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A

SUMMARY

Objective

To develop a test facility to measure the sorption properties of candidate
solid desiccant materials under dynamic conditions as well as equilibrium con-
ditions, under different geometrical configurations, and under a broad range

of process air stream conditions characteristic of desiccant dehumidifier
operatione.

Discussion

The report summarizes the theory of perturbation chromatography and its appli-
cation to determining sorption properties; describes the test facility, the
instrumentation, and its capabilities; describes the test cells used to
evaluate the effect of dehumidifier geometry (packed bed and parallel passage)
on dynamic performance; and details the methodology used for the dynamic and
equilibrium experiments conducted on silica gel.

Conclusions

The results of experiments conducted on silica gel in various geometries of
dehumidifiers for solar cooling are displayed graphically and discussed in
terms of dimensionless parameters, which facilitate comparison of the various
tests. The dependence of the sorption processes on air velocity and test cell
aspect ratio was identified. It was found that with an increase in air
velocity and aspect ratio, the rotational speed of a parallel passage dehumid-
ifier wheel should increase. The dynamic hysteresis between adsorption and
desorption processes was also identified. The dynamic hysteresis showed
fundamental differences between the adsorption/desorption process which has to
be accounted for in the modeling to accurately predict dehumidifier perfor-
mance in solar cooling applications. The experiments provide data on the
dynamic performance of silica gel in a parallel-passage configuration, which
is under preparation for tests in a rotary dehumidifier that will be conducted
at SERI in late FY 1984, The experimental results of the equilibrium tests
were in discrepancy with the published data. The possible reasons for this
discrepancy were attributed to invalidity of one of the basic assumptions in
the theory of isotopic perturbation chromatography for silica gel-water vapor
systems under the experimental conditions of this study.

iv
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NOMENCLATURE
AHR absolute humidity ratio (kg H,0/kg dry air)
C gas phase concentration (kmol/m3)
Cg sorbed phase concentration (kmol/m3)

particle size diameter (m)

DAR desiccant to air ratio
h air gap in parallel passage test cell (m)
he channel spacing (m)
L tabe length (m)
L. channel length (m)
M molecular weight (kg/kmol)
m mass of dry desiccant (kg)
mp mass of dry desiccant per unit area (kg/mz)
th mass flow rate (kg/s)
NTU number of transfer units
n number of kmoles of H,0
P total pressure (torr)
P partial pressure (torr)
b volumetrié flow rate (m3/s)
R universal gas constant ( = 62,358 torr m3/kmol K)
RH relative humidity
T temperature (°C,K)
time (s)
u gas velocity (m/s)
mass transfer wave velocity (m/s)
free gas volume (m3)
s sorbed volume (m3)
Vi retention volume (m>)
desiccant water content (kg HZO/kg dry desiccant)
W air water content, humidity ratio (kg H,0/kg dry air)

spatial coordinate along axis of flow (m)

width of channel (m)
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adhesive tape thickness (m)

A difference between two quantities
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a, air air

bp bypass

dew dew point

£ final value
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reading flow controller reading

o initial value
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w, water water
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SECTION 1.0
INTRODUCTION
1.1 BACKGROUND

Solid desiccant cooling systems, which can take advantage of solar energy,
have received considerable attention as an alternative to standard vapor com—
pression systems for air conditioning. The system process involves drying an
air stream by passage through a desiccant bed and subsequent evaporative
cooling to provide the air conditioning. The desiccant in the dehumidifier is
regenerated with hot air provided by energy obtained from either a gas burner
or solar collectors [1, 2]. The thermal performance of the system depends on
the efficiency of each component. The technology of all the components except
dehumidifiers is reasonably advanced and components with fairly high effec-
tiveness (between 0.9 and 0.95) are available; thus the greatest potential for
improving system performance lies in the development of advanced, highly
effective dehumidifiers. The performance of the dehumidifier is limited by
the sorption desiccant capacity, sorption properties, and long—term stability
under cyclic operation conditions. The sorption processes in the desiccant
bed are the passage of a thermal and a mass transfer wave with different dif-
fusivities. Until recently, most of the research on solid desiccants was
motivated by industrial adsorption applications involving thick packed beds
operating near equilibrium conditionse. This resulted in the compilation of
physical property data for the most common industrial desiccant materials
under equilibrium conditions, yet considerable scatter exists in the equilib-
rium isotherms in the literature; e.ge., %157 scatter for silica gel (see
Figure 1l.1). The much thinner desiccant cooling system dehumidifiers and

0.8 ~
® Manufacturer’s data g
Curve fit to Rojas data
O .
= 0.6}~
o
2
o
£ Curve fit to
32 0.4l manufacturer’s data
o Curve fit to Bullock and Threlkeld data
2
©
T g2 Curve fit to Jury & Edward’s data
= 0.
0 1 1 | | 1

0 0.5 0.10 0.15 0.20 0.25 0.30 0.35 0.40
‘ W, gel water content

Figure 1-1. Equilibrium Data for Regular Density Silica Gel [3]
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the advanced dehumidifier geometries proposed imply that the bed will not

operate at equilibrium because only a portion of the mass transfer wave will
be contained in the bed.

Two computer models have been developed to predict the performance of dehu-
midifiers. Barlow [2] developed a pseudo-steady-state model for coupled heat
and mass transfer in desiccant dehumidifiers based on heat exchanger effec-
tiveness equations. This model uses lumped gas-side heat and mass transfer
coefficient correlations and is based on published equilibrium data of desic-
cant properties. The model showed good agreement with single-blow adsorption
tests, while the agreement was poor for desorption tests, even when different
effective transfer coefficients were used for the two processes. Pesaran [3]
developed a model at the University of California, Los Angeles, for the Solar
Energy Research Institute (SERI) that includes solid-side mass transfer resis-
tance and showed that in packed beds the solid-side resistance controls the
transfer process. This model showed an improvement in predicting the adsorp-—
tion process but an equal discrepancy in predicting the desorption process.
These models have shown that performance predictions for thin beds, charac-
teristic of desiccant cooling dehumidifiers, are very sensitive to variations
in physical properties and effective transfer coefficients. For example,
Table 1-1, adapted from Herzenberg et al. [4], shows the effect of various
silica gel properties on the performance of a dehumidifier. It can be seen
that heat of adsorption, isotherm shape, and hysteresis can have a strong

Table 1-1. Desiccant Properties and Dehumidifier Efficiency

Property AnD a Direction of Changeb
Heat of adsorption 10-25% -
Isotherm shape® 20% See Note c
Hysteresis on thermal cyclingd 15-30% -
Maximum water capacity® 9-11%
Moisture diffusivityf 8%
Thermal capacitance8 15% -

aAnD is dehumidifier efficiency; ranges reflect variation with
inlet state parameters

PFor increase in property value

Clsotherms with a convex shape at low water vapor pressure, i.e.,
type III and type V isotherms, plus the capillary action in
highly porous materials, are preferred

dCorresponds to a linear isotherm for adsorption and a convex
regeneration isotherm

€Corresponds to shift from 25% to 100% capacity
fCorresponds to a factor of 4 decrease in moisture resistance

gCorresponds to tripling of thermal capacitance
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impact on performance. This impact shows the need for accurate knowledge of
the sorption properties of the desiccant and to correlate them to dynamic
operating conditions in the various geometries being considered for the
advanced dehumidifier design [6]. The difference between adsorption and
desorption processes as noted by Barlow [2] and Pesaran [3] needs to be
investigated under more controlled conditions.

1.2 PURPOSE OF THIS STUDY

Our objective has been to develop a versatile test facility to measure the
sorption properties of candidate solid desiccant materials under dynamic as
well as equilibrium conditions and under different geometrical configura-
tions. The chromatograph test facility assembled at SERI allows us to measure
dynamic adsorption/desorption characteristics of any promising advanced desic-
cant material under a broad range of process air stream conditions charac~
teristic of desiccant dehumidifier operation. It also allows us to analyze
the effect of various dehumidifier geometries on the dynamic performance of
the desiccant. Experimental data obtained will permit us to improve
theoretical models of heat and mass transfer processes and dehumidifier per-
formance models.

The first tests conducted in the sorption hysteresis test facility evaluated
the dynamic sorption characteristics of silica gel under isothermal conditions
and the effect of dehumidifier geometry on the mass transfer process. These
tests provide data for a silica gel, parallel-passage dehumidifier that will
be tested at SERI in FY 1984 [6]. Future tests will concentrate on charac-
terizing other promising desiccant materials as well as on producing basic
data on sorption properties at near—adiabatic (instead of isothermal) con-

ditions, which simulates the operation of actual desiccant dehumidifiers more
closely.

The following sections summarize the theory of perturbation chromatography and
its application to determining sorption properties; describe the SERI test
facility, instrumentation, and capabilities; describe the test cells used to
evaluate the effect of dehumidifier geometry on dynamic performance; detail
the methods used for the dynamic and equilibrium experiments; discuss the
experimental results obtained in the first set of tests conducted in this
facility; and summarize future test plans. The methods for data reduction are
described in Appendix A, the preparation of the test cells is described in
Appendix B, the detailed operating procedure is described in Appendix C, and
Appendix D contains the raw data collected at this test facility.
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SECTION 2.0

APPLICATION OF CHROMATOGRAPHY TO SORPTION

2.1 BACKGROUND

Two methods to measure desiccant sorption properties under controlled process
air stream conditions of temperature, pressure, and water vapor concentration
are the following:

e Gravimetry, whereby a small sample of desiccant is suspended from a
microbalance in a chamber and exposed to the process air; direct mea-

surement of the sample mass gives desiccant water content as a function
of time.

e Perturbation chromatography, whereby the process air stream flows into a
test cell that contains the desiccant material, the air stream interacts
with the desiccant, and the concentration of the outlet air stream is
monitored as a function of time; the water content of the sample is then
calculated from the retention time of an isotopic tracer injected into
the test cell.

While gravimetric techniques have very high accuracy, they cannot simulate
dehumidifier geometry. Use of these techniques would require correlation with
data obtained in tests that can reproduce dehumidifier geometry. Chromato-
graphic techniques are not as direct as gravimetric techniques, require more
data reduction, and are generally not as accurate to determine equilibrium
conditions, but the test cell can be built to simulate a section of the
dehumidifier; therefore, parametric studies can evaluate the effect of dehu-
midifier geometry and desiccant bonding methods on the dynamic sorption
properties, which is why we chose a chromatograph loop for these tests.

2.2 PERTURBATION CHROMATOGRAPHY

In a chromatograph loop, a stream of dry process air can either flow directly
into the test cell or it can first be humidified to a controlled water vapor
concentration. The thermal conductivities of the inlet and outlet streams are
compared in a two—chamber thermal conductivity detector. In the adsorption
process humid air is introduced into the initially dry test cell, the water is
sorbed by the dry desiccant, the air is dried, and the thermal conductivity
detector shows a large deviation. As the desiccant becomes loaded with water,
the outlet water vapor concentration rises and the deviation decreases. At
equilibrium, the inlet and outlet water vapor concentrations match once again
and the thermal conductivity detector shows no deviation. The reverse occurs
for a desorption process. Therefore, the output of the thermal conductivity
cell provides breakthrough data (effluent concentration as a function of time)
for the sorption processes, giving sorption rate information. The actual con-
centration of the outlet stream can be determined from inlet conditions and
thermal conductivity correlations, or it can be measured directly, as is
discussed in Section 3.0. Once equilibrium is reached in the test cell, the
water content of the desiccant sample can be calculated after measuring the
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retention time of isotopically labeled water vapor injected into the process
alr stream. This retention time can be obtained by observing the variation in
thermal conductivity as the isotope peak passes through the thermal con-
ductivity detector. The water content of the desiccant can be expressed as a
function of process stream conditions and retention times. This dependence is
derived in Section 2.3.

2.3 THEORY OF PERTURBATION CHROMATOGRAPHY

The following derivation is adapted from Pitts and Czanderna [7]. Consider a
gas at water concentration C(x,t) eluting through a test cell containing a
desiccant of dry mass m and water content W(x,t). By continuity, the change
in water concentration in a section of the test cell is given by the net flux
into that section, or

on , y 8(Cu) _ ;
AT + V ™ 0, (2-1)

where n is the total number of moles of H,0 molecules in the section. Because
n = C,;V, + CV, then by substitution in Eq. 2-1 we have

oC
s dC dC du dC
—6-6%+V +CV—+uV—=0. (2-2)

Vs Y % %

Assuming that the process stream velocity in the test cell, u, is constant,
then du/dx = 0 and Eq. 2-2 can be written as

2C u oC _
3¢ T v_oC_ 3x -0 -
1 +5 3¢

Since C is a conserved quantity, the Lagrangian derivative is zero, so we can
write the velocity of a perturbation in C as

d ___u
dt VS acs *
+—_—-—-
1 vV 9dC
The retention time can be defined as
v R
R = gx uA
— A
dt
then
vV dacC \'
s S R
=1+V——6—=-‘T—. (2-3)
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Rearranging Eq. 2-3 gives

oCq

VR =V + VS 3C . (2"4)

If an isotopic perturbation is introduced into the test cell and its related
variables are labeled with an asterisk, then Eq. 2-4 becomes

v =y 2Cs”
=V +
R ac*

. ' (2-5)

Assuming that the sorption process does not distinguish between the labeled
and unlabeled water molecules, then

oo Rt e,
CS = C and v = T (2-6)
Substituting this into Eq. 2-5 yields
c
VE=y o2,
R C
Substituting the desiccant water content (W = V, C_ Mw/m) in the above
equation gives ‘
m W
R=V ity oo
W
and finally,
N Mw C :
= -vV) &4 -
W (VR ) o (2-7)

In a real experiment, VR* cannot be measured directly because there is dead
volume, or volume between the test cell and detectors that is not packed. The
chromatograph described here uses the bypass method to correct for the dead
volume.

The bypass (a short length of empty tubing) and the test cell are attached to
a six-port switching valve. The retention volume can be determined by mea-—
suring the time it takes the perturbation to propagate through the test cell
and through the bypass:

VE oy R oy * Lt - ¥
R R, tc R, bp te tc bp bp ’
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therefore
° * . * Mw ¢
W= [(th ttc - pr tbp) - V] m *

The free gas volume, V, can be measured by passing a nonreactive gas, such as
helium, through the test cell and bypass, thus

. He . He
V= Qe Bee pr Yhp
therefore, the desiccant water content becomes
M_C
H * He . * He A
= - - - . 2""8
W [th(ttc cc) pr(tbp tbp)] m (=9

The flow rates and concentration in Eqe. 2-8 can be expressed in terms of the
equilibrium conditions of the process air prior to injection into the test
cell/bypass section; the derivation of these relations for the SERI chromato-
graph loop is given in detail in Appendix A.

The measurement of retention time at one temperature and concentration yields
one point on a sorption isotherm and is equivalent to measuring the mass
gained by a fixed sample of desiccant suspended from a microbalance and
exposed to the same air stream conditions.

An isotherm is constructed from retention time data taken at different con-
centrations; a set of isotherms taken in this manner yields heat of adsorption
information, as would be obtained gravimetrically. However, the use of
chromatography allows us to evaluate the effect of test cell geometry and

desiccant bonding techniques on the dynamic and equilibrium properties of the
desiccant.
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SECTION 3.0

DESCRIPTION OF THE EXPERIMENTAL SET-UP

3.1 INTRODUCTION

A gas chromatographic sorption apparatus to characterize the sorption prop-
erties of desiccants was designed and constructed at the end of 1979 by
SERI [7]. The apparatus was modified substantially for the present study.
The experimental set-up consists of a chromatograph, support subsystems, and
instrumentation. A schematic diagram of the modified experimental set—up is
given in Figure 3-1.

The gas reservoir consists of one or more cylinders of compressed, "bone-dry”
air (less than 3-ppm water content). The air passes through a two-stage
pressure regulator (manufactured by Union Carbide, Linde) and enters a mani-
fold of two mass flow controllers (manufactured by Tylan). These control the
air mass flow rate over a wide range and feed the gas into a humidifier to
obtain the desired level of water vapor concentration in the process stream.
The detail of the humidifier is explained in Section 3.3.3.

The humidified air then passes to a dew point hygrometer sensor (manufactured
by General Eastern), which measures and monitors the dew point temperature.
The absolute pressure is monitored by a pressure transducer (manufactured by
MKS Instrument, Inc.) at this point, and the gas stream is fed into the
chromatograph, which is immersed in a constant-temperature bath. Samples of
isotopic tracer (D20) plus air as well as nonadsorbing gas (helium) can be
injected into the desiccant test cell via a 10-port switching valve V2
(Figures 3-2 and 3-5). The details of the chromatograph and support subsys-
tems are described in this section.

3.2 CHROMATOGRAPH LOOP

The chromatograph, shown in detail in Figure 3-2, consists of a thermal con-
ductivity detector (D), three switching valves (V1, V2, V3), two sample loops
(sl, S2), a bypass loop (bp), and the test cell (tc) containing a desiccant.
The flow first enters a six-port switching valve (V1), which provides either
the process stream, i.e., air and water vapor (V1 in primary position), or
bone~dry air (V1 in secondary position). The flow enters the first loop of a
thermal conductivity detector, then goes to a 10-port switching valve con-
taining 2 sample loops for the injection of isotopic tracer (heavy water, D20)
or a nonadsorbing gas (helium). Next, the flow passes through another six-—
port switching valve, which contains the desiccant test cell and the bypass
loop. The stream emerges from the test cell (V3 in primary position) or
bypass (V3 in secondary position) and passes through the second loop of the
thermal conductivity detector. At this point, the pressure drop across the
chromatograph loop is measured using a differential pressure transducer (manu-
factured by MKS Instrument, Inc.). Then the process stream passes through an
exhaust manifold where needle valves control the pressure maintained in the
line at any given flow rate. A small portion of the process stream -is then
injected into the vacuum chamber of the residual gas analyzer for analysis.
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Figure 3-2. Schematic Diagram of the Chromatograph Loop

Finally, the stream passes to a vacuum pump, through an atmospheric exhaust,
and then outside the building.

3.3 SUBSYSTEMS

3.3.1 Constant-Temperature Bath

This subsystem consists of a 40-gal stainless steel tank filled with deionized
water, a 2-kW (110-V) heater, three 6-kW (480-V) heaters, two temperature con-
trollers, a compressed air driven mixer (manufactured by Mixing Equipment
Co.), and a hydraulic scissor jack (manufactured by American Manufacturing
Co.). The heaters are supported on a platform that also will act as a cover
for the tank when it is raised by the jack. The 6-kW heaters act as boost
heaters to speed up the process of raising the water temperature. When the
temperature of the bath reaches within 1° to 2°C of the final desired bath
temperature, the temperature controller (manufactured by White-Rodgers) turns
'off the heaters. Through a thermistor-operated proportional temperature con-—
troller (manufactured by Yellow Springs Instruments), the 2-kW heater provides
the required power to compensate for the heat losses from the tank to maintain
a stable bath temperature. For temperatures below ambient, a recirculating
cooler (manufactured by Neslab) is used.

3.3.2 Residual Gas Aﬁalzzer

This subsystem consisté of an ultra high vacuum chamber, a pumping unit, a gas
inlet valve, a forepump, and a capillary tube (all manufactured by Balzers),
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several heating tapes, a quadrupole mass analyzer (manufactured by Spectrum
Scientific Limited), and an associated mass spectrometer (DATAQUAD, manu-
factured by Spectrum Scientific Limited). The pumping unit consists of a
turbomolecular pump to obtain wultra high wvacuum, a rotary vane pump for
backing, and the control electronics. e vacuum in the chamber is measured
by 34vacuum2§auge controller (1077 to 107" torr) and a convection vacuum gauge
(10 to 10° torr) (manufactured by Granville-Phillips). A schematic set—up
of this subsystem is given in Figure 3-3.

The pumping unit removes the air and other gases from the vacuum chamber. The
surface of the chamber is kept at 80° to 100°C to prevent adsorption of
molecules to the interior surface and to have a lower vacuums The pumping
unit reduces the vacuum in the closed chamber to 107~ to 10™° torr. The quad-
rupole mass analyzer emits electrons, which ionize the molecules and atoms in
the chamber. The ionized gases in the chamber move toward the quadrupole,
which measures the intensity (proportional partial pressure) of each ionized
molecule based on its mass to charge ratio. The mass spectrometer (DATAQUAD)
shows the results of the quadrupole analysis. DATAQUAD controls the range of
mass to charge ratio and the analysis rate of the quadrupole.

When the vacuum reaches its lower limit of 1072 to 1078 torr, DATAQUAD is set
to analyze the gas in the chamber, which often is referred to as BACKGROUND.
A small portion of the process gas is sampled through the heated capillary
into the vacuum chamber by opening the gas inlet valve. A forepump draws the
sample into the vacuum chamber at a fast rate (0728 L/s) The operating
vacuum for analysis of a sample is usually from 10°’ to 1072 torr. The pro-
cess gas 1is analyzed and the background analysis is subtracted from this
analysis to find the true partial pressure of each mass to charge ratio.
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Figure 3-3. Schematic Diagram of the Residual Gas Analyzer
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DATAQUAD also can monitor the partial pressure of one specific mass to charge
ratio continuously (when in TREND ANALYSIS mode), which is a desirable feature
for transient experiments.

3.3.3 Humidifier

The humidifier is used to provide different, but uniform, humidity ratios to
the chromatograph loop. This subsystem consists of a 12-gal isothermal bath
(manufactured by Tamson), a recirculating cooler (manufactured by Neslab), a
gas bubbler, a trap, and a mist eliminator. A schematic of the humidifier is
given in Figure 3-4. Bone—-dry air flows through the bubbler, which is a
closed stainless steel cylinder (0.15-m height and 0.04-m diameter), where the
air comes into contact with deionized water. The air becomes saturated with
water vapor at a desired temperature when leaving the bubbler. A large mass
transfer surface area is required to accomplish this task, therefore a (10-u)
sparger (porous metal) is used in the bubbler to break the air into fine
bubbles (l-mm diameter). The saturated air then goes into the trap where any
carry-over water is separated from the air and then enters into the mist
eliminator where very fine droplets of water are captureds The trap is an
empty, closed PlexiglassR cylinder (0.30-m length and 0.07-m diameter). The
mist eliminator is a  stainless steel cylinder (0.1-m 1length and 0.02-m
diameter) filled with micron-size stainless screen for capturing the fine
droplets. The saturated air, which does not have any entrained droplets, goes
to the chromatograph loop through a dew point sensor and an absolute pressure
transducer. The humidity ratio of the inlet air to the chromatograph loop can
be calculated at this point (see Appendix A). The isothermal bath provides a
uniform temperature environment for the bubbler, trap, and mist eliminator;
the recirculating cooler provides a stable temperature in the isothermal bath
for temperatures below ambient temperature. Note that the parameters that
control the inlet humidity ratio to the chromatograph are this isothermal bath
temperature and the pressure in the system. Different inlet humidity ratios
can thus be obtained for different experiments by setting both the pressure
and the isothermal bath temperature at desired values.

3.3.4 Isotope and Helium Injection Subsystem

This subsystem consists of helium (He) and bone-dry air cylinders, a small
chamber for mixing air and isotopic water vapor (D,0), a l0-port switching
valve (V2) with two sample loops (S1, 52), and several valves for purging and
cutting off. The schematic diagram of the injection subsystem is given in
Figure 3-5.

When the process air is passing through one sample loop, the other loop can be
loaded with He or D,0 and air. Helium can be loaded by opening valves LV3 and
LV5 while the other valves are closed. D)0 and air can be loaded by opening
valves LV1, LV2, and LV4. The sequence of opening and closing of these valves
is explained in detail in Section 5.0. For injection of the D,0 (or He) we
switch the position of 10-port valve (V2) after loading of D20 (or He) is
completed.

12
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Figure 3-5. Schematic Diagram of the Injection Subsystem

3.4 INSTRUMENTATION

The mass flow rate of air through the system %s measured by two Tylan mass
flow controllers of different range (10-500 cm”/min and 400-20,000 cm~/min).
The reading of the mass flow controller is the volumetric flow rate at
standard conditions (1 atm, 0°C), Qreadin The absolute pressure and pres—
sure drop across the test cell are measureﬁ by an MKS absolute pressure trans-—
ducer (0-1000 torr) and an MKS differential pressure transducer (0-1000 torr),
respectively. All temperatures are measured using a copper—constantan (type
T) thermocouple. The humidity ratio (or water vapor concentration) of process
alr upstream of the test cell is measured by a General Eastern optical con-
densation dew point hygrometer. The composition of process air downstream of
the test cell is measured by a residual gas analyzer. However, because of a
long dead volume between the test cell and the vacuum chamber of the gas
analyzer, the response of the analyzer 1s not fast enough for breakthrough
experiments. The residual gas analyzer measures accurately the composition of
process ailr at the start of the breakthrough experiment and when the
breakthrough 1is finished (when the test cell has reached its equilibrium
state). For breakthrough tests, GOW-MAC thermal conductivity detectors
measure the relative conductivity of effluent air stream to inlet process
stream.

A thermal conductivity detector is made of a block of metal with two cavities
and two electrical resistances (filaments) in the cavities. The process air
first passes through one of the cavities and then to the test cell. After
exchange of water vapor in the test cell, the air passes through the other
cavity. The filaments are electrically heated, and heat transfers from the
filaments to the process air. The rate of heat transfer and thus the

14
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temperature of the filaments depend on flow rates, temperature, pressure, and
thermal conductivity of the process air. The resistance of the filament
strongly depends on its temperature. When the same process air (pressure,
temperature, flow rate, and thermal conductivity) passes through both cavities
of the thermal conductivity detector, the resistances of the filaments are
equal and the thermal conductivity detector is "balanced.” The thermal con-
ductivity of process air depends on its composition (water vapor concentra-
tion). When process air of different composition passes through the two
cavities of the detector, the resistances of the filaments are not equal, and
thus the detector is not balanced. The degree of deflection from balance is a
measure of the difference between the compositions of process air going
through the two cavities. Knowing one composition, the deflection from
balance, and calibration curve, one can measure the other composition.
Usually, the deflection is measured in volts, which are linearly proportional
to concentration (see Ref. 8 and Appendix A).

Injection of Dy0 (or He) through the test cell (or bypass) changes the thermal
conductivity detector of air and thus the deflection of the thermal
conductivity detector, so thermal conductivity can be used for perturbation
studies. The residual gas analyzer is also used for detection of D20 (or He)
for perturbation studies.

The output signals of all sensors, i.e., thermocouples, pressure transducers,
dew point hygrometers, and thermal conductivity detector, are collected by an
interface data acquisition system (HP-3497A) and a desk computer (HP-85) at a
preprogrammed time interval. The data are then recorded by a printer (EPSON-
MX80) or stored on a cartridge. The output signal of the thermal conductivity
detector is also recorded on a strip chart recorder (Gould-110) for visual
observation.

15
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SECTION 4.0

DESCRIPTION OF TEST CELLS

4.1 INTRODUCTION

Two different configurations of test cells were designed and constructed for
the sorption hysteresis studies: packed bed and parallel passage. The packed
bed test cell was used to obtain equilibrium data of the desiccant materials
and to compare the data with published values. The packed bed experimental
data were also used as a reference base for results obtained with the parallel
passage geometry to find the effect of adhesive and filling materials on
adsorption capacity. The parallel passage test cell simulates one of the
channels of the SERI parallel passage dehumidifier, which has the largest heat
transfer to pressure drop ratio among the available dehumidifier geometries.
Both packed bed and parallel passage test cells are described in detail in
this section. Preparation of the desiccant material selected for
experimentation is also described.

4,2 MATERIAL

The desiccant material used in this study is silica gel (Davison, Grade 40),
since silica gel has been recommended in solar desiccant cooling applications
[1,9] because of its high moisture recycling capacity in the temperature range
available from solar collectors. The size of this gel as provided by the
manufacturer is mesh 6-12 (l.4-3.4-mm particle diameter), but finer particles
(0.1-0.5 mm) were used in the SERI parallel passage dehumidifier to have
minimal diffusional resistance in the particles. The larger gel was ground
and sieved to produce two batches of finer particles with a narrower range of
distribution: mesh 45-60 (0.3-mm average particle diameter) and mesh 60-80
(0.2-mm average particle diameter). No significant changes in sorption
capacity of silica gel are expected from the grinding, since the internal pore
volume of the gel that primarily determines the sorption capacity has not
changed. :

4.3 PACKED BED TEST CELL

The packed bed test cell is made of 3.2-mm (1/8-in.) O.D. stainless tubing
with O.5-mm (0.02-in.) wall thickness and packed with small particles of
desiccant material (e.g., mesh 45-60, Davison Grade 40 silica gel). The
packing length is about 0.1 m (4 in.), and glass wool plugs are used to
support the particles. A schematic of the packed bed test cell is shown in
Figure 4-1. The masses of the dry empty test cell and dry packed test cell
are measured to obtain the mass of dry desiccant used in the test cells. See
Appendix B for the details for preparing packed bed test cells.,

4.4 PARALLEL PASSAGE TEST CELL

The SERI parallel Eassage dehumidifier is composed of parallel channels of
double-sided Mylar~ (polyester) tapes on which fine particles of silica gel .
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Figure 4-1. Schematic of the Packed Bed Test Cell

are impregnated. To simulate this configuration in the chromatograph loop,
two test cells were designed and then constructed at the SERI machine shop.
Each test cell was fabricated from two Lexan® (polycarbonate) sheets machined
so that when they are fastened together a parallel passage is formed as shown
in Figure 4-2, Lexan™ was chosen for its good thermal and physical properties
and ease of fabrication. Appropriate sizes of double-sided Mylar tape were
glued to the walls of the passage. Fine particles of silica gel were
sprinkled on the Mylar tape to form one layer of silica gel particles. The
weight of dry silica gel used in the test cell was calculated by weighing the
dry test cell with and without silica gel. See Appendix B for details of
these measurements and preparation of the parallel passage test cell for
experiments. The width (Y) of the passage is 0.02 m., The total length (Lt)
of the channel is 0.2 m. The length of the tapes (L) can be varied so that
different aspect ratios (h/L) can be obtained consistent with our test
plan [5]. Two parallel passage test cells with two different channel spacing
(h, = 3 and 1.7 mm) were constructed. The actual flow passage (h) depends on
h., the thickness of the MylarR' tape (8), and particle size (d), where
h =h - 25 - 2d (see Figure 4-2). By changing the thickness of the tapes,
the particle size, and the length of the tape, the aspect ratio may be varied
to obtain a range of 0.0025 - 0,075.

The overall outside dimensions of the test cells are 0.016 x 0.048 x 0.353 m
(see Figure 4-2). The exterior of the test cells was machined in such a way
as to have small wall thickness near the silica gel coated tapes. This will
enhance the heat transfer to and from the isothermal bath so_that the test
cells remain isothermal during the sorption process. Nitrile™ O-rings seal
the test cell components. The Lexan ' sheets were fastened together by Allen
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Figure 4-2. Schematic of the Parallel Passage Test Cell

drive set screws. Figure 4-3 is a photograph of the two parallel passage
cells. The upper cell is open to show the interior structure of the cell; the
lower cell is assembled to show the outside configuration. The air-water
vapor mixture enters through one of the SwagelokR connectors at either end,
passes through a flow straightemer, and spreads horizontally across the air
gap. The flow straightener is composed of glass wool fibers (the white
material in Figure 4-3) and a rectangular metallic screen. The flow
straighteners were set on both ends of the passage to minimize end effects.
The air-water vapor mixture exchanges water with silica gel and exits from the
other SwagelokR connector.

The relevant parameters for the test cells used in this study are summarized
in Table 4-1. o
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Table 4-1. Test Cell Parameters

Packed Parallel Passage
Column O P1 P2 P3
Desiccant Silica gel, Grade 40 Davison, sieved to
45-60 mesh
Average particle
diameter (cm) 0.03 0.03 0.03 0.03
Mass, dry desiccant (g) 0.2334 0.6277 0.6277 0.3138
Internal diameter (cm) 0.267 - - -
Flow height (cm) - 0.095 0.192 0.192
Width (cm) —~- 2.0 2.0 2.0
Length (cm) 10.78 10.0 10.0 5.0
Flow area (cm?) 0.018 0.190 0.384 0.384
Aspect ratio - 0.0095 0.0192 0.0384
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SECTION 5.0

EXPERIMENTAL PROCEDURE

5.1 SET-UP OF CHROMATOGRAPH L.OOP

The chromatograph loop was described in Section 3.0 and shown schematically in
Figure 3-2; the test cells are described in Section 4.0 and shown in Fig-
ures 4-1 and 4-2. These test cells were prepared in advance and installed in
the chromatograph loop. The configuration is such that process air stream
conditions can be set up through the bypass loop, and once they have reached
the desired operating values of temperature, pressure, flow rate, and relative
humidity, the flow is switched into the test cell and the experiment begins.

Three units require 1oﬁg times to equilibrate: the two water baths that main-
tain the chromatograph loop and the humidifier at different isothermal con-
ditions, and the vacuum chamber of the mass spectrometer. These units are
generally brought to the desired conditions the evening before starting a test
TUun.

Once these units are at the desired operating conditions, a monitoring program

is loaded into the data acquisition system and the other units in the
chromatograph loop are set as follows:

e The bone-dry air supply is turned on and adjusted through a coarse pres-
sure regulator.

® The mass flow controllers are turned on and set at the desired flow rate.

o The pressure in the loop is set by regulating the pressure control valves
downstream of the chromatograph loop and the coarse valve of the vacuum
pump at the process air discharge point.

e The dew point hygrometer upstream of the test cell is turned on and
balanced.

e The humidifier temperature and adjustment valves are set to obtain the
desired humidity ratio by monitoring the dew point sensor.

e Once the flow parameters have reached equilibrium, the thermal con-
ductivity detector is turned on and zeroed (balanced).

e The mass spectrometer inlet valve is opened and the process air stream is

sampled to ensure that the process air is of uniform composition and to
verify the operating conditions.

Once all operating parameters are set and have been equilibrated, the data
acquisition and storage program is loaded into the HP computer, the process
air stream is switched into the test cell, and the breakthrough part of the
test begins.

5.2 MONITORING OF EXPERIMENTS

The data acquisition and storage program records all operating parameters at
selected time intervals and stores the data on cartridge. Additionally, the

21



S=RI @ TR-2382

outputs of the thermal conductivity detector and of the mass spectrometer are
displayed graphically so that the trend in the process air stream concentra-
tion can be observed. The variation of these outputs as a function of time
gives the breakthrough curve for the operating conditions. These outputs are
monitored until no variation is observed in the process stream concentration,
downstream of the test cell; this implies that the sorption process has
reached equilibrium.

Determination of the desiccant water content requires measurement of retention
times for a nonreactive gas (helium) and an isotopic tracer (deuterium
dioxide), and the derivation is given in Section 2.0 and Appendix A. The
retention times are measured as follows:

l. The inactive loop of the 10-port valve is loaded with heavy water vapor
(D50).

2., The thermal conductivity detector is zeroed again.

3. The process air stream is switched into the loop loaded with D20 vapor
so that a small volume of tracer is carried into the test cell.

4., The pressure variation in the loop is small when the 10-port valve is
switched, but it does affect the output of the thermal conductivity
detector; this gives the initial time reference for the injection of
the perturbation. A chronometer is started to obtain a redundant
measurement with the mass spectrometer outpute.

5. The thermal conductivity detector is monitored until a variation in
output is recorded; this gives the time at which the perturbation has
reached the thermal conductivity detector after passing through the
test cell and interacting with the desiccant. The same is monitored on
the output of the mass spectrometer.

6. The same series of measurements are made in the bypass section to
obtain a reference value for all the piping length outside the test
cell.

7. Steps 1 through 6 are repeated with the helium gas to obtain a measure
of the free gas volume in the test cell.

Once these steps. are completed, the test loop is reset to new operating
parameters for the next test run.

The detailed operating procedure for the SERI sorption test facility can be
found in Appendix C.
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SECTION 6.0

RESULTS AND DISCUSSION

In this section the results of breakthrough and equilibrium experiments for
two silica gel bed configurations, packed and parallel passage, are pre-—
sented. Breakthrough data were obtained after a step change in the inlet air
humidity to a test cell and consist of effluent water vapor concentration
versus time. Equilibrium data, silica gel water content versus air water
vapor concentration, were obtained by isotope injection at the end of the
breakthrough experiments. The operating procedures are summarized in
Section 5.0 and detailed in Appendix C. Appendix A shows how the raw data can
be converted to more meaningful values. Both adsorption and desorption tests
were performed. A description of the test cells can be found in Section 4.0
and their relevant parameters are summarized in Table 4-1.

Table 6-1 summarizes the pertinent experimental parameters for the successful
breakthrough tests conducted in this study. It is divided into sections
depending on the type of test cell geometry used and on the isothermal bath
temperature (th). Table 6-1 shows:

e The experiment number, where R stands for "repeat” of an experiment
e Whether it was an adsorption or desorption process (AD/DE)

e¢ The dew point temperature of an air stream in equilibrium with the
desiccant before starting the test (Tdew o)
b4

e The dew point temperature of the inlet air stream (Tdew f)
’

e The pressure in the test cell (Ptc)

e The air velocity in the test cell (u)

e The absolute humidity ratios related to the dew point temperatures (Wo,
e The initial and final desiccant water content (W Wf) estimated from
published data [10]

e The breakthrough time, defined as the time to reach 95% of the inlet
humidity ratio.

For all tests conducted, we attempted to maintain the average pressure in the
test cell (P ) near 760 torr and to operate between 5 humidity ratios (or dew
point temperatures) that are approximately 0.0005 (-25°C), 0.008 (11°C), 0.012
(16°C), 0.015 (20°C), 0.018 (23°C). 1In this way, groups of experiments can be
compared directly by normalizing the breakthrough response in the particular
humidity ratio ranged selected, and to evaluate the effect of cell geometry
and gas velocity on the dynamics of the sorption process. The data of each
experiment are presented in Appendix D. In the remainder of this section the
results of typical experimental runs are discussed. The dependence of sorp-

tion processes on air velocity, temperature, and test cell dimensions (aspect
ratio for parallel) is discussed.

Figure 6~1 shows the adsorption results obtained in Experiment No. 43. During
this experiment, the parallel passage test cell Pl was maintained at a
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Table 6-1. Summary of Experimental Parameters
Exp Tdew,0 Tdew,f Prc u Yo we t9s
no. TXOeSS 603 9c3 (rorr) (m/s) (x103) (x10%) Yo ¥ (min)
Packed Column 0, T, = 30°C
1 AD ~24.0 11.3 761 1.03 0.5 7.3 0.0174 0.1492 31
1R AD -24,0 10.8 772 1.02 0.5 6.9 0.0176 0.1467 31
2 AD 11.3 16.0 772 1.03 7.3 9.8 0.1492 0.1931 38
3 AD 16.0 21.0 760 1.05 9.8 13.6 0.1931 0.2498 34
4 AD 21.0 23.4 760 1.05 13.6 15.8 0.2498 0.2806 -
6 DE 20.5 16.2 743.0 1.07 15.3 11.8 0.2716 0.2181 15
7 DE 16.2 11.2 742.0 1.06 11.8 8.5 0.2181 0.1662 49
8 DE 11.2 -25.0 734.0 1.07 8.5 0.5 0.1662 0.0182 45
Parallel Passage P1, T, , = 30°%
11 AD -10.0 10.9 713.4 0.36 1.8 8.5 0.0456 0.1604 -~
11R AD ~25.0 10.7 759.0 0.33 0.5 7.8 0.0179 0.1586 84
12R AD 10.7 15.9 764.3 0.33 7.8 11.0 0.1586 0.2109 45
13R AD 15.9 19.7 770.4 0.33 11.0 13.9 0.2108 0.2567 39
14 AD 20.0 23.0 744.0 0.35 13.7 18.1 0.2650 0.3052 27
14R AD 19.7 23.0 765.1 0.33 13.9 17.2 0.2567 0.3003 -
15R DE 23.0 19.9 767.7 0.33 17.2 14.1 0.3003 0.2605 ~—
17 DE 15.9 10.9 767.2 0.33 10.9 7.8 0.2108 0.1601 79
18 DE 10.9 -13.0 766.2 0.33 7.8 1.3 0.1601 0.0370 58
19 AD -25.0 10.8 762.0 0.17 0.5 8.0 0.0179 0.1611 85
20 AD 10.9 15.9 765.1 0.17 8.0 11.1 0.1616 0.2128 101
21 AD 15.9 20.5 765.1 0.17 11.1 14.9 0.2128 0.2694 62
22 AD 20.4 23.0 768.6 0.17 14.7 17 .4 0.2674 0.3029 31
23 DE 23.1 20.4 765.2 0.17 17 .4 14,8 0.3036 0.2681 21
24 DE 20.4 16.2 767 .4 0.17 14.8 11.2 0.2681 0.,2157 46
- 25 DE 16.2 11.0 762.1 0.17 - 11.3 8.1 0.2162 0.1629 150
26 DE 11.0 -25.0 765.2 0.16 8.1 0.5 0.1629 0.0180 118
33 AD -25.0 10.8 1038.2 0.43 0.5 5.7 0.0180 0.1580 -
35 DE 23.1 11.0 763.1 0.33 17.4 7.9 0.3011 0.1611 77
36 AD 11.0 23.0 761.7 0.44 7.9 17.2 0.1611 0.2984 20
37 DE 23.0 10.9 762.7 0.44 17.2 7.8 0.2984 0.1594 56
38 AD 10.9 23.3 762.2 0.17 7.8 17.8 0.1594 0.3063 45
39 DE 23.3 11.0 771.6 0.16 17.8 8.0 0.3063 0.1630 141
Parallel Passage P2, T, = 30°C
40 AD -24.0 11.0 759.6 0.17 0.5 8.0 0.0190 0.1615 - 62
41 DE 11.0 -9.7 760.3 0.17 8.0 1.8 0.1615 0.0458 75
42 AD -9.7 11.0 761.7 0.17 1.8 8.0 0.0458 0.1616 58
43 AD 11.0 23.2 759.3 0.17 8.0 17.5 0.1616 0.3025 37
44 DE 23.2 11.1 760.2 0.17 17.5 8.1 0.3025 0.1625 125
Parallel Passage P2, T, = 80°c
49 DE 11.1 -25.0 760.2 0,17 8.1 0.5 0.1625 0.0079 13
50 AD . ~25.0 11.1 760.0 0.17 0.5 8.0 0.0079 0.0231 5
51 DE 11.1 -25.0 762.7 0.17 8.0 0.5 0.0231 0.0079 9
52 AD -25.0 11.2 760.0 0.17 0.5 8.1 0.0079 0.0232 -
53 AD 11.2 23.3 762.5 0,17 8.1 17.5 0.0023 0.0411 7
54 DE 23.3 11.2 760.2 0.17 17.5 8.1 0.0411 0.0232 7
Packed Column 0, T, = 30°C
55 DE 11.2 -12.0 776.4 0.32 8.1 1.4 0.1630 0.0391 104
56 AD -12.0 11.2 778.4 0.32 1.4 7.8 0.0391 0.1611 88
57 AD 11.2 23.3 765.8 0.33 7.8 17.2 0.1611 0.3001 85
58 DE 23.3 11.4 764 .0 0.33 17.2 8.0 0.3001 0.1624 100
Parallel Passage P3, T, = 30°C
59 DE 23.2 11.1 761.8 0.17 17.5 8.0 0.3034 0.1625 39
60 AD 11.1 23.2 751.5 0.17 8.0 17.8 0.1625 0.3000 21
61 DE 23.2 11.2 751.5 0.17 17.8 8.2 0.3000 0.1601 46
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temperature T = 30°C and was initially at a desiccant water loading
Wy = 0.1616 kg HZO/kg dry desiccant, in equilibrium with an air stream of
humidity ratio w, = 0.008 kg H,0/kg dry air using Rojas' [10] data. The
experiment was conducted with an inlet air stream of humidity wy, = 0.0175 kg
HZO/kg dry air flowing through the test cell at velocity u = 0.17 m/s. During
the course of the experiment, the outlet humidity ratio changed from the
initial value W, to the final value Wg = Wine At equilibrium, the desiccant
water loading was estimated [10] to be Wy = 0.3025 kg Hy0/kg dry desiccant.

The first graph of Figure 6-1 shows the experimentally measured voltage output
of the thermal conductivity detector as a function of time. 1Initially, when
the test cell is bypassed, the two cavities are exposed to air at the same
humidity w;,, therefore the output of the detector is zero. At the beginning
of the experiment, the air stream is switched into the test cell, one chamber
of the detector is exposed to wy,, and the other is exposed to the air that
passed through the test cell, which is initially in equilibrium with W_; i.e.
Wwye The sharp change of voltage output marks the beginning of the experi-
ment. The outlet concentration stays at w, for a short period depending on
inlet air conditions (air velocity, humidity, temperature). During this
period the desiccant in the test cell has sufficient adsorption capacity to
adsorb water vapor from Win to w,. For this period, output voltage of the
thermal conductivity detector is at its maximum derivation as seen from first
graph of Figure 6-1. As time passes the dessicant in the test cell loses its
adsorption capacity and the outlet concentration starts to increase (third
graph of Figure 6-1). Initially the slope of the increase in outlet concen-—
tration is steep, because of the large concentration driving force; however,
the slope becomes smoother after the driving force becomes smaller. Finally,
the desiccant in the test cell becomes saturated at the process conditions and
does not adsorb any ‘water; thus, the outlet concentration reaches the inlet
concentration and remains constant as can be seen from third graph of Fig-
ure 6-1. After this point the output voltage of the thermal conductivity
detector is at its minimum deviation. Ideally, we expect this deviation to be
zero; however, because of pressure changes it 1is not zero in some of the
experiments. The second graph shows the normalized humidity ratio as a func-
tion of time, displaying the shape of the breakthrough curve, normalized on
the interval w, to wge The third graph shows the actual outlet humidity ratio
as a function of time. Conversion. between these data is discussed in
Appendix A. i

If we define the breakthrough time as the time for the humidity ratio to reach
95% of the inlet humidity after the beginning of the experiment, then the
breakthrough time for Experiment No. 43 is 37 minutes. The breakthrough times
defined in this manner are shown in Tables 6~1 and 6-2. The same type of
data is shown in Figure 6-2, describing the results of Experiment No. 44, a
desorption test between the same humidity and desiccant water content points
as in Experiment No. 43. However, the breakthrough time in this case 1is
125 minutes and the shape of the breakthrough curve is different.

The response of the desiccant in the desorption case seems to be the reverse
of adsorption; it can be explained in the same way as explained for adsorp-
tion. Table 6-2 compares breakthrough times of pairs of adsorption/
desorption experiments. It can be seen that in more than 757% of the experi-
ments breakthrough time of adsorption is 1less than breakthrough time of
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Table 6—-2. Comparison of Breakthrough Times of
Adsorption and Desorption Experiments

Exp. No. Process W, X 10—3 we X 10_3 tgs (min)

Packed Column, 0, T . = 30°c

1R AD 0.5 6.9 31
8 DE 8.5 0.5 45
2 AD 7.3 9.8 38
7 DE 11.8 8.5 49
3 AD 9.8 13.6 34
6 DE 15.3 11.8 15
‘Parallel Passage, Pl, Tyo = 30°¢C
11R AD 0.5 7.8 84
18 DE 7.8 0.5 58
12R AD 7.8 11.0 45
17 DE 10.9 7.8 79
19 AD 0.5 8.0 85
26 DE 8.1 0.5 118
20 AD 8.0 11.1 101
25 DE 11.3 8.1 150
21 AD 11.1 14.9 62
24 DE 14,8 11.2 46
22 AD 14,7 17.4 31
23 DE 17 .4 14.8 21
36 AD 7.9 17.2 20
37 DE 17.2 7.8 56
38 AD 7.8 17.8 45
39 DE 17.8 8.0 141
Parallel Passage, P2, th = 30°C
40 AD 0.5 8.0 62
41 DE 8.0 1.8 75
42 AD 0.5 8.0 58
43 AD 8.0 17.5 37
44 DE 17.5 8.1 125
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Table 6-2. Comparison of Breakthrough Times of
Adsorption and Desorption Experiments
(Concluded)

Exp. No. Process wy X 10-3 we X 1073 tgs (min)

49 DE 8.1 0.5 13
50 AD 0.5 8.0 5
51 DE 8.0 0.5 9
Packed Colummn, O, th = 30°c
56 AD 1.4 7.8 88
55 DE 8.1 1.4 104
57 AD 7.8 17.2 85
58 DE 17.2 ' 8.0 100
Parallel Passage, P3, Tic = 30°c
59 DE 17.5 8.0 39
60 AD 8.0 17.8 21
61 DE 17.8 8.2 46

desorption. The physical reason for this behavior is that silica gel is a
highly porous material and consists of very many microvoids [3,10]. One can
visualize these voids as cylindrical pores. During adsorption, the pores are
initially empty (dry silica gel) and the water molecules penetrate into the
pores by surface and Knusdsen diffusion [3] and then are adsorbed on the sur-—
face of the pores. In this process all the internal surface area of the pore
is available for adsorption. As time passes this area decreases until the
pore fills. For the desorption the process is reverse: the surface area
available for mass transfer is initially small and as time passes it
increases. At the beginning of each case where the mass transfer driving
force is the same (WO - W., or w - w, ), the larger mass transfer surface
area for adsorption compared to desorption causes the pore to fill faster than
it empties. Therefore, the adsorption breakthrough time becomes less than
desorption breakthrough time. :

In order to check the repeatability of the breakthrough data,  Experiment
Nos. 1 and 40 were repeated. Experiment No. 40 was conducted between humidity
ratios of 0.0005 and 0.008; its repeat experiment, Experiment No. 42, was con-
ducted between humidity ratios of 0,002 and 0.008 with the same operating con-
ditions. The results are presented in Figure 6-3 and show the repeatability
of the experimental results. Experiment No. 1 was conducted between humidity
ratios of 0.0005 and 0.0073; its repeat experiment, Experiment No. 1R, was
conducted between humidity ratios of 0.0005 and 0.0069. The outlet humidity
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ratios for the two experiments are compared in Figure 6-4, which shows the
repeatability of the breakthrough data.

Figure 6-5 shows the variation in outlet humidity ratio with time for a series
of adsorption (Experiment WNos. 19 through 22) and desorption experiments
(Experiment Nos. 23 through 26). These tests were conducted with parallel
passage test cell Pl, with aspect ratio h/L = 0.0095, and at an air velocity
of 0.15 m/s. Notice the proportionally longer breakthrough time between 0,008
and 0.011 for both adsorption and desorption. This is characteristic of all
the tests conducted in the above humidity ratio range, possibly because of
formation of a second layer of adsorbed molecules on the interal surfaces of
the silica gel at this range. Note that the rate of adsorption of the second
layer on the first layer is slower than the rate of adsorption of the first
layer on the silica gel pore surfaces [12].

Figure 66 shows the variation in outlet humidity ratio with time for two
adsorption and two desorption tests. These tests were conducted with parallel
passage test cell P2, with aspect ratio h/L = 0.0192, and at u = 0.15 m/s. In
contrast to Figure 6-5, where the aspect ratio is a factor of two smaller, and

tests were conducted with a single interval between humidity ratios of 0.008
and 0.018.

Figure 6-7 shows the dependence of breakthrough data on air velocity. Four
experimenté are compared in these graphs of normalized humidity as a function
of time between the humidity ratios 0.008 and 0.017. Experiment Nos. 36 and
37 were conducted at air velocity u = 0.44 m/s and Experiment Nos. 38 and 39
at u = 0.17 m/s and u = 0.16 m/s, respectively. Although the shape of the
curves looks the same in each case, the outlet humidity in the experiments
with higher velocity (Nos. 38 and 37) reaches its final value faster; i.e.,
the breakthrough times of higher velocity experiments are smaller. The
physical reason for this behavior can be described in the following manner.
Consider an adsorption experiment: when the air velocity is increased more
mass of water vapor per mass of desiccant is exposed to the desiccant. Thus
the desiccant adsorbs more in a fixed period of time and loses its adsorption
capacity faster at higher air velocities. The same velocity dependence on
breakthrough time can be explained for desorption cases. Note that in the
adsorption cases, the breakthrough curve is only shifted, while in the desorp-
tion cases, the shift is less pronounced initially. More experimental data on
dependence of air velocity on breakthrough response are presented in
Figure 6-8.

The effect of aspect ratio on the breakthrough response is shown in Figure 6-9
for both adsorption and desorption tests for humidity ratios between 0.008 and
0.018 with air velocity of u = 0.17 m/s. -In an attempt to quantify the rela-
tive effect of aspect ratio on the breakthrough response, we must look at the
nondimensional parameters NTU and DAR, which are commonly used in the study of
desiccant dehumidifiers [2,3,6,9,13]. NTU is the number of transfer units and
for parallel passage geometry is defined as

Kg
pu h’
L

NTU =
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where K, is mass transfer coefficient; for fully developed flows in parallel
passages it is [13]

1
KG=ENU pD ,

where D is H,0-air diffusivity and Nu is the mass transfer Nusselt number and
is constant [13]. DAR is the ratio of mass of desiccant to mass of air, and
for parallel passage geometry it is

DAR =

where T is the duration of the experiment. Neinberg [9] found that if DAR is
increased the desiccant loses its adsorption capacity slower or the break-
through time is longer. When aspect ratio (h/L) is lowered NTU and DAR will
be increased and thus the breakthrough time will increase. This can be
observed from Figure 6-9: as aspect ratio decreased the curves are shifted to
the right with longer breakthrough times. This observation is more clear for
adsorption data. Note that when we decrease h and keep everything else con-
stant, less mass of water vapor per mass of desiccant is exposed to the
desiccant, so the adsorption capacity of the desiccant will increase, which is
the physical reason for the above observation.

The effect of isothermal bath temperature on breakthrough data can be seen in
Figure 6-10, The responses of the parallel passage test cell P2 for the same
inlet humidity range (0.008 to 0.018) and air velocity at 30° and 80°C are
compared for adsorption and desorption cases. The breakthrough times are
shorter for higher temperature for both cases. The physical reason for this
behavior is that at higher temperatures sorption capacity of the desiccant is
smaller; thus the desiccant can sorb less and becomes saturated faster.

Table 6-3 shows the results of equilibrium tests on silica gel and Rojas' [10]
equilibrium water content. It was found that AtHe, the time difference
between passing helium through the test cell and the bypass column, is usually
less than 20 seconds. However, At , the time difference between passing
deuterium dioxide through the test cell and the bypass column, is usuglly much
larger than 20 seconds. Therefore, At € is ignored compared to At in the
water content calculations (using Eq. A-21) and is not reported in
Table 6-3. As can be seen the experimental equilibrium water contents
(W¢ ~q1) are consistently lower than those of Rojas (wf,Rojas)' Rojas' data
are close to the other published data (see Figure 1-1). S0 one may conclude
that the the equilibrium results calculated in Table 6-3 are erroneously
obtained. It was found that error in the experimental measurements does not
account for the discrepancies. Therefore the experimental techniques of
isotope injection and detection were suspected. The isotope injection system
in which D)0 humidifies the air that then fills the sample loops is shown in
Figure 3-5. We suspected that the concentration of D90 in the sample loop was
not sufficient to be detected. To modify the injection method the air
cylinder was removed and a vacuum pump was added in the isotope loop. This
provides isotope vapor (at its maximum possible concentration) in the sample
loop, ensuring that the isotope peak exiting the test cell is consistently
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Table 6-3. Summary of Results of Equilibrium Experiments

* *

Exp. P . u m ' w At At .

t - .
No. FTOcess  (torr)  (m/s) (8) <1873 (o) Yeal  VE,Rojas (y°®
Packed Column, O, th = 30°C
1R . AD 761 1.03 0.2334 7.3 1176 0.082 0.146 2094
Parallel Passage, Pl, Tto = 30°C
11 AD 713 0.36 0.6277 8.5 1116 0,109 0.160 1637
11R AD 759 0.33 0.6277 7.8 1089 0.099 0.159 1743
14R AD 765 0.33 0.6277 17.2 324 0.065 0.300 1506
15R DE 768 0.33 0.6277 14,1 324 0.052 0.262 1617
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detectable. With this method the detection of isotope was easier and more
consistent. However, no major changes were detected in At ,and thus Wg cal®
To find out other possible sources of error the expected At were calculated
from Eq. A—13* based on Rojas' data, which* are reported in Table 6-3 as
At gpoias® At 1is consistently lower than At p ..., which suggests that the
isotope peaks exit from the test cell faster than expected. This suggests
that the residence time of D90 in the desiccant is shorter than it is supposed
to be according to Eqs. A-13. The validity of assumptions made in the deriva-
tion of Eq. A-13 (or Eq. 2-8) was investigated. It was found that the weakest
assumption may be the one presented as Eq. 2-6. This was consistent with the
comments of Dr. Anthony Fraioli of Argonne National Laboratory (ANL) in his
review of the draft of this report.

The principal assumption in isotopic perturbation underlies Eq. 2-6. This
assumption should perhaps be restated that the adsorption process does not
distinguish between the labeled and unlabeled water molecules, and further,
that isotopic exchange is rapid and complete through the mass of unlabeled
pre—adsorbed H,0 in time of D,0 perturbation exposure [l4]. It appears that
the underlined addition is part of the basic assumption on which the methed is
derived, and that it may not be valid in practice. The work at ANL [15] has
shown that certain features of the Type IV isotherm exhibited by water on
silica gel can be interpreted in terms of capillary-bound water held in the
pore-blocked periphery of the individual particles, and the water can be
introduced into the interior of the particle until the meniscial balance is
reestablished. The capillary-bound water 1is extremely localized (immobile
adsorption), and thus the diffusion of DZO into the interior of the micro-
porous particle is not easily achieveds In otherwords, D,0 is restricted from
free exchange into the interior of the particle, so the second part of the
basic assumption above is not valid. Dy0 molecules interact with only the
outer layers of adsorbed H,0 and do not penetrate far enough into the interior
of the particle. Therefore the residence time of D,0 molecules in the parti-
cles is shorter than the residence time when D,0 molecules penetrate
completely into the interior ,of the particles. This is confirmed by our
experimental measurement of At (see Table 6-3).

The above discussion presents one possible reason why our experimental deter-—
mination of silica gel water content was unreliable. In other words, isotopic
perturbation chromatography for this particular setup was an unreliable method
for determining silica gel water content, It is quite possible that the
method is reliable at very low water contents or other desiccants such as
manganese dioxide and molecular sieve. We still have not ruled out the possi-
bility of wusing the method for obtaining equilibrium desiccant water
content. More investigation of the theory and experimental procedure is
needed.
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7.1

7.2

SECTION 7.0

CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

A test facility to analyze the dynamic mass transfer process and equilib-
rium capacity of any promising desiccant material was assembled.

The test facility can operate under a broad range of process air stream
conditions with various desiccant materials in different geometries
characteristic of solid desiccant dehumidifier with particular emphasis
on solar cooling operations.

Two different dehumidifier configurations, i.e., packed bed and parallel
passage, were constructed using silica gel and tested.

Breakthrough and equilibrium data were obtained for both packed bed and
parallel passage under a broad range of operating conditions. These data
allow for future analysis and model verification of solar dehumidifier
performance.

Both adsorption and desorption experiments under isothermal conditions
were performed, and a dynamic hysteresis between these two processes was
identified. The hysteresis showed fundamental differences between the
adsorption/descorption process which have to be accounted for in the
modeling to accurately predict solar dehumidifier performance.

The dependence of the sorption process on air velocity and aspect ratio
was determined. As the air velocity, aspect ratio, and temperature
increase, the breakthrough time decreases. The practical application of
this conclusion 1is that with an increase in air velocity and aspect
ratio, the rotational speed of a parallel passage dehumidifier wheel
should also increase.

A large discrepancy between the equilibrium experimental results and
published data was found. This decrepancy was attributed to the experi-—
mental procedure or the invalidity of one of the basic assumptions in the
theory of isotopic perturbation chromatography for silica gel-water vapor
systems.

RECOMMENDATIONS AND FUTURE PLANS

The validity of assumptions in the theory of perturbation chromatography
should be investigated for water vapor-silica gel systems to see whether
or not this system can be used.

The experimental procedure for isotope injection and detection should be
investigated so that it would be consistent with the theory of perturba-
tion chromatography.

Breakthrough and equilibrium tests with other promising desiccants such
as manganese dioxide under various geometries and operating conditions
should be made to identify their usefulness.
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e Tests with molecular sieves will be conducted to calibrate the isotope
injection and detection technique.

o The breakthrough results will be compared with the predictions of heat
and mass transfer models of dehumidifiers for validation of the models.

e The test facility will be modified for adiabatic experiments, which
simulate the operation of dehumidifiers more closely.
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APPENDIX A

DATA REDUCTION

A.l EQUILIBRIUM DATA

We are interested in obtaining the equilibrium isotherm of a desiccant at
various configurations at a specified temperature. An equilibrium isotherm
curve shows the relation between desiccant water content, W, and water vapor
concentration, C.. (or desirable relative humidity), of a gas in equilibrium
with the desiccant. To build up an isotherm we need to know both the

desiccant water content and the relative humidity of air in equilibrium with
the desiccant.

A.1.1 Calculation of the Relative Humidity

The following measurements can provide the required information for calcula-
tion of relative humidity of air in equilibrium with the desiccant in a test
cell: dew point temperature in the dew point sensor, Ty,.; total pressure in
the dew point sensor, Pdew; temperature of the desiccant in test cell, th;
and total pressure in the test cell, Pree

The water content of air (humidity ratio) in the dew point sensor is the same

as the water content into (and out of) a test cell at equilibrium, since no

water is added to the air between the sensor and the test cell (see Fig-
ure 3-1); thus

Yie © Ydew ° (A-1)

Assuming air and water vapor are ideal gases, then

pwateerater
p M
water _ RT _ _water water (A-2)
Pair Pajr Mair Pair Mair
RT
Using these relations:
M
water 18
M = 78,95 - 0+622
air
and
= P —
Pair total  Pwater ’

one can obtain
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P
w = 0.622 —Yater . _ (A-3)

total pwater

Dew point temperature is the temperature at which water vapor starts con-
densing, thus the air is saturated and

Pyater = Psat (Tdew) ° (A-4)

The humidity ratio of air in the dew point sensor using the above equation is

Psat (Tdew)
dew sat dew
The relative humidity in the test cell, RHtc’ is
Puater, tc
RHtC = ?——(h . (A-6)
sat tc
From Eq. A-3 one can obtain
— _—_—_—__w —
Pyater = 0.622 + w Ptotal * (a-7)

Substitute Eq. A-7 in Eq. A-6 for the test cell to obtain

wtc Ptc
= . (A-8)
te  0.622+w P (T )

RH

However, w,. = Wy, and P . = Py, — 1/2 AP, ., thus

1
RH = Ydew Pdew ~ E.APtc (A-9)
te 0.622 + w P (T ) °
dew sat tc

Substitute Eq. A-5 into Eq. A-9 to obtain

1
Psat (Tdew) Pdew T2 APtc
sat te dew

Equation A-10, which is in terms of measuring parameters, can be used to cal-
culate relative humidity of air in the test cell.

Water vapor saturation pressure can be obtained from a correlation by
Maclaine—Cross [11]:
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N=7

P (T) = 7.5001 x 10 Jexp 23.28199 - >280:82 _ 225805 = () )
sat T T2

where T in kelvins and P is in torrs.

A.l.2 Calculation of Desiccant Water Content

In Section 2.0 the following relation was derived to obtain gel water content
from the perturbation chromatography and flow conditions:

M C
* He)] water tc

H [3
(t* -t e) - pr (tbp - tbp — (A-12)

tc tc

If the pressure difference between the bypass and the test cell is small, then

th ~ pr « Defining
* _ .k _ %
At ttc tbp
and
He _ He _ _He
At = e tbp ,

then Eq. A-12 can be expressed as
W= (At - acHe) §p S, o (a-13)
whére

Qtc = air volume flow rate in the tést cell (m3/s)

C.. = air water vapor concentration in the .test cell (kmol/mB)
m , = mass of desiccant in the test cell (kg)
At = time difference between passing D,0 through the test cell and bypass

column (s)
time difference between passing helium through the test cell and
bypass column (s).

AtHe -

Using the ideal gas 1law,

p RH_ P . (T_ )
c - water,tc _ _ 'tc sat  tc , , (A-14)
tc R Tt R Tt

c c
where Pyater, tc is the partial pressure of water in the test cell.

The mass flow rate of humid air to the test cell is related to the bone-—dry
air mass flow rate through the mass flow controller:
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h, =i ir (1 +w, ). , (A-15)

tc ai dew

Bone—-dry air mass flow rate is related to the standard conditions (PO, To) and
volume flow rate reading of the mass flow meters. Assuming the ideal gas law,

b Po Mair
i = —— -16
Pair Qreading R T, (a-16)
Substitute Eq. A-16 in Eq. A-15 to obtain
° Po Mair
& = . L + R -
T e Qreading R T, « wdew) (A-17)
btc is related to mtc through the ideal gas law:
. R th
th "he.e?P M (A-18)
tc tc
Substituting Eq. A-17 in Eq. A-18 and noting that Mio = Myy, since
View = Yic << 1, we obtain
2Ll _o__tc -
th Qreading Ptc T0 a+ wﬁew) * (4-19)

Substituting Eq. A-14 and A-19 into Eq. A~13 we obtain

P

(1 +w ) MW

dew Rm * (A-20)

Using Egqs. A-5 and A-10, Eq. A-20 can ;m rearranged in terms of measurable
quantities Qreading, Ttc> Tdew» Pdews Ot™ , and AcHe:

~ % . 0 water
W = (At* - AtHe) Qreading

To R m
Paew = 0378 Pt (Tdew). Psat (Tdew) (A-21)
P - P (T ) P *
dew sat dew dew :
Note that in the above equations we have
X oo ok _ % -
At ttc tbp s (A-22)
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He = ¢* . %
At L tbp R
P, = 760 torr ,
and
' T, = 273.15 K . (A-23)

A.1.3 Procedure for Obtaining an Isotherm

1. Calculate Wiew USing Eqs. A-11 and A-5.
2, Estimate the average value of P, . using

Pic = Pdew — OPpc/2

3. Calculate RH_ . using Eqs. A-10 and A-11.

4. Calculate C.. using Eqs. A-11 and A-l4.

5, Calculate gtc usinﬁ Eq. A-19. .
6. Estimate At and At"€ using Eqs. A-22 and A-23.

7. Calculate W using Eq. A-13.

8. vRepeat steps 1 through 7 for one set of experiments at one temperature.
9., Plot W versus RH, ..

A BASIC computer program (DATRED)_performs steps 1 through 7. A listing of
DATRED is given at the end of this Appendix.

.A.2 BREAKTHROUGH DATA

A.2,1 Conversion of Thermal Conductivity Detector Output

The output signal of the thermal conductivity detector needs to be converted
to concentration of water vapor. A calibration curve was obtained to convert
output voltage to concentration level by humidifying air to a known level of
concentration, having it flow through one cavity of the thermal conductivity
detector, and then passing the humid air through a completely dried packed bed
test cell. Initially, the moisture in the effluent air stream is fully
adsorbed by the desiccant; therefore, dry air comes out of the test cell and
passes through the other cavity of the detector. 1In this way the filament in
" the first cavity responds to humid air, while the second filament responds to
dry air. Since the output signal of the detector is a measure of relative
concentration of air in the first cavity to concentration of air in the second
cavity, this output signal can be used to obtain the absolute level of con-
centration in the first cavity, since the concentration in the second cavity
is zero. Figure A-1 shows the results of the calibration of the thermal con-
ductivity detector (model 10-680). It can be seen that the output voltage of
the thermal conductivity detector is approximately linear (&5%) with air
humidity ratio.

A.2.2 Calculation of Normalized Humidity and Outlet Humidity Ratio

The data from the thermal conductivity detector during the breakthrough
experiment can be converted to concentration, or humidity ratio, as follows.
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Figure A-l. Dependence of Thermal Conductivity Detector (Gow—Mac Model
10-680) Output Voltage on Air Humidity Ratio

Consider an adsorption case where the inlet humidity is w,_ and the desiccant
has an initial water content of Wo, which is drier relative to the inlet
air. After adsorption of water vapor from the air by the desiccant in the
test cell, the outlet concentration from the test cell is dinitially in
equilibrium with the desiccant in the test cell; i.e.,

w, = £ (W, Too, Prg) o (A-24)
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At this time, the difference between the outlet concentration (w.) and inlet
concentration (win) is at its largest value, so the output of the thermal con-
ductivity detector is also at its 1largest value. As time passes, the
desiccant in the test cell loses its adsorption capacity and the outlet con-
centration increases, while the output voltage of the thermal conductivity
detector decreases, until the outlet concentration reaches its final wvalue,
W¢ = Wi, When the test cell has reached equilibriume The first graph in Fig-
ure A-2 shows the general trend for an adsorption casee.

We define the normalized voltage as

Vmax - V(t)
Va(t) = v v (A-25)
max min
and the normalized humidity as
W, w(t)
wy(t) = ' (A-26)
o £

Since the output voltage depends linearly on humidity ratio (Figure A-1), we
can use the normalized voltage to determine the shape of the normalized
humidity curve. '

By equating the two normalized values, we obtain

i w - w(t)
Vp(t) = wy(t) =

-e

w - W
o f

therefore, the dimensional outlet humidity ratio is

w(t) = wg + Vu(t) (wg — wp) , (A-27)

where wg = Wy, .

The inlet humidity ratio can be calculated from measured quantities using
Eq. A-5. The equilibrium humidity ratio can be obtained from the initial con-—
ditions of the test cell which, in turn, depend on the inlet conditions of the
air for the previous experiment. Vn(t) is the quantity that can be calculated
from the output of the thermal conductivity detector.

The second graph in Figure A-2 shows the general trend for a desorption case
and shows that Eqs. A-24 to A-27 are the same for the desorption case.

A BASIC program (CAL) is used to calculate w;, and Veq® A listing of CAL is
given at the end of this Appendix.
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Figure A-2. Relation between OQutput Voltage of Thermal Conductivity Detector
and Air Humidity Ratio (Experiments No. 41, 42). Voltage output
is positive for adsorption (Ad), negative for desorption (De).
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The advantage of using the normalized humidity curves is that the shape of the
breakthrough data can be compared directly, whether the tests were for adsorp-
tion or desorption and whether the inlet and equilibrium conditions were dif-

ferent for each test. In this manner, the dynamic performance can be
evaluated directly, as discussed in Section 6.0.
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CAL
10 REM INITIAL AND INLET COWDITIONS CALCULATION PROGRAM
20 REM
30 REM This preogram calculates initial and inlet conditions of & experiment.
471 REM
) DEF FNFSAT (X)=.0075001#%EXF (ZT.28199-3780. 82/ 4228805 /X))
50 DEF FNW(RH) =, 00568&6F2773#+, G062001 AH*FH~. 45709960 #*RH- 2+, 57747588# %N~
cZOESHATTH*RHT4
70 Mik=13' @ TO=27Z.15 1 FO=760! 1 R=4(2.358 "torrs m™Z/kmole kK
80 READ  FLEW, TDEW, T7C, DFTC ‘'from previous experiment.
G0 DaETAa TF7.1, 0 23 Hq. I0.00, 15.830 :REM FROM PREVIOUS EXFERIMENT
100 REM Calculate absolute humidity ratio ,AHR,xt dew point sensor.
110 T=TDEW+Z73,.15 FSL=FNFSAT (T} AHR=, 522%FSD/ (FDEW-FSD)
120 LFRINT " EE X CALCULATIONES OF EXFERIMEMT # 23 #¥x#x
130 LFRINT " "3 LPRINT “#x*x%*xINITIAL COMDITIONS**#%xx":LFRINT " " :LPRINMT
TDEW="TDEW oco
140 LFRINT "FDEW=" FDEW " torrs"
150 LFRINT INITIAL AHR=" AKR:iLFRINT = ¢
160 WEQ=AHR

170 REM Estimate average value of total pressure in test cell ,FTC.
180 FTC=FDEW-DFTC/2!
190 REM Calculate initial relative humidity,FRH,in test cell.

200 T=TTC+273.13 : FST=FNFSAT(T)
210 RH=FSD¥FTC/FST/FDEW
226G LEFRINT "FTC=" FTC "torre"” :@: LPRINT "TTC=" TTC " C*
230 LFRINT " INITIAL RH=" RH:LFRINT " "
240 REM Calculate desiccant water content, W.
280 WO=FNW (RH)
2H0 LFRINT "TTC=" TTC " C HRH=" RH " INITIAL W=" WO"kg water/ kg gel”
270 READ FDEW, = TDEW, TTC, DFTC  “from present wperiment.
280 DATA  772.0, 20.40, Z0.00, 15.7 : REM from present experiment.
296G REM -
H00 REM Calculate absolute humidity ratio ,AHR,;at dew point sensor.
REM
= T=TDEW+Z7Z.15 ¢ FED=FNFSAT (T): AHR=. 6Z22*F5D/ (FDEW-FSD)
ITo LPRINT " ": LFPRINT "#*x%#xINLET CONDITIONS*®##*¥&%":LFRINT " " 1 LPRINT '
DERr=" TDEW B
Z40 LFRINT "FDEW=" FDEW " torrs"
IS0 LPRINT " INLET AHR=" AHR:LPRINT " *
I60 REM
F70 REM Estimate average value of total pressure in test cell ,FPTC.
80 REM
IR0 FTC=FDEWN-DFTC/ 2!
4040 REM o
410 REM Calculate inlet relative humidity,RH,to test cell.
420G REM
430 T=TTC+27%.15 FST=FNFSAT (T)
440 FH=FSD*FTC/FST/FDEW
450 LFRINT "PTC=" PTC "“torre" : LFRINT “TTC=" TTC " C"
4460 LPRINT © INLET RH=" RH:LFRINT " *
470 REM '
480 REM Calculate desiccant water content, W.
490 REM
SO0 WF=FNW (RH)
510 LFRINT "TTC=" TTC " C FRH=" RH * FINAL W=" WF"kg water/ kg gel"
520 LFRINT " ":LPRINT "#%% win="AHR"#%¥%% weq="WEQ"%%xx"
530 VUMAX=—.36 s VMIN=-, 03
S40  LPRINT"#F£$$3Vmax="VMAX "$3$33FVmin="VMIN" $EE555"
S41 LPRINT " "¢ LPRINT " " @ LFRINT" ®
542 LFPRINT"  FILENAME # LINE TIME STEF TIME DIFF. FILENAME'
350 END .
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DATRED

FEM ECGUILIBRIUM DATA REDUCTUION FROGHAM

FREM

FREM Thie progrem analyzes the raw data to obtain EQUILIEBRIUM data.
REM

DEF FNFBAT (X)=, 0073001 18$EXF (23

ZRI9Y-S780. 93/ X-225805 ! /X2

MW=18! ¢ TO=273,18 @ FO=7&0! 1 =62, 358 ‘torrs mTri/kmole K
READ  FDEW, TDEW, TTC, DFTC

DATA 77401, 2007, Ih.00, 150900

F0 REM

100 REM Calculste absolute humidity ratio ,AHR,at dew point sencsor.

110 REM
: T=TDEW+Z73. 18 ¢ FED=FNFSAT(T) 2 AHR=. &Z2E¥FSD /7 (FDEW-FED)

LFPRINT " *x#¥e - DATA REDUCTION OF EXFERIMENT # Z1  #xxx=x

LRRINT " " LPRINT Y ":LPRINT " " @ LPRINMT "TDEW=" TDEW " C¥

LFRINT "FDEW=" FDEW " torrs"

LFERINT " : AHR=" AHR:LPRINT " ©

170 REM
180 REM Estimate average value of total pressure in test cell ,FTC.
REM '
FTE=FDEW~-DFTC/ 2!
REM
REM Calculate relative humidity,RH,and vapor concentratiom ,C,in test cell.
R
T=TTC+27Z.15 1 FST=FNFSAT(T)

RH=FSD*FTC/PST/FDEW : C=RH*FST/R/T

LFRINT "PTC=" FTC "torrs" : LPRINT “TTC=" TTC " C"

LFRINT " ' C=" C "kmole/m"3"
LEFRINT " . ' ‘ © RH=" RH:LFRINT "
READ R, - M, DTD, DTH

DATA 170010, 0.6277, 006.0, 0.00
Calcuwlate actual flow rate in test cell,@TC.
GTC=0R*=FO*T* (1! +AHR) /FTC/TO

Calculate water content factor, F.

F=,001#*0TC*MW*C/ M/ 60!

LFRINT "GOR=" QR " cc/min T aTC=" @TC M cc/min"
LERINT " " tLPRINT "m=" M " gram"

LFRINT "DTD=" DTD " seconds F=" F

LFRINT "DTH=" DTH " seconds" : LFRINT " ¢

Calculate desiccant water content, W.

W=(DTD-DTH) *F
LFRINT "TTC=" TTC " € RH=" RH " W=" W"'kg water/ kg gel"”

Fstimate desiccant water cortent from Rojas data.

WROJAS=, Q06BALPI77IH#+. &0O6Z00 1 &##RH~, 457099658 *xRH"Z+, S7747588#*RH" 35—
36564395 H«RH4

520 REM

=530 REM Estimate DT=DTD-DTH from measured RH and Rojas W.
540 REM

S50 DT=WROJAS/F
560 LFRINT " "¢ LLFRINT "DT=" DT " seconds",” W Rojas=" WROJAS
S70 END
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APPENDIX B

PREPARATION OF TEST CELLS

PACKED BED TEST CELL

Connect the empty test cell to a dry air tank.

Wrap heat tape around the test cell and air line and heat to about 100°C.
While at 100°C, purge with the dry air for about 30-45 min.

After purging, close both valves of the test cell, turn off the heating
tape, close the valve of the air tank, and let the test cell cool down to
ambient temperature.

Measure and record the weight of the dry and empty test cell five times,
then calculate the average weight by using the electrical balance Mettler
AK160, (160-g maximum).

Record the ambient temperature near the balance.

Pack the test cell with silica gel according to "How Packed Columns Are
Made." Record the particle size.

Plug both ends of the test cell with glass wool.
Repeat steps B.l.1l, B.1.2, and B.1.3 with one exception: purge for 1 h.
Repeat step Bals4.

Measure and record the weight of the dry and packed test cell five times,
and calculate the average weight.

Record the ambient temperature near the balance. (Now the packed test
cell is ready for installation. Keep this test cell in a clean enclosure;
€+gs, a Zip-loc® bag, until it is ready for installation.)

Subtract the average weights obtained in steps B.l.5 and B.l.l1 to get the
average weight of the dry silica gel and glass wool.

At the end of the experiment(s), take out the glass wool plugs and free
the glass wool of all silica gel particles. Dry the glass wool and weigh
it five times. - Calculate the average weight.

Subtract the averages obtained in steps B.le13 and B.l.14 to get the
average weight of the dry silica gel.

PARALLEL PASSAGE TEST CELL

Preparation of the empty test cell:

a. Calculate the desired h/L ratio.

b. Calculate the number of MylarR tapes needed for the desired height.
c. Cut the specified pieces of MylarR tape (length and width).

d. Paste the tapes on the top and bottom walls of the test cells.
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2,

5.
6.

8.

9.
10.

i1l.

12.

e. Install the flow straightener and the screens.

f. Close the test cell and tighten the screws thoroughly.
g. Connect the SwagelokR fittings and the two valves.

h, Leak test the test cell with soap bubbles.,

Purge the empty test cell with dry air for 60 min as in steps B.l.l,
B.l.2., and B.1.3, but heat to only 60°C.

Close both valves of the test cell, turn off the heating element, close

the valve of the air tank, and let the test cell cool down to ambient tem-
perature (as in step B.l.4).

Measure and record the weight of the dry and empty test cell five times.

Calculate the average weight using the optical balance Mettler H315
(1000~g maximum).

Record the ambient temperature near the balance.

Open the test cell and sprinkle the specified size of silica gel particles
evenly on the top and bottom tapes. Gently brush the excess particles of

silica gel away from all parts of the test cell. Record the size of the
silica gel particles used.

Close the test cell and leak test it with soap bubbles. In leak testing,
do not exceed 20 PSI.

Purge and heat the test cell for 60 minutes to remove all moisture from
the silica gel. (This step is similar to step B.2.2).

Close both valves of the test cell and proceed as in step B.2.3.

Measure and record the weight of the dry, silica gel loaded test cell five
times. Calculate the average weight.

The silica'gel loaded test cell is now ready for installation. Keep the
test cell in a clean and dry environment (e.g., a Zip—loc® bag) until time

-of installation.

Subtract the average values obtained in steps B.2.4 and B.2.10 to obtain
the average weight of the dry silica gel in the test cell.
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APPENDIX C

DETATLED OPERATING PROCEDURE

PROCEDURE

Install the test cell with specified characteristics between ports #5 and
#6 of Valco port valve V3. Set V3 in S.

Start the preliminary set—up. See Section C.2.

Refer to Data Sheet for values of the experimental parameters.

Start the isothermal bath for the bubbler at the specified temperature
(TBBL)., See Section C.3.

Start the isothermal tank (40 gal) at the specified temperature (TBTH).
See Section C.4.

LOAD and RUN the specified HP-85 computer program with specified
parameterse.

Turn on the Mass Flow Controller Unit. Open the bypass gas bubbler valve
completely. Close the gas bubbler valves #1 and #2 completely.

Turn on the Dew Point Hygrometer indicator. Try to BALANCE it, then set
it to OPERATE position.

' Set the dials of the Mass Flow Controller unit at the specified settings

to obtain the desired flow rates (Q2, Q3).

Open the cut—off valve of the zero air cylinder and set the supply pres-
sure at specified value (PS) with the regulator while the shut—off valve
of the regulator is closed (fully CW).

Open the shut-off valve(s) of the Mass Flow Controllers (valve of mass
flow controller #2 or #3 or both #2 and #3).

Open the pressure control valves completely. If the line pressure of
this experiment is the same as the line pressure of previous experiment,
there is no need to change the setting of the valves.

Turn on the vacuum pump while the vacuum exhaust valve is closed. Note
that if the pressure of this experiment is the same as the pressure of
previous experiment, there is no need to change the setting of this
valve. ,

Open the shut-off valve of the regulator of the supply air and regulate
the supply pressure if necessary.

Open the vacuum exhaust valve so that the line pressure (channel #4 of
MKS indicator on the instrument rack) reaches within 10-50 torr of the
specified pressure P(T). This is a coarse adjustment.

Close (or open) the pressure control valves to reach the specified pres-
sure P(T) within %5 torr. This is a fine adjustment.

Turn on the thermal conductivity power supply wunit and the chart
recorder. Leave the chart switch at off position. See Section C.5.
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18.

19.

19a.

C.l.1

20,

21,

2la.
22.
23.

23a.

24,

25.

Moisturize the dry air at the specified dew point temperature (TDEW).

a. If the specified TDEW is below -7°C, leave the bypass gas bubbler
valve open and gas bubbler valves #1 and #2 closed.

b. If the specified TDEW is above -7°C, open gas bubbler valves #l and
#2 completely, and close the bypass gas bubbler valve completely.

When TDEW is steady (#£0.3°C) try to "zero" the Thermal Conductivity Unit
within #0.01 mV at sensitivity of 1-8. Use a DVM or channel #18 of HP-
3497A for monitoring.

Open the Ultra High Vacuum (UHV) valve to sample the process air into the
UHV chamber for analysis. See Section C.6.

Start of the Breakthrough Part

Reset the time step (Push K5) of the HP-45 computer program to new
specified time step and store the data.

Start feeding the paper of the chart recorder at a specified speed,
response, and span.

Set the mass spectrometer to TREND ANALYSIS of mass 18,
Switch V3 to P (air flow through test cell).

Observe the trend of response of the thermal conductivity detector to the
effluent air from test cell on the chart recorder. When there are no
changes of voltage (0.1 mV) and the thermal conductivity detector is
"zeroed” again (+0.1 mV), the silica gel in the test cell has reached
equilibrium and the breakthrough part is finished.

Record the results of the sample gas analysis of the Mass Spectrometer on
its chart printer every minute. See Section C.6.

Store the data with specified file name on a tape by pushing "STOP," key
K3, of HP-85.

Stop the chart paper of chart recorder.

C.1.2 Start of the Equilibrium Part

26.

Load the inactive loop of the 10-port valve (V2) with D0 plus dry air:
a. Make sure that there is enough heavy water (DZO) in the DZO chamber.
b. Turn off Dy0 shut off valve, Lv2.

ce Turn on air shut off valve, LV1, at 5 PSi.

d. Turn on D,0 purge valve, LV4.

es Turn on Dy0 shut off valve, LV2, slightly so that alr does not bubble
through the heavy water vigorously.

f. Purge DZO‘air for 1 to 2 minutes, then close D,0 purge valve, Lv4,
ge Close Dy0 shut off valve, Lv2,
h. Close air shut off valve, LVl.
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27.

28.
29.

29a.

30.

31.

32.

32a.

33.

34.

35.

36.

368.

"Rezero"” the thermal conductivity detector and then start the chart paper
with paper speed of 20 cm/min and span of 2 mV.

Restart the computer program by pushing K1, K2 keys of HP-85.

Switch the position of V2 (from Secondary to Primary or P to S) while
starting the stop watche. Observe the response of the thermal con-
ductivity detector on the chart recorder. Turn the paper feed off after
a peak is observed. Record on the chart paper the speed, span, response,
sensitivity, and action taken.

Observe the trend of analysis of DZO on mass spectrometer and stop the
stop watch when a peak is observed. Use the mass spectrometer printer to
print the results, and record the action taken and the time difference.

Load the inactive loop of ten~port valve (V2) with helium gas:
a. Turn on He shut off valve, LV5, at 15 PSi.

be Turn on He purge valve, LV3.

ce Close He purge valve (LV3) after purging 1l to 2 minutes.
d. Close He shut off valve, LV5.

"Rezero” the thermal conductivity detector and then start the chart paper
with paper speed of 20 cm/min and span of 20 mV.

Switch the position of V2 (P to S) while starting the stop watch.
Observe the response of thermal conductivity detector on the chart
recorders Turn off the paper feed after a peak is observed. Record on

the chart paper the speed, span, response, sensitivity and the action
taken. '

Observe the trend of analysis of He on the mass spectrometer and record
the time when a peak is observed. Use mass spectrometer printer to print
the results, also record the action taken and the time difference.

Switch V3 to Secondary position to flow through the bypasé and wait untiil
pressure, flow rate and dew point temperature become steady.

Load the inactive loop of ten-port valve (V2) with He gas:
a. Turn on He shut off valve (LV5) at 15 PSi,

b. Turn on He purge valve (LV3).

c. Close He purge valve (LV3) after purging 1 to 2 minutes,
d. Close He shut off valve (LV5).

"Rezero” the thermal conductivity detector and then start the chart paper
with paper speed of 20 cm/min and span of 20 mV,

Switch the position of V2 (P to S) while starting the stop watch.
Observe the response of the thermal conductivity detector on the chart
recorder. Turn off the paper feed after a peak is observed. Record on

the chart paper the speed, span, response, sensitivity and the action
taken.

Observe the trend of analysis of He on mass spectrometer and stop the
stop watch when a peak is observed. Use mass spectrometer printer to
print the results, also record the action taken and the time difference.
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37.

38.

39.

40.

41.

=

Load the inactive loop of ten-port valve (V2) with D)0 and zero air:

a. Make sure that there is enough heavy water (D20) in the D50 chamber.
bs Turn off D20 shut off valve, LV2,

ce Turn on air shut off valve, LV1, at 5 PSi.

de Turn on D,0 purge valve, Lva4,

e« Turn on DZO shut off valve, LV2, slightly so that air does not bubble
through the heavy water vigorously.

f Purge D,0 air for 1 to 2 minutes, then close Dy0 purge valve, LV4.
ge Close D,0 shut off valve, LVZ,
he. Close air shut off valve, LVI,

"Rezero” the thermal conductivity detector and then start the chart paper
with paper speed of 20 cm/min and span of 2 mV.

Switch the position of V2 (from Secondary to Primary or P to S) while
starting the stop watch. Observe the response of the thermal con-—
ductivity detector on the chart recorder. - Turn the paper feed off after

a peak is observed. Record on the chart paper the speed, span, response,
sensitivity and the action taken.

The Equilibrium Part is £finished. Make sure that switch V3 is in §
(secondary).

Follow either 41 (a) or 41 (b) below as specified in Data Sheet:

a. Test 1is finished. Follow the shut down instructions. See Sec-—
tion C.7.

b. Change the specified experimental parameters as mentioned in the Data
Sheet and follow Steps 3 to 41,

C.2 PRELIMINARY SET-UP

C.2.1 Valves

1.
2.
3.
4,
5.
6.

7e
8.
9.

Set Valco port valve, V1, to primary.

Set Valco port valve, V2, to secondary.

Set Valco port valve, V3, to secondary (test cell out).
Set the by-pass valve to open (CCW).

Set the two (2) pressure control valves to open (CCW).

Set the coarse and fine bypass exhaust valve to close position (fully
CW).

Set the by-pass gas bubbler valve to open (fully CCW).
Set the gas bubbler valve #1 and #2 to close (fully CW).
Set all the valves of helium or D,0 loading to open.
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C.2.2 Gas or Air Supply

i.
2.

Valves on gas or air cylinders closed (CW position).

Regulator valve closed (CW position).

C.2.3 Thermal Conductivity Power Supply Control Unit, Model 40-002

1.
2.
3.
4.
5.
6.

Set zero potentiometer to 500.

Set sensitivity control to 1.

Set polarity switch to either position (+ or -).
Set power switch to "off" position.

Set coarse current potentiometer fully CCW.

Set fine current potentiometer about mid-range.

C.2.4 Mass Flow Controller Read—out Box, Model RO-14-300

1.

Set the function switch to the "off" position.

C.2.5 Gould 110 Strip Chart Recorder, Model 15-4328-10

1.
2.
3.
4.

Set power switch to “"off"™ position.
Set the chart switch to "off" position.
Remaining controls to be determined.

Connect a Digital Valt Meter (DVM) to the chart recorder for
monitoring. Use 200-mV scale. :

C.2.6 Vacuum Pump

1.

Set the power switch of the Vacuum Pump to "off" position.

C.3 ISOTHERMAL BATH FOR THE GAS BUBBLER

C.3.1 Start-Up

1.
2.
3.

4,
5.

Insure that the isothermal bath is filled with deionized water.
Insure that the temperature is set to the desired temperature.

The safety cutout should be set at about 20° above the temperature
setting.

The Heating Capacity control should be set to fully CW position.

Set the Cool-Flow temperature 1° to 3° below the isothermal bath
temperature. ;
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6. Turn on the Main Power switch of the isothermal bath.
7. Turn on the Boost Heater switch, if necessary.
8. Turn on the main power switch of the Cool-Flow 75.

9. Monitor the bath temperature on the instrument rack or on the printer
under TBBL.

C.3.2 Shut-Down

Check the experimental matrix before shutting down the isothermal bath and the
Cool-Flow 75. It may be feasible to let these run constantly or be allowed to
run through one or more tests.

1. To shut down, turn off the main power switch on the Cool-Flow 75.

2. Turn off the main power switch on the isothermal bath.

C.4 HEATERS (2 kW and 6 kW)

C.4.1 Start-Up Procedure

Before applying power to the heaters, the precautions in steps 1 through 11
should be taken.

1. The main (100-A) circuit breaker is in the "off" position in panel
PP129H,

2, The 35-kW (60~A) circuit breaker is in the "off" position in panel
PP129H,

3. The safety latch is down and holding closed the door of the control panel
adjoining panel PP129H.

4, The arm switch on the control panel door is in the "off" position.

5. The toggle switch on the control panel is in the "off" position (toggle
down) .

6. The temperature control knob for the temperature controller for the 6-kW
heaters is turned fully CCW.

7. On the YSI model 72 proportional temperature controller:
a. The power switch is set to "off" position (toggle down).
b. The band-width °C is set to any position.
c. All three temperature set-point knobs are set to O.
d. The liﬁe cord for the 2-kW heaters is disconnected.

8. The 40-gal tank is full of water; when this is confirmed, raise the tamnk
sufficiently to fully engage the lid.

9. The metal safety block is placed in its proper position.

10. A sufficient amount of water is in the'overflow container.

- 64



S=9I (@! TR-2382

11. The stir is activated by opening the input air valve.
12, Connect the line cord for the 2-kW heater.
13. On the YSI model 72:

a. Set the power switch to "on".

b. Set desired temperature.

cs Set desired band width.

l4. Set desired temperature for the 6-kW heaters. (This setting should be
about 4° to 5°C lower than the setting for the 2-kW heater.)

15, Turn on main 100-A circuit breaker.
16. Turn on the 60-A circuit breaker.
17. Set the arm switch to "on.”

18. Switch the toggle switch to "on" (up position).
19. Monitor the temperature of the 40-gal tank by:
a. "TBTH" of the printer read-out,

b. Digital read-out "water” on the instrument rack.

C.4.2 Shut Down Procedure

20. 6-kW Heaters
a. Turn temperature controller knob fully CCW.
be Switch the toggle switch to "off"” (down position).
c. Set the arm switch to "off.”
d. Set the 60-A circuit breaker to "off.”
e. Set the 100-A circuit breaker to "off.”
21, 2-kW Heaters
a. Set the power switch to "off.”
b. Set the thrée temperature set point knobs to "0.”

c. Disconnect the line cord for the 2-kW heater.

C.5 THERMAL CONDUCTIVITY POWER UNIT START-UP

1. Insure that air is flowing through the thermal conductivity cell.

2. Set the power switch on the power supply control unit to the “on"
positione.

3. With the coarse and fine current controls, set the current to 3-7 mA
depending on the temperature of the thermal conductivity cell; DO NOT
EXCEED 8 mA. Consult the manufacturer's graph. Allow time for warm—up.
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5.
6.

C.6

With the zero control of the power supply control unit, zero (balance)
the circuit of the thermal conductivity cell.

Allow the system to stabilize; re-zero if necessary.

Switch polarity on the power supply control unit, if necessary, to give a
positive reading on the DVM or an upward swing on the recorder.

OPERATION OF ULTRA HIGH VACUUM SYSTEM

C.6.1 Chamber

1.

2.
3.

C.6

Let about 20 L/min of tap water flow through the cooling unit of TSU-170
pumping unite.

Turn on the "pump"” switch of TSU-170.

Monztor the pressure of the chamber using convection vacuum gauge above
10 torr.

When the vacuum reaches 10"4 torr turn on the "heat"” switch of TSU-170.

Apply power to the heating tapes on the chamber to maintain a surface
temperature of about 100°C (40% power). Bake the chamber at higher tem-
peratures if necessary.

The time required for the wvacuum in the chamber to reach 1079 to

107" torr depends on the cleanliness of the chamber and the start-up
pressure in the chamber.

The chamber can be degased wusing the ionization gauge tube and
asszclatlng ionization gauge controller. Maintain the vacuum between
to 10 7 torr using the ionization gauge controller.

Best results can be obtained if the TSU-170 unit is not turned off; i.é.,
is running at all times.

«2 Mass Spectrometer (DATAQUAD)

Turn on the power and follow the instructions of the DATAQUAD manual.

Go to BARGRAPH mode with PERC 5, GAIN -10 M. Store it in BACKGROUND and
print it.

Sample the process air for analysis:
a. Turn on the forepump (Rotary Vane Pump, DUO 1.5 A).
b. Turn on the capillary tube heater.

c. Open the gas inlet valve of the chamber to create a chamber vacuum of
107 to 107 torr.

Go to BARGRAPH mode with different gains (and PERC) for analysis of a
uniform composition process air.

Go to TREND ANALYSIS for qualitative analysis of a desired mass to elec-—
tron ratio as instructed in the DATAQUAD manual.
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6.

When finished with sample analysis:
a. Close the gas inlet valve of the chamber.
bs Turn off the capillary tube heater.

ce Turn off the forepump.

C.7 OVERALL SHUT-DOWN INSTRUCTIONS

To insure that the power switch on the thermal conductivity power supply con-
trol unit is turned to the "off” position before the air or gas supply is cut
off, proceed as follows:

l.
2.

3.

b
5.

6.
7.
8.
9.
10.

11.
12,
13.

Switch Valco port valve, V3, to secondary (test cell out).

Reduce the current by turning the coarse current control on the power
supply control unit all the way to CCW.

Turn the power switch of the power supply control unit to the "off"
position.

Open the bypass bubbler valve, then close bubbler valves #1 and #2.

Turn the function switch of the mass flow controller read-out box to the
"off" positionm.

Close the cut-off valve regulator of the air supply by turning it to CW.
Turn off the vacuum pump.

Close the cylinder valves of the air or gas supplies by turning to CW.
If the air or gas is to be bled off in the system, do it very slowly.

Close the ultra high vacuum gas inlet valve. Turn off the forepump and
the capillary tube heater.

Turn off the 6~—kW and 2-kW heaters according to Section C.4.
Turn off the isothermal bath according to Section C.3.

Close all the valves for loading of helium or D20.
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APPENDIX D

RAW DATA

D.1 SAMPLES OF DATA FROM THE RESIDUAL GAS ANALYZER AND THERMAL CONDUCTIVITY
DETECTOR

Samples of raw data obtained in Experiment No. 7 are shown in Figures D-1
through D-5 for the following operating conditions:

Test Cell: Packed Column O

Tee = 30°C
Tyew = 11.2°C
Pjew = 852.1 torr
Qreading = 100 cm3/min

PtC 738 torr.

D.2 BREAKTHROUGH DATA FOR EACH EXPERIMENT

As discussed in Appendix A and shown in Figures 6-1 and 6-2 the output of the
thermal conductivity detector can be converted to a normalized humidity and an
absolute humidity ratio. In the graphs at the end of this appendix, these two
quantities are plotted as a function of real time for each experiment. For
experimental conditions of each experiment see Table 6-1.

All experiments conducted at th = 30°C are plotted at an interval of 160 min
for ease of comparison between experiments, even 1if the duration of the
experiment was longer. Tests lasting longer than 160 min are discussed in
Section 6.0, where the full breakthrough response is shown. Tests conducted
at T, . = 80°C are plotted with a time interval of 60 min, in order to display
the rapid response. Characteristic results are compared in Section 6.0.
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