analyze further,

The proposed air conditioning system is for a small residential
application of about 4 tons (48,000 Btu/hr.) capacity, with an assumed
sensible heat ratio of 70Z. First, a sorption system would be ana-
lyzed and then a vapor compression refrigeration systen using Freon 12
as the refrigerant is analyzed,

Nelson (8) has studied an adsorption air conditioning system for
both vent and recirculation modes, and his conclusion was that the
vent mode is slightly superior in performance than the recirculation
mode. Although the layout of the compoments in the presently proposed
system is different from his system, the current analysis is for vent
mode of operation,

A study of Table 4-2 shows that, the temperature of air stream,
after regeneration of the silica gel bed is well above ambient temper=
ature. Hence, the present model is designed to utilize this waste
heat to preheat the regeneration stream itself, This is expected to
result in significant saving of energy.

With the above considerations, a model has been contrived. The
schematic representation of the layout of various components is shown
in Figure 6&6-1.

Manhattan, K5, is chesen as the location for analysis, The

summer design conditions for this place are (10)
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Tary bulb = 95°F

Tyet bulb = 73°F

The air conditioned space is to be maintained at 75°FDB, 50% RY.
A preliminary analysis indicated that a bed of 5' diameter and 1"
thick, would be of reasonable size, Allowing 5% of the face area of the
bed for mounting and supporting structures, the net frontal flow area
exposed to each stream is calculated to be 7.35 ft2 (0.87 m2). Leakages
across and around the desiccant bed are assumed to be negligible.

The performance charts presented in Chapter 5 show that the
regeneration temperature plays an important role in the dehumidification,
A higher regeneration temperature could result in a better dehumidi-
fication of the process air. But beyond a certain limit, the auxiliary
energy required to add that extra heat may not justify the extra
dehumidification achieved. The equilibrium curves for silica gel (1)
signify that at temperatures over LB09F, the decrease in equilibrium
partial pressure of water vapor in silica gel for increase in temp-
eratures is very marginal. Hence it was decided to set the upper
linit of regeneration air temperature at 180°F,

In general, cooling load more or less parallels solar insolatioen;
hence more solar energy is available for the regeneration stream when

he lpoad on the dehumidifier is high. However, if for example, the
ambient temperature decreases at constant wet bulb temperature, a more
severe latent load removal requirement is imposed on the system,
Fortunately, the desiccant's capacity to remove moisture increases as

the process air inlet temperature decreases, as may be observed frem

Fipure 5-4. Also, the desiccant performance doesn't appear to get



significantly altered with varying moisture content of the process air,
Figure 5-3,

Mass flow rates on the process and regeneration streams are de-
termined by confirming that the face velocity of air on the desiccant
bed is such that the desiccant's performance is not impaired. One
other factor that needs to be taken into account, is that the process
stream flow rate confirms to ASHRAE recommendations based on noise/
comfort criteria (10). If the flow rate chosen is small, then, for
the process air to pick up the load in the room, it needs to be at a
low temperature. This would mean larger evaporative cooling. However,
there appears to be no disadvantage In chosing larpe flow rate within
the above mentioned limitations.

Based on the above, a flow rate of 2500 cfm was decided upon,
leading to a mass flow rate of 173.2 lbm/min. This produced a face
velocity of 1.81 m/sec. on the bed, which is in the optimum range, as
seen from the performance curve (Figure 5-7).

The evaporative cooler in the return air line saturates the return
air at 75°F DB 50% relative humidity to 62.5°F dry and wet bulb temper-
atures, and then led into the sensible heat regenerator,

The ambient air is sensibly heated to 180CF for regeneration ef
the silica gel. To reduce the problem of leakages, the flow rates are
assumed to be balanced, and hence, we now know the inlet conditions
of air to the silica gel on both process and regeneration sides, The
computer program was run to cbtain the outlet conditions of air of
both streams. A copy of this output is presented in Table 6-1.

The ambient air, after dehumidification, is at 140°F and having

a moisture content of 0.0065 1b,/1b_.. This air is cooled in the
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SYESTEM AMALYSISE

Process side flow rats P1.3894 kgezs 019398 bk
Regeneration =ide flow rate : 1.3894 kgss 0 18399 Ybehred
Matrix rotatianal zpeed P.8157 radss o JEH soreu)
Thickness of bedsFrontal area PoLB2F m < B md
Fr. drop, proc. regn. sides $5.231 v 5.231  dinches of watsr
Rezcirculation-Bupass leaks Do B.a688 < B.800
Peripheral lsak, proc. t=gn. P 9.088 < 4,884
HOTE: Temperaturses in Deg F
FROCESS SIDE FARAMETERS
IMLET COMDITIONS OUTLET COMDITIGHS
HOUR Temperaturs Humiditw Ratino Temperature Humiditw Ratio
EHDIMG tDeg F2 (1b-1b3 iDeg Fi bk
3 95,48 A.8142 148.1 9, 20e5
REGEHERATION SIDE PARAMETERS
THLET COMDITIONS OQUTLET COMDITIONS
HOUR Temperature Humidity Ratio Temperature Humiditw Ratio
EMDING cheg F Clb-s1bo tDeg F2 U < N o
3 128.9 2.8142 124.9 g.azs
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sensible heat exchanger (effectiveness = 1,0) with the evaporatively
cooled return air, to a dry bulb temperature of 62,5°F,

The latent load removal rate by the air is computed to be 1.386
Btu/hr per pound of air circulated, From the psychrometric plot, it
is found that the evaporative cooling that needs to be done to pick
up this latent load is by cooling the air up to 56°F, along the
constant wet bulb temperature line, to result in a humidity ratio of
0.0082 1b,/1b_. The capacity of air to meet the sensible load is
determined from the psychrometric plot, and it is found that the
cooling air at this condition (56°F dry bulb temperature and 0.0082
1b,/1b, humidity ratio) is capable of meeting sensible load of 4.4
Btu/hr per pound of air. Hence this gystem, operating with 173.2
1bm/min of air is calculated to be adequate to meet a total load of
60,125 Btu/hr with a sensible heat ratic of 79%Z. This overdesign
will be offset towards the required duty of 48,000 Btu/hr when actual
operating efficiencies are taken into consideration,

In the regeneration stream, the solar collector and auxiliary
heater heat the ambient air, that has been preheated in the sensible
heat exchanger, to 180°F. With a sensible heat exchanger effectiveness
of LO, the solar and auxiliary heat supplied will be to heat the air
from 135°F to 180°F. Knowing the mass flow rate of air and its specific
heat, the heating energy supplied by solar and/or auxiliary source is
112,234 Btu/hr.

Figure 6-2 is a psychrometric plot showing the states of air at
various locations in the process.

ith an overall collector efficiency of 50%, and with a solar

insoclation value obtained from (10) for 21st July, for a place
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located on 40° R latitude (Manhattan being at 39.2° N latitude), the
collector area required to meet the entire regeneration air heating
is about 813 ft2,

Turning to the mechanical refrigeration system now, we require
it to cool ambient air at 95°F dry bulb and 75°F wet bulb temperatures
to the saturation temperature corresponding to a humidity ratio of
0.0082 (which is the same moisture content as in the sorption case).
This corresponds to a final dew point temperature of 52°F,

Basically, the vapor compression system has a compressor, con-
denser, an expansion valve and an evaporator. As mentioned earlier,
in the present analysis, all the components are considered to be ideal.

In this case, a recirculation mode proved to be undoubtedly
superior over the vent mode, Hence the return air from the air con-
ditioned space at 75°F and 50% relative humidity is coocled to the
saturated condition at 52°F in the evaporator and led back to the
space. The cooling load is maintained as 60,125 Btu/hr, #s was in
the sorption case. But since air 1s supplied at saturated condition,
unlike in the previous case where it was at about 90% relative hum-
idity, the sensible heat ratio in the present case is about 83%.

The coclant fluid in the condenser is assumed to be the ambient
air. And to enhance the performance of the system, an ideal spray
cocler i1s used to cool the ambient air to its saturation temperature,
adiabatically, to 753°F, before it is fed to the condenser. Such an
arrangement of the vapor compression air conditioning system can be
seen in Figure 6-3,

Since supply air is required at 52°F, and an ideal evaporator is

considered, the refrigerant exits the evaporator as a saturated vapor

ar 529,
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FIGURE 6-3 LAYOUT OF A MECHANICAL REFRIGERATION AIR CONDITIONING S5YSTEM



Pressure

Enthalpy

FIGURE 6-4 PRESSURE - ENTHALPY PLOT FOR THE MECHEANICAL REFRIGERATICON
AIR CONDITIONING SYSTEM

62



63

0°L
9°'8
976
0°01
£°01
9°0t
811
L° 21
At

EGR)

*T1-4 3O uoflIESUdpUeD jo IE3Y Byl dn pwydfd SBY 3T I03je ITE Jo aanjexadus) syl sy THETX

cTevt
6°9T1T
9°60T
8°66
T°L6
8°%6
0°¢g
1°6L

1°6L

nnﬁE\zumv

Naon
lossoaduo)

8°68
L°88

<"88

(uru/miq)
ci-d cﬂz

(]
*198SU2puod HY3l JO I1X3 Dyl B IR 943 Jo sanjuaodusy syl s 4 Lt

1}

*IuriIadiagea oyl jo sanjesadusl UOTIBSUBpUOD BYT ] vzoup.
17 evl 0°02T 6°90T 9°S0T  0°90T 100z 060¢ 0sT
[AR:7AN 0°801T £°86 9°L6 0°ge IR 08L2 0oe
¢°611 0°€0T S°¢€6 6°C6 076 £€8°81 OLyE 0se
¢ Y1l 0°10T £°06 8768 0°06 6581 OLTY 06t
Z°TIT1 0001 1°88 L°L8 0°88 AR 098y 05t
9°601 0°66 $°9g 1°98 0°L8 A2 0sss ooy
S7901 0796 1°s8 8'%8 0°sg 61781 0829 osy
6" %01 0°¢ge 0°%8 8 ER 0°veg 1178t 0769 008
6° %01 0°¢6 A% 0°€g 0°'%8 T1°81 0%94L 0585

e1sdy  {y) @g) (o) (do)  (urdjuqq) @39y (upujugy)

*gaad dfuy.  3no are‘x PUOd MOT4 ZTI-Y W1 MOTd IFV
' puoy et L # L L, XL pEa 1

dpSL 40 TENLVEIdWAL YIV ONTI00D ‘SISAIVAV WHELSAS ONINOLLIUNOD IV NOTLVAHD iddxd "IVD INVIDHEN -9 Jd'iuvd



The required process air flow rate can be easily found to be
145,2 1bm/min, as the ccoling load as well as the conditions of air
at inlet to and outlet from the conditicned space are known,

Enough parameters ara not known to analyze the refrigerant cycle
now. 3y a trial and error method, however, refrigerant flow rate and
condenser pressure could be determined for a given cooling air flow
rate. The proce&ure is to assume the condensation temperature of the
refrigerant which results in a particular flow rate of the refrigerant
to meet the evaporator load, as state 2 in Figure 6-4 gets fixed, Then
the total heat cf condensation and hence the temperature raise of the
assumed flow of air can be calculated. For condensation of R-12 to
take place, this temperature of air has to be below the condensation
temperature of R-12, Once this 1s confirmed, the compressor work and
the coefficient of performance of the cycle (defined as the ratio of
refrigeration effect to the compressor work input, i.e. (hy - hy)/

(hy - h4), Figure 6-4) can be determined.

Table 6-2 lists the performance of the system for differing cooling
air flow rates.

These figures may be compared with Table &-3 which lists the
same parameters for a condenser cooled with ambient air at 95°F without
spray or evaporative cooling. Obviously, the former system is
gignificantly superior due to a lower condenser operating temperature,
A study of the above tables show that the performance of the system
increases with the increasing cooling air flow rate. However, a large
blower would be required to force a greater volume of air through the

condenser. The above table does not bring this fact to light.
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Now that ideal air conditioning systems operating on adsorption

cycle and vapor compression cycle have been presented, the relative

merits and demerits of '‘each could be studied. Due to lack of time,

a detailed energy and economic analysis could nat be carried out.

The following points are worth mentioning:

1.

In the sorpticn system, the entire regeneration energy could
be met with solar collectors of adequate area. 1In the present
case, as mentioned earlier, a collector area of.about 813 ft2
could do the needful. Then, the only energy requirement would
be for the process and regeneration air blowers and the drive
motors for the sensible heat exchangers and dehumidifier beds.
The dehumidifier performance considered in the above analysis
is -the actual performance and not an ideal one, Further, the
evaporative/spray coolers and the sensible heat exchangers
used in an actual sorption system could have effectiveness

of up to 0.99 (I1) and 0,90 (8) respectively. Ilence the values
realized in actual practice are not expected to be much dif-
ferent from those presented earlier.

The vapor compression system involves compressor whose actual
work input could be much greater than what has been specified
above, because its efficiency seldom exceeds 0.6, This has

a significant consequence, in that the refrigerant's inlet
temperature to the condenser would increase requiring larger
coolant flow rate, etec, Other factors that deteriorates the
COP values specified above are due to the irreversibilities

in the expansion valve, the slight amount of super heat de-
sired at the exit of the evaporator and the operating

efficiencies of the condenser and evaporator.
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The intent of the above analysis was not to conclusively prove the
superiority of one system over the other, but to demonstrate that a
solar powered sorption system could still be a topic worth further
study. As the need to conserve the high grade energy increases, and
as more and more efficient compcnents are designed, it appears that
a solar powered sorption air conditioning system could prove to be a

promising alternative,
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CHAPTER VII

CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER STUDY

From this research, the following conclusions may be drawn:

1) The experimental system has been run with differing flow rates,
temperatures, and humidity ratios on process and regeneration
temperatures. The data gathered from the above experimental
runs are compared with the results from the modified computer
nrogram and shown that the computer model predictions are
reasonably accurate,

2) The performance curves generated with the help of the computer
program allow the behavior of silica gel be observed, for
variations in values of certain parameters.

3) The air conditioning system analysis has shown that a sorption
dehumidification system with solar power for regeneration merits
further study.

Following recommendations are made at the conclusion of this research,

for further study:

1) An analytical method to arrive at the optimum values of desiccant
bed parameters and flow rates of process and regeneration air
streams to obtain a given set of process ocutlet conditicns
should be developed.

2) The air conditionine system needs to be analyzed with components
that onerate with reallstic efficiencies.

3) The performance of the sorption air conditioning system for
rart load operations needs to be studied.

4) The oneration of this system over a long period of time,

say ovar a neriod of month or vear need to be analvzed taking



5)

6)

7)

8)

into consideration the changins of the load with time of the
day and of the year,

A sorption air conditioning system can be combined with
mechanical refrigeration system and an analysis for optimum
load shared by each system can be determined.

Possibilities of using the sorption air conditioning systams
having banks of solar collectors, for winter heating can be
investigated.

Performance of sorption systems for large scale applications
can be studied,

An economic analyvsis of the dehumidification systems need to be

performed.
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1869
181@
1829
1839
1848
1658
1958
1870
1828
1854d
1188
1119
112d
1134
1140
1158
1158
1170
1ige
1191
1280
1210
1220
1230
1248
1258
1268
1278
1289
1299
1388
1310
13248
1334
1348
1358
1368
1378
1338
1394
1 4a4d
1419
1428
1438
1448
1441
1450@
1468
1479
1430
1458
LSea
1518
1520

1329

sakr,Bleak,

1548
1558
1368
1579
18348
1939
1698
1519
L6z
b cel]

**********%******f+¥+**é***é*****§*ﬁ**+w§¥%4*¥**++*§é++i%*é%ﬁ+*****}**i;
HeghhaadR#s HOMENCLATURE FOR PROGRAM

o
nE

]
|
+
1
! RAc¢ -
I AT -
! Along =
! Amassp -
I Amaszr -
-1 =
I Bleak -
! Crypze =
' Dd -
I Dted -
t Drde ~
{ D$ -
! Fd -
I Fric L
T H -
! Hmu -
I [dats -
I Iflag -~
' Thre -
] Nd -
oM =
| Perb -
| Pard -
' Pleakp -
I Fleakr =
I Phi -
Reflec -
I Rhof -
I Rleak =
| Rps "
|51 -
! T -
L Thdp -
! Tidr =
t Tmin =
Iy -
1y -
oWvdp -
AR T s
1
|
1

AREA QF THE COLLECTOR,

TOTAL FRONTAL AREA EXPOSED TO FLOQMW,

m2

IMFUT PRRAMETERS

LONGITUDE AT COLLECTOR LOCATION, D

MASS FLOW RATE,
MASS FLOW RRATE,

BYPASS LEAKAGE RATE
COLLECTOR TYPE

PROCESS ZIDE,
FEGEMERRTIGH
INTERNAL SURFACE AREA OF DESICCAMT PER UMIT YOLUME,

ks
SIDE,

ma

=9

kgoz

CHARRLCTERISTIC DIMEMSIOHN GOF THE DESICCANT,

TEMFERATURE DROP,
TEMFERATURE DROP,
DATE

COLLECTQR TO DESICCANT,
DESICCANT TO COLLECTOR,

m

LELEEE RS RS LT T L L)

mE-m3

Iegl
DeqC

FLOW LENGTH IN THE DESICCANT (THICKHESS 0OF THE MATRIK), m

FRICTION FACTOR OF THE EBED

INSOLATION ON A HORIZOWTAL PLAME,

kJlshr-me

AIR TO DESICCAMT MASS RATIO IN DESICCANT WHEEL

NUMBER

UF DRTE IN THE

YEAR

FLAG TO FIX REGEHERARTION TEMFERATLRES
HOURS 0OF AMALYSIS

NUMBER OF DRYS OF AMALYSIS

NUMBER OF HOURS OF ANALY3IS

PERCENTHAGE
PERCEMTAGE
FERIPHERHAL
FERIPHERRAL

BEAM RADIATION
DIFFUSE RADIATION

LERKAGE, FROCESS SIDE

LER¥AGE,

REGENERATION SIDE

LATITUDE OF LOCATION,

Degl

FERCENTAGE REFLECTED RADIATIDN

DENSITY OF AIR STREAM,

kg m3

RECIRCULATION LEAKAGE

ROTATIONAL SFEED OF MATRIA,
SLOPE OF THE COLLECTOR,
AMBIEMT TEMPERRTURE,
PROCESS STREAM
REGEHERATION STREAM

Degl

Deag

rew.ss

INLET TEMFPERATURE,

MIHIMUM REGEMERRTION TEMPERATLURE,
EFFECTIVE COMDUCTAMCE BETWEEN AIR

YELOCITY OF RMBIENT AIR,
PROCESS STREAM INLET

mes

HUMIDITY RATIN

Degl

INLET TEMPERATURE,

Degl

Deqil

(Iflag #12

‘Iflag #27
STREAM AND DESICCAMT

REGENERATIOH STREAM IMLET HUMIDITY RRTIO
EFFECTIVENESS OF REGEMERATOR
P e s s E LI e T R R R E e L e e e R L R R s e et ]

FRINTER IS5 @
| SRR SRR A A EFFE R A AR AFF R R RS FA AR R F P A F IR AT F RS S AR A IR R EFHE R R R AR AR R R SRS F P

| DATR

INFUT HERE

| SRR N R AT E R AR A R P FRE AR AL PR R IR ERF LS LR F SR F S LA PR A F AR FF A F LIRS F 0 4
Ctype, Iflag,Hh,HMNd

Amaszp, Amaszsr ,Ac, 31 ,Fhi,Alang
Dtdec,Dtcd,Perb,Ferd,Refles
Au,F1,8f,vaid,Rps,Rhof , Tain
U,S5a,Fric,Hui, Rivak,Plsakp, Pl

DRTA B, L,6,! !
DATA B.081778,.32236,2.172,39,42,39.42,26,n8 |
DATA B,1,.8,.2,.2 !
DATA 1%€2,.,817,.08384,,79, .,80168867,1.11,85 |
DATA 1221,.8031,.1462,5%2,.49,.20,.28,.40,0!
e
DATA "JUMNE 193, 1l9gz " 1 0%
DRTA (7@ ! 1danaecl
DATA 12,13,14,15,16,17 | Ihrcl,J?
DATA 2391,3143,30393,2921,2462,1836 | H(I, T
DRTA 24,.9,27.4,23.9,22.3,27.5,26.3 | Tcl,I)
DATH 2.23,1.79.2.23,1.95,1.34,2.85 | w1, 02
DATA ,3159,.3161,.9155,.21%4,.,6145,.08135 | Widpll, J
DATA .2878,.0837,,.0081,.08374,.08079,.0077 | Widr(l,T)
DATA 32.3,34.7,35.6,36.9,25.5,35.3 | Tidpcl, T2
DATH TS5.1,80.5,79.5,98,.2,72.2,&67.4 f TidrCl,J3



72

L I R L R L L L L T L ryypappem i
1659 !

1668 ! MRAIM PROGRAM BEGIMS

leva |

- R et L S L Y S T T TR T TN

1698 STRMOARD

1798 DIM Tidpol, 242, Widpel, 245, Todpdl, 24, dodpdl, 24, Toupdl, 240, Toxr o, 24, Tidr
(1,242, Tordd(!,24),Hordi1, 24>

1718 DIM Fpcl,243,Tqhexcl, 245, Tgduct (1,24, Tquil, 243, Tgauxcl, 245, Tgzurpdl, 245, 7T
qdehul, 24) ‘
1728 DIM TF4¢1,24)0,TrdCl,24),Frdl,24), Todrdl, 24, Hodr {1,242, Widr(l, 240

1730 DIM Woxr©l,24) , Woxptl, 240, 08130251

1748 COM HWnolkpdl,242,Trnolkpdl, 243, Wnolkr(l, 24, TRolkral, 245

L{7E8  COM Cp,Rc,Len, Tau,Alpa, Neovus,Epp,Epg, D, Hidth, Any, Ak, Del 6, Cb, Id, Hfilmi, K]
M, b, Bduct 1,242, Ctype, [flag,Amassp,Amazzr, lxe,Fhi,Along,E,51,0tde, Dt ca, 03, Af 1 ow
(760 COM Shr,5qu,Seff,S5g% 1, 5qaux, Sqaurp, RO1, 240, Bauxl, 240,00 101,240, @surpcl, 24
14Al4Fl,¥Yaid,Rpa,Rhaf,l,Dd,Fric,Delpyp,Delpr

1779 COM Alfacd,2),8i9¢2,2),Gamd2,2,Bleak ,Pleakp,Pleakr,kleak,Ctau,Cal,Fa,AfF,
ATFCd, 20, Gamad4,2) ,Kount L, Kount 2, Rdahuil, 24) , Ghextl, 240 ‘
1738 COM Perb,Perd,FPeflec,Omegatl,242,AF,Av,Hnu,Eru, Hnassz

1798 COM To1,24),¥C1,245,H0L,24),Tmindl,24),Threl, 24, Tic(l, 243, Tacul, 240, Effil
V243, 0udl, 247

1388 Cp=1885

1818 RERD Civpe,I1f1ag,Hh,Nd

1828 RERD Amassp,Amassr,Ac,S1,Phi,Alang

1838 READ Dtdc,Dtcd,Perb,FPerd,Reflec

1548 READ Ru,F1,Af,Yoid,Rps,Rhof, Tmin

1958 RERD U,Dd,Fric,Hmu,R1z2ak,Pleakp,Pleakr,Bleak, s

1368 FOR I=1 TO Hd

1278 FEAD D#CI2

1889 READ [date(l>

1§9¢ FAR J=1 TQ Hh

13249 RERD Ihr(I,J)
1919 HEXT J

1329 FArR J=1 TO Hh

1934 READ H{I,J?
1349 HERT J

1356 FOR I=1 TO Hh

1968 READ TC(I,JT)
1970 HEXT J

1988 FIR J=1 TO hh

1394 READ vel,Jo
2888 NERT J

2a18 FOGR J=1 TQ Hhk

24az9 READ Widpil,J2
2@38 NEXT J

z@49 FIJR J=1 T0Q Hh

2859 READ Wiarvl,J2
2868 HERT J

2878 FAR J=1 TO Hh

Zage READ Tidpil,J>
2998 NEXT T

z:188 IF 1f1ag>r1 THEN 2148
2118 FIR J=1 TO Hh

z1z8 READ TidreI,J2
z13B HERT J

2149 FIR J=1 TO Hh

21358 IF Iflag=2 THEN Tidr(l,J =Tmin

2160 CALL HumideTidp<l, o, Tidr<I, Ty, WidpdI, Iy, Tadpdl, 0, Todril, I dodrol, J0, lodp
(I 0, Midrl, ), Xen

2173 CARLL Jolpercd, I, Tel, My, vel, Io Hel, Jo, Tadpdl, Jo, Tikel, Ji Hrol, Jo, EFF, Qudl, 2
.u1&I,J),UttI,JE,prI,J},FP(I,J).T1c£I,I).Tgcﬁ;,J},Ihp(I,;},Idatacly‘rigp(I,;;;

2138 Todpe T, Jr=Todpcl, J2+273. 16
2190 TadrdI, Jo=Tadr (I, JX+272.16
2268 Haidp=Cp*Tidp(l, ID+1061%1805, 7120341 dpdT, Jo

2219 Haodp=Cp+Todp(l, Ji+1a61=1BRS, 72, 295%Hadp I, 1o



2229
2238
22489
2250
22606
22748
2238
2298
2300
2319

232

2339
2349
£3589
2368
2378
2388
2399

Tadehu(l, Jr=3,6+0dehudl, t
Ghex(l,Jy=4
Tghex(l,Jo=3,640hex(1,J)

Tquel,Ji=3,6%Qucl,J>
Tgaux ([, J>=3,840auxCl,J)
Tasurpdl,Ji=3.6%dzurpdl,

r
-+

HERT

NE®T 1
|
|
{ OUTPUT
1
|
FOR I=1 TQ HNa

PRINT PRGE

PRINT LINCS),"
2408 PRINT
z41l@ PRINT Frocesz side
JOROUNDCAmas3p*2. 20453500, 43 1 “Lbs <hr) "
2420 FRINT

2433 FRINT Regeneration
yDROUNDCRmassr#2, 2048+36080,4) "Loshro "

"

2448 PRINT
2458 PRINT USIMHG 24285 "Matrix rot at
o ("3 DRDUNDCL-Rps, 421 "Sec-reud”
24619 IMAGE 19X, 24A,4, .0DDD, ¥, 38,000
478 FRIMT
2480 PRINT " Thickness of
24349 FRINT
2588 FIYED 3
2518 FRINWT * Fr. drop, prao
Delpr 248.84;" inchesz of water"
=528 FRIMNT
2528 FRINT " Recirculation
1540 PRINT
2254 PRINT Feripheral le
25840 PRINT LIMCL "
257 PRINT *
23589 FRINT ©
COMDITIONS"
25749 PRINT " HJUR  Tauper
Aumidity Ratiro"
2E38 PRIMT * ENDING Deg
TKgokgat
zZete FRINT
2629 FIR J=1 TO HNh
2830 FRINWT
2544
3
2553 IMAGE 11%,DD,eX,DDD.0, 114
ZESD NEXKT J
2673 PRINT "
ZE328 PRIMT LIMC1s}"
B39 FRIMT
AMETERS"
27 ea PRINT "
COMDITIOHNS"
719 F2IWT " HIURE  Temper
Humigity Ratio

Adehutl, Ji=Amazzp»(Haodp-

X,Z2.00DD, 11X,

Haidp i
bl

Tqduct(l,Jr=3.8%0duct c1,.J)

b

Analuvsis of datsz

flaw rate

2ide flow rate

icnal spesed
;4. 8A

bed

C.reqgQr. 3i1des

Tzaks

“Bupass

ak, proc,/regn,

bR A A AR A AL L AR AR R R R R LR R R L R R R R e g D RO g Y

FEF R AR R R R R A F R F AT A e F A IR R R AR F FE R AR SRR LS AR A TR R RS LB L £ F R RS *

taken on ";DECIS

V' iAmaszsp) "kKarsec

U 3FpzElsPli"Rad 2

THIFT e

P Delpp 2aR. 84) s

1"iRl==k;" ";Bleak
"iPleakpy s Pl eake
3 SILE PARAMET

IMLET COMDITIONS

ature Humiditw

(np tkgoKgs

o

E

GQUTLET
a2t

Temperaturs

nDeg L2

PRINT USIHG 26583 Thral, 00, Tidpol, T, Wodpdl,Jo, Tadpl, Io, badp. 1,7
DDD. T, 94,2, DDDT

FESENERATION ZIDE PAR
IMLET COHDITIONS OUTLET
aturs Humigity Fario Temperaturs



e PRIMT * EMDING {Deg C (Kg-Kg? ‘Deg C3
CKgsKg»"

2rze FRINT " s e e e e e e e e e

2748 FOR J=1 TO Hh

275 PRINT

27ED PRINT USTHG 26585 Ihrd(l, I3, Tidr(I, o, Hidr<I,Jo,Todr oI, J0, Hodri I,

I

27ve NEXT J

2738 PRIMT " = =mrmm e e e

2799 FPRINT FAGE

=283 PRINT LINCZ2);"TOTAL HOURLY HERT BALANCE MHF DRTA AN

ALTYSIS FOR ";D$CID

2318 PRIMT LIMCiy;"Rates im Watts, Totals in KJ He at

Exchanger Efficiency=g"

2829 PRINT LIN(l ) s mm s mm s m e e e e e

834 PRIMNT Heat trans. Hzat last Collectar Aux. hesa

Surpius solar"”
FRINT " Haur
Heat Awvailable"

1n Dehumid,

(AN R R B (4
o
=
=

in Ducting

Hezat gain Supplig

2548 PRINT "Ending Rate Toatal Rate Toatal Fats Total Rate Tot
al Fate Total "

2360 R o e e s
__________________ u

2Be7a PRINT

2888 FOR J=1 TO Nh

2398 FRINT USING 2%988; lhril,Jr,@cehudl,Ji, Tgachu.l, 0 @duct ¢l J5, Tydu
St l, I, BuCl, I, Tauel, JY Bauxe T, Jo, TqauxtI, I, @surpcl, I, TqsurpcI, J?

2960 IMAGE X,DID, 3%,DDD.D,3¥,0DD0.0,2K,DD0.D, 2K, 000, 0, 2k, DD0D. 0D, 33

0.p,%,000D.D,2%,DD00.D,2%,0DD.0,2%,00D.D
291@ HEXKT J

29z8 PR INT e s e e m e e e e e e e d e e e e -
2929 PRINT LIMC4,;"HOURLY FERFORMAMCE OF THE COLLECTOR"™
2948 FPRINT LINCID{"Callactar Tupe %8 = Marufactursr’ s Performancs Curwes [
nput
2958 PREIHT LIREi) e mmmmscemncnanncmenmss cmmac o nms o smm oo o m o e v e
Z96E PRINT " Inlet Temp. Jutles Temp. dzeful Rate
Factar Factor'
2976 FRINT " Hour tg Collsctor from Collector  of H=at Gain Efficiencuy
Frell? FrTa"
958 FRINT "Ending ‘Deg C2 Deg 2 thattza!
2939 PRINT Mmoo oo s o e o e
__________________ "
Tg08 FRINT
2@18@ FIOR I=1 TO Hh
3920 FPRINT USIHG 2038;Ihracl, Jy,Tratl, Jo,Toedl, JoyRuel, Jo,Eff 0l J0, Fpu
1,30,FrcI, 1)
2038 IMAGE 2¥,DD,7X,0D.D,11%,DDD0.D0,18X,DDDD.D,3%,2,D0D,4%,2.00DD, 31,2
.IDDD
Ta40 MEXT T
3959 PRENT Mmoo b i ot et e i it e et 418 S i B i e o i rm i i o
aed FRIMT LIMC4.; "HOURLY 3SUMMARY 0OF AMBIEHT CONDITIOHS
3373 PRIAT LIRS St ta e e e e e e e s e L e e e S
fefuieyn) FRIHT " Hour Amoient Wind Omeaga fadiation
R 4R
3938 FRINT "Ending Temp.Degl? SpeediMss ‘Tegl CWAMED
THoMZan
3189 RRINT Yoo fsmrsns e m e mda e wri s nrredas—~r S s aneF o e e AR ar s A e e



3120
3138

7
FOR J=1 TO Hh 5
PRINT USIHG 31483 Ihr(l,J3, T¢I, J0,9(1, 77, 0megad, ), HC I, I8, RCI, T

Y HCT, D) *RCT, T

31449
0.I

315@
3164

328

IMAGE 2¥,DD,7H,D0D.D0,19%,D0D0.0,9%, 40D, 0, 7Y, DDDD.0, 3%, D, D00, 24, IDD

MEXT I
PR INT = mmm o o o e o e e e

MEXT 1
END
R S R r e R R e e s S R e e

!
{ SUBROUTIME HUMID BEGINS HERE
i
|

AR R RN E R ACFF AR AN EFF ARG LRI N AR IR AR F AR PRI R RS RRFHER SRS F LR LR AR RFREH
SUE Humid<T1, T2, M1, Taut, Tew, Wex, Mout b2, Ked
COM Wrolkp(#) Thalkp(#i, Hrnalkrdx), Thoikrdsd
CoM Cp,Ac,Len,Tau,Alpa,Ncovs,Epp,Epg, D, Width, Amw, Ak (Del (W, Cb, Id, H¥ 1 Tmy, K

py b Aduct s, Ctupe, Iflag,Amassp, Anassr, Wxe,Ph1,Along,E,5),0tdc, Drcd, 0d, Af Tow

-
3270

CCM She, Squ,Seff, 53301, Sqaux, Sgsurp, RO#D, Baux s B 100 Bsurp () (A1, F1,Vord

,Rps,Rhat,U,0a,Fric,Delipp,lelpr

3229

CIM Rlfal+3,81gqd*), Gant#*),Bleak,Pleakp,Pleakr,Rleak,0rau, Cal , Pa,Aff,BIF+2

yGanais), Kaunt 1, Kount 2, 8dehud# s, Qhex (%)

32948
3388
2318
33z

3338
3348
2258
1368
3370
3360
3390
3408
3414
3424
3438
3448
2458
2450
3478
z420
2438
25608
3518
3528
3529
3548
35%8
35¢@
3579
1538
3598
Ig0a
I8l
3526
2638
3648
3658
3666
3678
i6EBQ
3698
ivod
ar71a

COM Perb,Perd,Reflzc,Qunegad#)d Af,Au,Huu, Enu, Wmass
COM To#x Mi#a Hi®d , Tmin(#)  [hrd#)  Ticts), Tac ), Eff csd, Gui=2
[trum=3a
FOR I=)1 TO 2

FOoR J={ TO 2

Sigll,Jo=a

HEXT T
HEXT 1
Tau=s1/(2%Rps?
Yelp=Amassp - Rhof #Af«Ysid)
Yelr=Amnaszrs (Rhof *Af*¥oid)
2t di=.02¢

Inc=28
Hn=1
{
I #1111 IPROPERTIES AT STATE 1
i
b=
FiorR I=1 TO0 2
Iaci=1
SALL AlFauweTLi, W1, I, N, Incy ATfFacH, T2
ME®T I

!
¢ 11111 PROPERTIES AT STRTE 2
1
M=z
FOR [=) TO 2
CALL R1fauviT2,U2,I,H,Inci,AifacH, 1))
HENT 1
!
1 11t ESTIMATE POINT 3
I

Wa=CRIFacl, 1o M1-A1Fal2, 23 xW2+T1-TE0 ~(ATratl, 10-Alraiz, 2

P11t DETERMINE TRUE POINTS 3 RHD 4

I
!
D21123=(T3-T2)/ [n¢



3729
3730
3740
37358
37ea
37va
2780
3798
3368
3811
3829
3830
38409
3858
35860
3874
3838
2874
3948
3%18
3928
29358
3941
3950
2961
3978
393a
3938
4@ape
4819
4824
4438
4848
4058
4368
4379
4838
4838
4148
4118
4128
4138
4148
4158
41£0
4178
4130
+190@
4229
4214
4228
4238
4248
4258
4250
4279
1284

254@
4388
431@
4329
+3:@
4348
43%a
4368
4374

Delt13=0T3=-Tis Inc 76
T31=T1
T32=T2
W3l=Wl
W3Z2=Wz
T1=T1
Wesi=W1
Ts2=T2
Wza2=lz
Inc=2%Inc
Nnn=3
Nn=2
Indic=8
FOR L1=1 TO Inc
IF Indic=2 THEM 39808
M=1
I=2
CALL EguwiTsl,Mal, [,L1 M, Hnn,Delt 13, Hn, T31,H310
H=2
=1
IF Indic=1 THEM 394&
CALL EgucTsl,WsZ, I,L1,N,Hnn,Delt23,Nn, 732,325
Indic=1
|

Portitl CHECK TO ASSURE EQUAL PROGRESSION FROM EOTH 3IDES
1
IF W31>W32 THEHN Indjes=2
IF T32<T31 THEHN 49848
NEXT L1
!

PoLEELY NOTE: FOIMT 3 YALUES DO MOT COMSIDER ROTATIMG EBED
I
NS’(H]Fa(E,E)*NBE*HIFa(S,1}*N31+T32—T313/{H1f&(E,E)-H]FaES,1“?
T3=-917ac3, 1 )€ (W3-N32>+T32
Gam(2,11=81ge2, 1) ABSCUIL~W1D
Gam(2,2)=5igl2,22 RBS W32-W2>
|
{4ttt DETERMINE POINT 4 BY SIMILAR METHAOD
1
Delrild==-Detez3
Delt24=-Delt 13
Tal=T1l
T42=T2
bidl=Wl
Wd2=l2
Ts1=T1
Te2=T2
Hal=Wl
Wz 2=z
Hrn=4
Hn=1
indic=3
FOR L1=1 TO Inc
I=1
H=1
IF Indic=2 THEW 4298
CALL EgudTsl,Wel,I,L1,N,Hnn, Deltld,Hrn, T4l Haln
I=2
N=2
IF Indic=1 THEM 4330
CRULL EgQuiTsl,Wsl,I,L1,H,HAan,Delt24,MHn, T42, H42>
Indic=t
1
Poohriy CHECK TO ASSURE EQUAL PROGRESSION FROM BOTH POINTS
1
IF W431<W42 THEM Indic=z



4358
4398
4480
44189
4420
4438
4449
4450
4468
4478
4430
4458
45643
4518
4528
45380
45449
4559
45€4
4578
4558
4598
4528
4518
4629
4834
4648
4558
4658
4670
4588
4538
4748
47148
4729
4738
1740
475
47Ed
4778
4728
47398
48@8
4311
4528
4224@
3348
4259
4254
4878
4858
4394
4388
4313
43z@
4938
4948
435@
S350
4373
4438
4939
n,Lb
S209
s Rps
Sela

~

-1

IF T42<T4! THEH 4433
HEXT L1
!

Portrit NOQTED POINT 4 WALUES DO fOT COMSIDER ROTATIHG ZED
!

Wa=CAlFadd, 20 #H42-ATFal4, 1) #N41+T42=T41 0 (RIFald, 22=Alfalid, 135
Tad==-A1facd, 22 ld=W423+T42

Gam¢l,1=51g¢l, 1 “RESCU4Z=-UZD

Gam(l,23=51g01,2) ABSC(H41-KH12

|

Ithesr HOW DETERMIME TRUE STRTES OF POIMTE 3 AMD 4

!

Fle=37.244%F1

Aup=195,35* (Amassp- Fhof 2 /AF

Aur=195.85*xCAnassr  Rhof ) Af
Delpep=C(.38S53*AUp+T.3E-S*Aup~ 21 +F 1l
Delper=0,3852+Aur+5.3E-5+Aur~2)+Flz

Delpp=0elpep*id43,84

Delpr=Delpers248,84

!

tolrirl DETERMIME EFFECTIVEHNESS OF ROTATIMG DESICCAHT WHEEL

1
Ell=Stdf«Delpp+s2#Cl+HnusGan(l, 10/ iRhof Vel p 2eHmusCCancl 12 +0am (2, 13,
ElZ=Cl+Hmu*Gami2, 120/ (1+Hmu*Gamcl, 102
El3=01+Hmu#Gam(l, L2 #F 1 CTausvelp?
E21=%t dfeDelpr+24 (1 +Hmu#Ganl, 200 - (Rhof #Ve lr 2 #HRUF CGam 1, 2 +Gam 2, 2000
E22=(1+Hmu*Gam{2, 20~ (1+Hmu*Gam 1,2

2=l +Hmu*Camil, 223 %F ] ~{Tauxvelr:
EtacfZ=(1-EXP(-E21%{1~E220 1)1 -E22%EXP(-E21%CL-E2200 0
Etall=£13
Etal2=512+#Et =11
EtazZi=Ctacfz*{1-1-CI*E23~1,933>
Etaz2=Era2l+E22

1

|ttty DETERMIME TRUE PROCESS OUTLET COMDITIGHS
1

Tout=T1+Etall#(TZ-T41 1 +EtaZl*iT41-T12

Hout =l1+Etalli#(H2-Hal12+Et 22 {% (W41 =111)

IF Wout<@ THEN bWout=4

!

{111t DETERMINE TRUE REGEMERATION QUTLET COHDITICHS
]

Tex=T2+Etalz#.iT1-T310+Era22#(T31=-T2)

HeA=W2+Et alZ# CUI-WI12+Er Al Z#CH3L-W2D
Trnolkptkount i, Kount2)=Tout

knolkgikKount L, Kount Zo=lout

Tnolkrikountl,Kount2i=Tex

Wrolkr (Kount i, Kount2i=lkiex

i

1 i111} CORRECT FOR LEAKAGE

|

CALL czak (W1, W2, T1,72, Hout  Wew, Tawt, Tew, out jdas, Tout, Tew, el
Time=2*Tau

SUEBEHD

IR L XS R R s R R e e S Tt

SUBRQUTINE EGY EEGIMS HERE

|
1
1
I LR E L R R R R el b ok P S e
SUE EgueTo, ke, I,L1,H,Nrn,Delt Hin, Ten, Wand

COM Weolkpuss, Trolkpo®d Wrolkr 4, Tnolkros)

COM Zp,Ac,len, Tau,Alpa, Hoovs, Epp, Epg, D, Width, Amu, Ak Del (W, Ch, T4 HA i Tmit ki
saducs (%2, Crype, Iflag,Anazzp, Amazsr, xe, Phi,Rlong,E,371,Itdc,Btod,0a,Aflon

COM She,Squ,Seff,Sqt ] Sgan, Sgsurp,R(+) , Bauxd+ Q17+, Qaurp s, A1,F1,Vaid
yRhof,U,0d,Fric,Delpp, Delpr

COM A Facs )y, Srge#)  Gami#) , Bleak,Plezkn,Fleakr,Pleak, Ctau,fal .Pa,Aff RIFas)
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yaamal#d, Kountl  Kount 2, Qdehuc®d  Bhes{*)

S92a
a3
5048
sa5e
Sagg
Sera
5880
999
5148
5114
Z129
5138
5148
5158
5168
5178
3189
5138
5209
5214
S228
3238
SJ24@
523

5248
279
5258
5294
5390
5318
S3z@
5338
T340@
5358
5368
3378
5334
3334
488
Sd41a
5424
5438
5440
5458
3459
5470
5438
5438
55a8
5518
59z

5538
55489
3559
5568
557@
5536
5534
&8
5518
Seza
SE3d
5648
S6%a
SE5d

oM Perb,Perd,Reflec,Onegads® s A, Av, Huu, Enu, niass
COM Tisx,Wosd , Hi® ), Tmint+i, Thro®d Tico#d, Tac(#) ,Eff (=0 Gul+)
1

I THIS PROGRAM DETERMIMES INCRIMEWTAL TEMP. % HUMIDITY “ALUES FOR MUMID
]
Rlfec=A1faiH, 1)
IF Li=1 THEHN S188
RIFc=ATFalHnm, I
Tc=Tan
Weo=Hon
Tcrn=Tcoc+Delt
FOR Mm=1 TO 1@
IF Mm=1 THEM R1fchb=A1f¢
Merm=Wc=-C(Ten=Tc2-A1fchb
1F Mm=1 THEW 5138
Deltw=Hcn~Ncao
IF ABS(Dsltwli-Men<=,85 THENM 5230
Inci=1
ZRLL ATfaw<Ton,den, I, Nan, Inc1 (ATfFacHAn, 122
Alfcn=R1fasHnn, I
Alfcb=CAlfon+RIFol -2
Wwea=pen
HEXT Mm
AlfacHnan, I2=R1{ch
Tmean=(Tc+Tcnirs2
Wmean=(Hao+locn? ~2
IF I#1 THEHW Ili=2
IF I[=2 THEN Ti=1
Inci=2
CALL RAlfaw(Tmean,Hmsan, I, Nn, Inci,GamiMn, Iid
Sigehn, D1r=GancNn, i 2#ABSCHen-We 2 +3igihn, Ti0
SUBEND
e L E s LT b ]

|
{  SUBROUTIME ALFAY BEGINS HERE
1

I Er T R e s R R R e L R T R TP P RS TR PR R TR T 1
SUEB AlFaviT, W, I, Hn, Indi, Dummy.
|

{olrtt!l THIE SUPPLIES WALUES OF ALFHA FOR EGY

|

Tf=1,8#T+32

Afg=1835.4-,3877=Tf

Tk=273, 16+T

| DETERMINE SRTURARTIOH FRESSURE USING ASHRAE FORMULA
Eeta=647.27-Tk

Al=3.24373

A2=5.858326E~-3

A3=1.17BZ238E=-8

A4=2,13785E-3
HWpwe=—C(Beta-Tkr)* ((A1+AZ*Bet a+AZ#Beta~3 < 1+A4+Bet 3l
Pus=213.167%18"Xpus

Tkn=Tk+, 31

Beran=Beta-.H!

Hpwsn==(Retan - Thkni# (A1*A2+Betan+A3*EBetan~32- 01 +AdxBatanal
Pusn=213., l67#18~Xpuzn

Dpws=(Pusn—Pus)- ((Ten-Tk)*1.2)

Tvnum=1

1F Wrd THEYW 5728

AlfiHn,12=5E18

Al1FCHNNn, 20=~1E19

Gamachn, l=,%

Gamaihn, 2;=!

GOTU £348

Ah=t



5670
S688
3550
5700
3719
5728
5738
ST48
5750
S7EB
S779
5784
5799
5394a
s8le
5329
5830
5849
5359
5364
5379
5830
5590
5998
5919
5920
53938
5340
5958
5950
S9a7@
5920
5998
€800
5218
5926
58209
c@40
58540
£964
sB70
]
a3
5198
s118
5128
5438
5148
5159
3164
€179
51849
%158
52048
g2la
£228

Pw=Fuws
W=, 621 38%Puws (1-Fuws?
GOTO 37e@
Pusl/C.822+W)
Rh=Fuw Puws
IF Rhx1 THEH SE68
!
ot IS THE SILICASEL WRTER CONTEHMT
!
BEPWoL2,BA9¥PYsY
FOR K=1 TG z8
i

! DETERMINE Rhh - RATIO OF HERT OF SORPTIOH TO HEAT OF YAPORISATION

[
I8 4<{=.81 THEN Rhh=22.79#x+1
IF (X>.81> AND CX<
15 (¥>.84) AND CH<=

12 THEN Rhh=45,4%£-2-2,97+}+1,.5922

=.443 THEN Rhh=85323#xX~3=042#K~Z+{1.7%+K+1,

I[F (X>.1> AND (K¥4=,35) THEH Rhh=-9.1353%x~3+7.048#~2~1,3356%1¢1, 2759

[7 ¥».35 THEH Rhh=-,58315%H+1,2874
Pu=023,91%2,.0834#%#Pws’~Rhh/29.531
Wn=,522#Pw/ (1-Puwl

[Ff Ithum=1 THEN 59148

IF ARBS((Wn-Wr-Wr<=,85 THEH 5138

1

! Drhh IS THE DERIYATIVE OF HS-HY WITH RESFECT TO X

®{=.,81 THEN Drhh=22.79
($>.81)2 AND (8<=,84) THEN Drhh=2Scag#xX 2-10234+4+11,73
(%>.842 AHD (X<=.1)> THEH Drhh=3@8.8%¥-8.37
(A7 1) AND (H<=, 255 THEH Drhh=-27,488xx 2+1d, AFE4K~1, 29
F ®».35 THEM Drhh=-,38135
[thum=Itnum+l
Zeta=L0GC29,31%2,389+Pws#R)*Drhh+Rhhs%
2eta=ls2eta
Dxdw=Z2eta®{1=Fud kn
AzavesKs2
!
I 111 GETERMIHE HEW YALUE OF SILICAGEL EY 3IMFPZON- 3 RULE
|
AsDudw# Chl=knd+x
IF X<@ THEM W=+save
HEXT K
FRIMNT "#%#+%%%+**ERROR##%4%%% NOT COMVERGIHG"
1

— e e s —
LT T Y B 1 ]

1oitlrt DETERMIME <dt-sdws RT CONST X RND H
!

Alpk= TF=32+Hfgr (, 29+W*, 4123
Alpuw=y2w=-13+%Pus- N#Dpus*Rhhl
Thdx=TF-32+Hfg# | -Rkh

Dhadw=T7-32+Hfg

Alamda=1l-Dhdx<Dhadw

!

torirtl CALCULATE IMTEGRAL 0OF (1-HS<HY)

!

IF We=,01 THEWN Sumr==11,395#x~2

IF ¢¥Fx.013 AMD ¢x<=.84) THEH Sumr==2135, 3xa 4+ 30, 75003

+8.47SE-%

£238 IF «Xx>.843 AND THEH Sumpr==13, 1 3#x""
S248  IF vik».1) AND THEM Sumr=2,238%+x
LB959E-4

5250 IF ¥1.3% THEN Zumrs= 158#X¥~2-1.2894+%%
SZEW  Sigmas{, 22+K=,5E7THIumr 00 24+ N1, TBT7 02
5279 Anu=Pusz- (Zeta*Rhh*Dpws?

2288 Terml=alph#R!anda+Sigmaxfnu+Alpe

22%8 Tern2=Terml~Z-4*¥Alpw*Alamda*sRiph:~, 5

5398 AVFCHn, D= Ternl+Tzrandi- (2%1.5)
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()

5439
5449

» by,

3438

RIFINN, 2)=(Terml~Term23-(2%1,3)

GamacNa, 12=3igma*Alpw- Alpu-RATF(NN, Li%l.3>
GamalMn, 2 =5 igma*Alpw (Rigu=-Alfiln,20%],3>
IF Indi=l THEN Dummy=AlfiMn, I

IF Indi=2 THEM Ddummy=gamatMn, I’

SUBEMD

R R R e r T e R T Lo -y

ERrELs LIS ae et

!
! SUBROUTINE LEAK BESINS HERE
!
|

R L e R R R RO I (- g gy
SUB LaakdWli W2i,TL1, T2y, diop. Hazp, Tlop, T2op ula, s, Tia, T20, 82FF
COM Wnsikpi*d,Troikpd+), dnolkri), Tnolkrie
CoM Cp,Ac,Len, Tau,Alpa,Mecows, Epp,Epg, D, Width, Amu, 3k . Da 1,4, Ib,.d.drllmt.Vr1
Aduct (*),Crupe, 1f1ag,8massp, Anassr, dxe, Phi,Alang, g, 31, 0ae, D22, 0d, A8 1 2w
COM Shr,3qu, 32fF,3at 1, 3gaux, 3qsurn, RO+, Dauxdsd, Bl s, ]aulﬂt?l,ﬂ],r (o g

IRps,Rhat U, 0d. Fri1c,Delep,D2lnr

3458

COM Rifac#),3ig(*),0ami#*),Blaak,Pleakn,Plaakr,Rlzak,c au,sal,Pa,AFF,Alri<)

yaamad+d , Kountl Kount 2, ddenuc#d , ihex(#}

Be7a
24309
5493

wn
o

=h AT

g A

b B Bt Bt Bt I RN« PR T s P PO TR (s N PR SR I I I |

b+ D P) = O @ -0V B W FY = S
S GO HOOWAGOODO OO

W S G G O O O T 0 G O O, 0 D

R

By
& 1

Y I T e R B

uii\'lk'l‘_‘n'll\-ﬁl*lliﬂ L I +3

G 00 G DD O S D

[ TR TR PG PRSP PP PR PR T # R R PO PR
EVOR R (O R L (v I« R MR PR D Rt )

[TV RO BT PO T
[ B TR RS A

,chctﬂ*',..inﬁ.,?i;u,ﬂmaSip,ﬂmasér.HxQ.zhi.91.“g._.:

COM Parb,Perd,Reflec,Omegan+s?,AF, Fu, Hnu, Sru, dmas s

COM T Yo (HO#), Tmin(er, [hri®: , Tic{), Tocu®  ,EXFCsn , Qun s
TLi=Tii+273,16

T2i=T21+273.16

Tlop=Tlop+273. 18

T2o0p=T20p+272. 15

Tlo=(Pleakp*T i+Rlzak*T2i+(1l-Bleak-Plzakps#Tlops (1=-8Tzak+flaak,
Wlo=<Pleakp*lli+Rizak+u21+(1~-3lsak=Plean +llon) {1-Blsak+Rlzax.
1

torir THESE EQUATIOMS RRE USED [F MO HEAT EACHRMGER (3 IN UZE
]

TIo=iFPleakr=T2i+BlaanvsTl i+l =Fleakr-Rleak #T2oc) (1
W2ag=(Plezakr+W2i+Bleak+lli+d1-Plzakr=Rlaaki+llapi ot
Tlo=T13-273.185

T20=2T22-273. 16

Ti1=T1i=-273,.8

T212T2i-273.18

Tlep=Tlop=-273.13

Tiop=T2op-273.153

SUBEND

I L L b TP St gy
1

L SHAReNTA WAk PEL BRURNS BR3

in

I e e R R R L Lk & L T T TR e g ey
SUR Colperdt,I,T,¢,H, 7Tfd, Trd Hr EFF  Qu, Ul e, Fp,Fr, Tiz,Tac, Inr, Igats, Tuin.
COM daslkpis:  Tnolkpl+s, binolkrie) , Trolkri=n

CoM Zp,Ac, L#n, Tau,flpa,Hoous, Een, Epg, 0. wiath, Pou, Ak, fW By Tad T  WF

2. Drodotd A7 Taw

COM Sk, S, Bert, 50ttty Taaun, 3asurp, RO, Baux ®0, 0 e)yilgurmcesl AR Ve d

+Rhaf, i), ta,Fric, Dﬂ?po.Lelpr

TOM AlFTal#)  Bigied  oanler  Zlaak,Plrakp,Flaakr, Rleak, 0t au,Cal, 23, A8 /IS0
ai®) Kaganl,Kaunt 2, Qd:n'x*),ahaftﬁ\

Z3M Pest,Perd, Reflac,Omegac ), 5, Av, Hnu, Enu, Wmas s

can f?'.; ..H\*' Tn\ﬂffb,;krf*).‘1"v‘,40ga$} STFo€0, A

k=]

L=J

Sigma=3,69%E-3

IF J>1 THEM £329

|

IO IMITIARLIZE ZAILY YALUES

!

3hrdlrad

Squiii=g

Sar<cl1=4d

Sqelcla=a

S3auxs[,=29

30
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Tmin=
TFi:TFj*Z??.lE

Qauxcl, J>=2

Q3urp(l, Ju=a

! DETERMIME I[NSOLATIOM OW TILTEZID COLLECTOR SUPFALE

BEalE0x(Idare=31)4P] ¢

=L EdN
E=3.37% S'N 24Bbr=7,33+003 7300 -1, S+3 HUEDS
D2l=22, 4548 [NC2+P =0 23da]4ar 273652 .

23=51%2[/128
Pph1-PHIxPA/136
R3el=D21*P[. 135
Rameds=sAC3 (= TANCR22 1 ) +TANIRphi 0
OmegasaRanegs«133-P1
Frisgzslhr=r=E-4s020-21ongr. 33
Cragact,L2=1S=012=-3t e

iF ARS{DmegadkK,Ll)  =ABS(Omegas, THEHN 7212
Fomagasdmegact, L o*PL-128

|

! DETESMIME &3

LK, Lol RSP I RS ATAS RIS Rz 0+ (Romegad +3TH T3 eI Fdal )
Thetaz K, Lo=l38-PI=ACSCEIN(Rd2 i 043 IN Reh 1 2 +C03 (Rde T ) =003 Rent 1 +0!

PRI, L)=Cd8  Thavat (X, L) +P 1/ 1393 COS{Thetaz(k,L2=P1. 132>
R’“,thp?-hrnka L =Fard®C L+C33{R3 /3201 =C080Rs) 1 %Red 22
Heo K, L)SROK, Ly eHoK, LD

S0TQ 7279

Omegais,Ls=9

Rb(K,_1=4

R(X,L>=9

Hri¥X,L =9

ThararoK, LY=0

Thetazuix,L2=3

ur=g

Yl=2

Fos8

Fr=dg

EFJL GALIN Au, CHAMNGE Hre UIIT3 T &-m2

LIy Jud=8 THEM 7449
CALL ColeffdRed 1 0o, Tal, 30 WL, S0 Ervdl, T 0D, J0, Tic,dn, Ul ,Fo,7»n,Thet at ¢

GOTS 7420

Efrfil, Ju=d

Qu<i, Jr=2

Too=Rull, JasfRnassr=10W3,+7ic

Trd=Tazs=0ncd

1

! DETRMIME DUCT LB33 AMD ALMILIARY & TITAL HEATING SEQUIRENENTS
|

|

Quat (I, Jr=Amazsr+Cp-
i Trd“=Tn|n THEM 7
Jadx(l, Jr=Amasar+ (A0S« Tnin-Tras
Ql](;,;J*J&u&\.,J"uuk..:3

GOTO T338

Asuradcl, J.sAnassr~1 20T Tmd=Tmind
!

¢ CHANZIZ TEMPERATURES 38AC: 713 Lsgi




n, e
TTAd
yRps
730
y3am
TalR
7220
7328

7349

(WUl <]

<

e I I s
[P RS RN R o Bt I Y

b B By |

e BCL T

YRRV SR TRV RNy SV IR RV IEY URENy RV ORRY  BEVVRNY 1 Vi)

R I I I |

1

THa=T+3-2T73.18
Tra=Tri=-273.15

Tl 32T, J0=273.18
TrcaT1:=273.18
TacaToz-273.18
Tmin=Tanin=273.1%

|

i

|

SALSJLATE DAILY VYALUES

Shrtla=HRC],

JieShrill
Squilr=3udll, Jr+3gquils
Seff IX=Efsdl,Jo+Zer?

3qauxily=dauxcl, Ji=dqauxil)
Sqsurpdlisdsurpdl,Ji+Sqsurpdcl)
SUBEND

[ R R L s A RS R L R L R R LR R E SR R R LR R R R s iR R

! SU3RIUTIME COLEFF BEGINS HZIRE

P R e T L L R e bk T R T
SUB ColsefdHr, Ta, Juind,2FF,du.TFin, Ut 1, Fp.Fr,Theea’

COM Wnslepisr,Tnolkpts) Wnolkrd+), Tholkr )

LOM Cu,Re,L2n, Tald,Alpa,Heous,Zpp, Epg, Dy Width,Anu, Ak

JGauest (#,Ceyupe, Iflag,Amasse, Amassr, dee,Phi,Aleng, §,

oy ey

COM 3ne,3gu, 3ef 8,301, 3qau, 3aQsurp, R

JRhof,U,2d,Fric,Delpp, dalpr
COM AlFrad+),3ig9¢=), Jam’+#>, Bleak,Pleakp,Plazwr, Rlcak,Ctau,Cal  fa, 3¢5, RIF. .+

al

iy Kouaz ) Hount 2, 2gdzhud <, Dhexi+)
COM Pare,Pard,Refizc,Omegad®) A, Au, Hhu, Snu, Wmazs
Jigma=3,449€-3
Ul=4a
Q=g
1=a
S=Amassr- Ao
Teal=, 2663% 77
V3ot =Anasir*iuo
|

LNITS OF wac IM FPM, FOLLOWING ZALARTIIMS JNLY FOFR
i
Wac=viat ~3c+i5ds
Frza3, 1470+, 242%+v5c~, 23
Frul=, 393+, S2+Yac=, 072V
Cozin=lsCOS(Theta*FI. (33
GmIlazin=1
Fanoa=1.90538+ . 257 3% +0m=-, 3851 T*3n"2
Ef<=dnodeiFrta=-Fryl 5. 87353+0TFin-Tal ar
Au=Est *Ag #khe
gn =i
Ji=9
Fa=Fru!
Frarmmny
IF Ju>=d THEN 2979
rIVE ]
Efe=4g
SUZEMD

< r, Fauxtwr, A

Del W Ch, I3, AFiTmi  kF1
JOsde,Drc 3, 3d,Af 1o
3, Rzurpe=0 A LR, e g

IOLARON I 2099

82



ACKNOWLEDGEMENTS

I would like to sincerely thank Dr. Herbert Ball, who has been
my major advisor during graduate study, for all his helpful sugcestions,
encouragement, patience, and sense of humor.

I would like to express my gratitude to Professor Robert Crank and
Dr. Do Sup Chung for the time they spent serving on my committee, Thanks
are also due to Dr. Paul L, Miller for suprorting me financially during
my eraduate program,

My sincere appreciation gzoes to my favorite friend, Tina, for typing

this final document impressively.



PREFORMANCE OF SOLAR RECENERATED ROTATING
REDS OF STILICA GEL

by

fonal P, Ananth

B.%., Banmalore University, India, June 1978

ABSTRACT

submitted In partial fulfillment of the
recuirements for the dezree
MASTER OT SCITHNCE
Nepartment of Mechanical Engineering

FKANSAS STATE INIVERSITY
Manhattan, Hansas

1982



ABSTRACT

An existing computer program that predicts the dehumidification-
regeneration performance of a rotarvy hed of silica gel is modified to
enable snecification of differing air flow rates, temperatures, and
humidity ratios on nrocess and regeneration streams. To facilitate
execution of the nroeram, it is written in BASIC lansuage that enables
an interactive desk top computer available in the Department, be used.

The accuracy of the revised computer model has been checked against
actual experimental data. After establishins the validity of the
computer model, it is used to generate nerformance curves over a wide
range of operating parameters of the silica rel dehumidifier. Finally,
an air conditionine svstem that uses sorption dehumidification principle
with solar receneration 1is nroposed and analvzed for an ideal situation,
and comnarison is made with an ideal vanor compression refriseration air

conditioning svstem,





