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Golden, Colorado 

Abstract 

Adiabatic step transient data were obtained for two 
dehumidifier test matrices, using parallel plates 
with crushed silica gel and staggered parallel 
strips coated with microbead silica gel. The data 
were analyzed using the statistical moments method 
and c.ombined heat and mass transfer analogy 
theory. The analysi� showed that the average over
all Nusselt number in both matrices was about 40% 
to 50% lower than laminar flow predictions. The 
average overall Nusselt number for the microbead 
staggered matrix was about 85% larger than that of 
the crushed silica-gel parallel-plate matrix. The 
Nusselt number/friction factor Reynolds number 
ratio (Nu/fRe) of the microbead, staggered 
parallel-strip matrix was about 28% larger than 
that of the crushed silica-gel parallel-plate 
matrix. These results were explained by the 
presence of a stagnant gas film. The results showed 
that compact, high-performance, rotary dehumidi
fiers for desiccant cooling systems are possible 
and economical. 

Nomenclature

matrix wetted surface area of coated tape (m2) 
matrix minimum flow area (m2) 
specific heat of carrier per unit mass of 
active desiccant (J/kg K) 
specific heat of desiccant (J/kg K) 
specific heat of moist air (J/kg K) 
apparent specific heat of carrier per unit 
mass of carrier (J/kg K) 
hydraulic diameter 4AcL/A (m) 
particle diameter (m) 
moisture diffusivity in air (m2/s)
moisture diffusivity in particles (m2/s)
Fanning friction factor 
ith combined potentia"t 
enthalpy of moist air (J/kg) 
convective hea·t transfer coefficient (W/m2 K) 
convective mass transfer coefficient (k�/m2 s) 
overall mass transfer coefficient (kg/m s) 
overall heat transfer coefficient (W/m2 K)
thermal conductivity of moist air (W/m K) 
pressure-drop coefficient 
axial length of the matrix (m) 
effective Lewis number 
cumulative airflow mass (kg) 
dry air mass flow rate (kg/s) 
active mass of dry desiccant (kg) 
actual mass of dry desiccant (kg) 
heat transfer Nusselt number 

Numo overall mass transfer Nusselt number 
Nu0 overall heat transfer Nusselt number 
Ntu number of heat transfer units 

*Professor, Mechanical Engineering 

Pf 
Pr 
Rd 

Rtd
Re 
T 
T' 
u 
w 
w 

packing factor 
Prandtl number 
ratio of effective mass to actual mass of dry 
desiccant 
ratio of tape mass to dry desiccant mass 
Reynolds number 
temperature (K) 
dimensionless temperature 
mean air axial velocity in the channels (m/s) 
humidity ratio (kg water/kg dry air) 
desiccant water content (kg water/kg dry 
desiccant) 

Greek 

-(aT/aw)F· 
-(ah/aw) t 
specific

F
�apacity ratio (aW/aw)F· 

stagnant air thickness (m) J 
pressure drop (Pa) 
solid-side geometry factor coefficient 
solid-side geometry factor 
time (s) 
statistical mean, also vis§osity (Ns/m2) 
density of particles (kg/m ) 
standard deviation 

Subscripts 

e at the end of a test 
exp experimental 
i inlet value 
int at intersection point 
m mean value 
0 out value 
s at the start of a test 

Superscript 

mean value 

Introduction 

Background 

Solid desiccant cooling systems have recently re
ceived attention as competitors for conventional 
vapor compression air-conditioning systems in warm 
and humid climates. The desiccant cooling system 
involves process air (which is warm and humid) 
passing through a desiccant bed for drying and sub
sequent evaporative (direct or indirect) cooling to 
provide conditioned air. The desiccant bed becomes 
saturated and needs to be regenerated with hot 
air. Solar collectors or gas burners can provide 
the hot air. Since the cooling load increases as 
the solar gain increases, a good match exists be
tween the required cooling and energy source when 
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solar collectors are used. This makes solar desic
cant cooling attractive. 

A typical desiccant cooling system consists of two 
evaporative coolers, a regenerattve heat exchanger, 
a (solar) heater, and an adiabatic desiccant 
dehumidifier1• The open-cycle solid desiccant 
cooling systems can be competitive with vapor
compression air conditionin_g if the thermal coiffi
cient of performance (COP) is greater than 1.2 • 

Developing desiccant dehumidifiers with high
performance, low-pressure drop, and low cost is an 
important step in making the desiccant cooling 
systems competitive. The performance of a desic
cant dehumidifier depends mainly on the type of 
desiccant used and the geometry of the 
dehumidifier. The most common material proposed 
for solar desiccant cooling applications is micro
porous silica-gell,2. 

The first geometry considered for dehumidifiers was 
a randomly packed bed of desiccant particles. The 
dynamic performance of packed beds was studied 
theoretically �nd experimentally by many 
investigators3•4•'. Kutscher and Barlow6 found 
that the packed bed provided very low heat
transfer-to-pressure-drop ratios and was economi
cally unattractive for use in desiccant cooling 
applications. Because of their high heat-transfer
to-pressure-drop ratios, laminar·flow channel geom
etries with walls ha:v�rig desiccant properties be
came �ery 

8
a�tractive to desiccant cooling 

researchers 1 • • '1 • ·· 

The heat; and mass tra.nsfer "behavior of a dehumidi
fier should be characterized to evaluate its poten
tial for use in desiccant cooling systems. Adia
batic transient tests of dehumidifiers have been 
used to provide such characterizationl,3,5,9,ll. 
Usually, the predictions of a heat and mass trans
fer model were compared and matched with the exper
imental curves, and heat and mass transfer coeffi
cients and other information were extracted, 
althouyh sometimes the matchings were just quali
tative •3•5•9•10• In heat (or mass) transfer alone 
problems, the heat (or mass) transfer coefficients 
can be estimated using the method of statistical 
momentsll,l2 directly from the experimental data 
points, thus eliminating the subjective 
judgments. We used this method to characterize de
humidifier geometries. 

In this study we obtained the adiabatic transient 
data on two innovative dehumidifier matrices: 
silica-gel parallel plate and silica-gel, staggered 
parallel strip. We developed a way tq cqmbine the 
heat and mass transfer analogy methodlJ,l4 with the 
method of moments and analyzed the adiabatic tran
sient data using this new method. This paper pre
sents this analysis method, describes the experi
mental test rig and test dehumidifiers, and gives 
the analysis results and conclusions. 

Mathematical Analysis 

Previous Step Transient Test Analyses 

Calculating dehumidifier matrix properties from the 
adiabatic temperature and humidity responses of a 
small test article to a step transient in inlet air 
state poses many difficulties. To do this we had to 
combine a number of literature theories and approx
imations, avoiding those with a high sensitivity to 
the instrumentation errors of the test rig. 

Bullock and Threlkeld3 performed adiabatic step 
transient tests of a randomly packed bed of silica
gel granules. They compared the outlet states with 
a finite difference solution and obtained qualita
tive agreement. Pesaran and Mills5 performed adia
batic step transient tests on a bed of fine-crushed 
silica-gel particles. Two well-defined waves were 
obtained. They developed a heat and mass transfer 
model that properly accounted for solid-side dif
fusion resistance in the particles. Good agreement 
was obtained between experiments and finite differ
ence solutions of the model used for dehumidifi
cation tests. For regeneration tests the agreement 
was qualitatively correct. 

Kim et al.9 performed adiabatic step transient 
tests on a bench-scale silica-gel parallel-plate 
dehumidifier. The experimental results obtained 
were compared with finite solutions of a lumped 
capacitance model. The agreement was generally 
good. 

Schlepp and Barlow10 obtained the adiabatic tran
sient response of a small-scale silica-gel 
parallel-plate dehumidifier. The transient data 
were compared with the prediction of a pseudo
steady-state heat and mass transfer model. In this 
model, effectiveness equations for steady-state 
counterflow heat or mass exchangers were used to 
predict the dehumidifier's performance. Predic
tions were in reasonable agreement with the experi
mental results for adsorption cases and were quali
tative for desorption cases. 

· 

The literature discussed in the previous paragraph 
has used essentially the same. method of interpret
ing the results of dehumidifier-matrix: step tran
sient tests. Graphs of the measured outlet tem
perature and humidi-t-y as a function C!f time were 
compared with numerical finite difference or 
approximate analytical solutions. It is difficult 
to make the curves match over a range of times and 
inlet states relevant to dehumidifiers and thereby 
confirm the validity of the properties and transfer 
coefficients used for the theoretical predictions. 

Combined heat and mass transfer can be analyzed 
theoretically using D 'Alembert 's classical method 
of solving simultaneous differential equations by 
finding multipliers that convert the equations to a 
number of independent sets of equations in canoni
cal variables. Each canonical variable appears in 
only one equation that can then be solved indepen
dently of the others. This approach was first 
applied to a combined heat and mass transfer system 
by Henry 13. Banks1 5 greatly improved the useful
ness of this method by introducing the concept of 
combined potentials F. and combined specific 

• • l 
capactty rattos Yi• 

The application of this method to the adiabati� 
step transient has been discussed by Banks et al. 
and Close and Banks14• The enthalpy and moisture
contents in the partial differential transport and 
conservation equations are replaced by the combined 
potentials of the air and the matrix. The equa
tions are reduced to two sets of equations each de
scribing the behavior of only one combined poten
tial. Each set of equations is the same as the 
equations for heat transfer alone in a porous ma
trix. This method has often been called the anal
ogy theory for heat and mass exchangers. 

For conftant matrix and fluid specific heat,
Anzelius provided a solution to the problem of 
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heat transfer alone in terms of Bessel functions. 
Literature tables and charts are av�ilable on this 

1!Ssubject, e.g., in Kays and London . The trans
formed equations are analogous to those for heat 
transfer alone, the combined potentials are anal
ogous to temperature in the transformed equations, 
and the combined specific capacity ratios are anal
ogous to the ratio of matrix to fluid specific 
heat. For temperature ranges greater than 10 K 
(which usually occurs when operating dehumidifiers 
in desiccant cooling applications), a constant com
bined specific capacity ratio · Y is not a good
approximation. Therefore, the Anzelius solution 
cannot be used for the two analogous problems of 
heat transfer alone. 

The heat transfer coefficient is often calculated 
from the outlet temperatures in step transient 
tests of nondesiccant matrices using the method of 

1Istatistical moments (e.g., Ruthven ). The dimen
sionless outlet temperature T '  as a function Qf 

1!Stime a is a cumulative probability distribution . 
From the definitions of statistical mean � and 
standard deviation a as statistical moments of time 
with respect to dimensionless temperature, we can 
write 

( 2 dT ' ( a dT ' 
� 2 0 0 ( ) - 1 • (1) 
� 

(f 2 a dT ' )
0 

It may be shown using Laplace transforms (e.g.,· 
12Jefferson ) that the.number of heat transfer units 

N for a constant specific heat system is related tu 
to the normalized spread a/� by 

(2) 

The Nusselt number Nu may be readily calculated 
from the number of heat transfer units if flow 
rate, matrix dimensions, and fluid properties are 
known: 

Nu = RePrN A /A • {3) tu c

The advantage of this moment method is that all 
data points can be used. Electronic digital data 
loggers have a high reading rate, and using all the 
data minimizes digitizing and other random errors. 

Combined potential Nusselt numbers can be expressed 
in terms of the overall heat transfer Nusselt 
number Nu , the effective Lewis number Le, and the 0
combined potential coefficients a = -(aT/aw)i F·' 

l9 1 as
1 - a /a ·LeiNu :-- ) i = Nu0 (----: -"'--+- i 1 ,2, j 3-i (4) 1 - ai �aj 

Calculation of Equilibrium, Transfer, and Flow 
Results 

After the raw data from the step transient tests 
are collected, they are reduced to engineering 
units. Then we can search the reduced data for the 
start of the step change that occurs when the pro
cess air is introduced to the test matrix. The re
duced data are also searched for the experimental 
intersection point and the end of the test run, 
The initial and final matrix states are calculated 
from the data. The following values are calcu
lated: intersection point (w ' T ) from the int int
first combined potential F through the inlet air 1 

state at the end of the run (w. , T· ), the second . b d . 
11! 1 . com 1ne potent1a F through the outlet 1e a1r state 2 

at start of the run (w ' T ), and the mean comas ps
bined specific capacity rat to y down the F line 2 1 
and Y down the F line. The classical fourth t 2 
order Runge-Kutta method is used to integrate 
along lines of constant potentials. Note that 
Yi = (aw/aw)Fj for j = 3 - i. 

The active mass of dry desiccant m in the matrix d 
is estimated from the moisture transferred between 
the process air and the desiccant and the equili
brium isotherms of the desiccant: 

a 
J e(w. - w )m de 1 o a a s m = --=---;w-;---_--;-;w--- (5) d e s 

where (W - W ) is the difference between the moise 
ture content gf the matrix at the start and the end 
.of the run and is calculated from 

The ratio of effective mass to the actual mass of 
dry desiccant R is d 

(7) 

The effective heat capacity of the carrier per unit 
mass of active desiccant C is calculated next, c 
Using the regula falsi method, the value of C is c 
obtained so the experimental value of Y ( t y ) l ,e¥p
is equal to the mean y calculated from the atrl 
desiccant properties: 

yl(Cc) = Yl,exp • (8) 

The apparent specific heat of the carrier Cpc 
(i.e., tape plus inactive desiccant) is then calcu
lated from 

C = [C - C (l/R - 1)]/R , (9) pc c d d td 

where C is the specific heat of dry desiccant and d 
R is the ratio of tape mass to actual dry desictd 
cant mass. 

The number of transfer units for each of the com
bined potentials is estimated using the moments of 
the combined potentials defined relative to the ex
perimental intersection point. The cumulative air
flow mass is calculated from 

a 
m a J (10) 

a s 

to be used to estimate the normalized spread of the 
first combined potential : 

a 2 - T >J 1(T m dT ol os a o a s ----=- _--:; ___ -1 a • ( 11) 

(J 1 2 m dT )a o a s 
Note that T is the outlet air temperature at the 01 
time a when the first combined potential F wave 1 1 
exits the matrix. Then the number of transfer 
units for the first combined potential using 
Eq (11) is -. 
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2 N = 2/ ( / )tu,l [ a � 1] • 
(12) 

The calculation of the number of transfer units for 
the second combined potential is more complicated. 
We first need to estimate the difference in the 
outlet F at the start and the end of the experi2 ment F 0 F 0 This is estimated from 2 e - 2 5• 

where 

S 
h h(ah) int,exp - os (14) 2=-- = aw F 2 -WOS Wint,exp 

where h· is the enthalpy of moist air at the t xexperimJgtlf fntersection point and h0 and h0e are s the enthalpy of the outlet air at the start ana the 
end of the run, respectively. The normalized 
spread of the second combined potential can then be 
obtained from 9

e 2 (F - F ) f d2os 9 m F2oe a 2o 
----------9----�s

________ - 1 ' ( 15) 
(J e )2 

9 m dF a 2o 
s 

where 

e 
I e n m dF n = 1,2 2o a B (16) s 
Note that if the experimental run is terminated be
fore reaching equilibrium, the F curve is trun2 cated prematurely. Then, assuming a normal distri
bution for the F curve, a correction to F 0 is 2 2 e applied. · 

The number of transfer units for the second com
bined potential can be estimated using Eq. (15) 

(17) 

Then the Nusselt number for each combined potential 
can be estimated, as Eq. (3) suggests, from 

i = 1,2 • (18) 

The overall heat transfer Nusselt number and the 
effective Lewis number can then be easily calcu
lated from Eq. (4). The relation between overall 
mass transfer and heat transfer Nusselt numbers is: 

(19) 

The overall heat transfer coefficient h can be .P lower than the convective transfer coefflcient he 
because of the resistance of the stagnant air be
tween particles of various sizes: 

1 -+-6 (20) h k ' c a 
where o is the thickness of the stagnant air. This 
equation easily can be converted to 

Nu Nu = o 
1 + Nuo (21) 

dh 
by using the definition of Nusselt numbers 

h d hc h o h Nu = �· dNu0 = � 

The overall mass transfer coefficient hmo can be 
estimated from 

d1 1_ _ = _ _. + _ p (aw)+ . , (Z2) h h
o_ 

mo mc PdDw 120pdDwnaPf aw T 
where the first term on the right side of the equa
tion is the convective resistance, the second term 
is the resistance caused by stagnant air film, and 
the third term is the resistance caused by the dif
fusion of moisture into the particles. The last 
term is obtained from Equation 118 of Maclaine19 cross after using the solid-side geometry factor 
n to correct for geometry that is not s.phericalLy 
s�etric. Using the definition of effective Lewis 
number 

ho Le = ----- (23) C hp mo 
and Eq. (22), we can estimate the effective Lewis 
number from Nu0, the dimensions of the matrix, and 
the properties of the air and the desiccant: 

a l;c Le + Nu0 , (24) - -Dw na 
where the solid-side geometry factor coefficient l;c is 

(25) 

The pressure drop characteristics of a matrix are 
also needed for design considerations. Using the 0 equation2 · 

�Pd Re dh � m h fRe + K (26) 

. we can find fRe and K from the intercept and slope 
of the line that passes through �P d /2� u L exp h m mversus Re dm h/4L, respectively. To estimate the 
dehumidifier matrix characteristics from the step 
transient (or single blow) tests using the method 
outlined in this section, we developed a program 
called SINGLEBLOW in Pascal language that runs on 
an IBM PC or compatible computer. The specifica
tions of the test matrix, such as dimensions and 
desiccant properties, are entered in the program; 
the program is :un and gives m ' � ' Nu � and Nud pc 1 2 and other pert1nent values of tn:e matr1x The 2details of this program are given elsewhere l. 

The program was checked with transient synthetic 
data that were generated by heat and mass analogy 
theory assuming some values of effective mass of 
dry desiccant, specific heat of the carrier, heat 
transfer coefficient, and effective Lewis number. 
The SINGLEBLOW program estimated these values by 
processing the transient synthetic data with less 
than 10% error. 

Experimental Method 

The Experimental Test Rig 

The experimental test rig was conceived to perform 
adiabatic step transient adsorption/desorption ex
periments of a bench-scale dehumidifier under oper
ating conditions encountered in solar desiccant 
cooling systems. The schematic of the test rig is 
shown in Fig. 1. The rig consists of a duct 
heater, a humidifier, a variable speed blower, an 
orifice plate, the test section, and instrumenta
tion for measuring temperatures, pressure drops, 
humidities, and airflow rate. The test section, 
which contains the test article, temperature 
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Figure 1. Experimentai Test Rig 
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sensors, air samplers, and pressure tap, has. a 
cross section of 0.161 m x 0.173 m and 1s 0.6 m 
long. The test section is insulated for adiabatic 
operation. 

The process air can be heated up to 90°C by the 
4.1-kW finned tubular heater. The process air is 
humidified up to 0.03 kg H 0/kg dry air by inject2ing steam produced by a 2-kW atmospheric steam 
generator. The air is blown through the test rig 
by a belt-driven blower run by an externally 
mounted variable-speed motor that ca provide air 
flow rates of 0.0047 to 0.047 m 

3 
/s. Three 

butterfly valves are used to send air through the 
test section or through the bypass. 

Important quantities to measure in the single blow 
experiments are inlet and outlet temperatures and 
humidities, flow rate, and pressure drop across the 
dehumidifier. .The temperature and humidity of air 
going through the bypass are also measured before 
introducing the air to the test article. The pro
cess air humidity and temperature are controlled by 
a desk-top computer using a feedback control pro
gram. The uncertainty in the voltmeter measure
ments is less than 0.03% of the reading with a res
olution of 1 �v. 

Temperatures are measured using gauge 30 (0.25-mm
diameter) copper-constantan (type T) thermocouple 
wires. Average inlet and outlet temperatures are 
obtained by an array of four thermocouples con
nected in series. The arrays are located in the 
duct test section to obtain an area weighted 
average. The electromotive force (emf) produced in 
this manner is four times the emf of a single 
thermocouple, and thus the error in reading vol
tages by the voltmeter is reduced by a factor of 
four. Sufficient length of bare wires is used to 
reduce the radiation and conduction errors. An ice 
box is used as a reference junction for measurement 
of absolute values of temperatures. The uncer
tainty in temperature measurement is expected to be 
less than 0.3°C. 

Air humidity measurements are made using two opti
cal condensation dew-point hygrometers with uncer
tainties of l0.4°C. Sample air from the bypass 
section and inlet and outlet of the test section 
are drawn through the hygrometers by small pumps 
from 6.4-mm air samplers mounted in the duct. The 
uncertainty in calculating the humidity ratios is 21 estimated to be less than 3% The fluctuation of 

Silica gel 

Figure 2. 
Article 

Cross Section of Parallel-Plate Test 

the inlet air humidity ratio due to the rig charac
teristics is less than 0.4 g/kg, which is satisfac
tory for this study. Air flow rates are determined 
by an ASME-standard orifice plate with an uncer
tainty of <5%. The pressure drop across the ori
fice plates and the test dehumidifiers were 
measured using capacitance-type pressure sensors 
with an uncertainty of <2.5%. 

Description of Test Articles 

Two articles were tested to investigate their per
formance and determine their characteristics: a 
crushed silica-gel parallel-plate matrix and a 
microbead silica-gel staggered parallel-strip 
matrix. 

The parallel-plate matrix has sheets of polyester 
tape with both sides coated with fine (177-297-�m) 
particles of crushed microporous silica-gel 
(Davison, W. R. Grace). The sheets with spacers 
attached to both sides are stacked in a supporting 
frame and stretched from both ends to make uniform 
parallel-plate channels. Figure 2 gives a cross
sectional view of the parallel-plate test article; 
Table 1 summarizes its specifications. 

The second test matrix investigated had a staggered 
parallel-strip geometry (Fig. 3). Preliminary cal

.culations showed that this geometry has a higher 
heat-transfer-coefficient/pressure-drop ratio than 
that on the parallel plate and may provide more 
compact dehumidifiers. The same method that we 
used for the parallel-plate test article was 
adopted to fabricate the staggered �arallel-strip 
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Table 1. Specifications of the Parallel-Plate 
Test Article Dehumidifier 

Desiccant type Silica-gel, Davison Grade 11 
Particle size (d ) 177-297 �m (mesh size 50-80) p average: 237 �m 3 Particle density (p ) 1131 kg/mdSpecific heat of 921 J/kg K 

desiccant (C ) dTape type· AR Clad 5190, Adhesive 
Research Inc. (double
sided polyester tape with 
acrylic adhesive) 

Specific heat of 1172 J/kg K 
tape (e > ta eTape thickn�ss 76 �m 

Adhesive thickness 25 �m 
{each side) 

Sheet thickness 430-670 �m 
silica-gel-coa.ted average: 550 �m 
tape, both sides) 
(X ) spCenter-to-center sheet 1664 �m 
spacing (X ) s Spacer thickn�ss 794 �m {aluminum) 

Flow gap (X ) 994 to 1234 �m gap average: 1114 �m 2 Silica-gel density on 0.279 kg/m
tape, both sides, MD Dimensions of the 0.117 x 0.126 x 0. 203 m 
dehumidifier part (W x H x L) 

Dimensions of the 0.169 x 0.161 x 0.203 m 
test art·icle {W x H x L) 

Total number of sheets 75 
in test article 

Hydraulic diameter average: 2228 �m 
(d ) hSurface area/volume 1202 1/m 
(a) 

Tape-to-desiccant 0.350 kg of tape/kg of dry 
ratio ( ) desiccant Rtd 3 Desiccant matrix 176. 6 kg of dry desiccant/m
(p ) of matrix bMass of desiccant used 0.497 kg 
(m ) des

test article. Each sheet in this test article has 
12 rows of polyester tape strips (6.35 mm long) 
with both sides of the tape strips coated with fine 
(74-105 �m) particles of microbead microporous 
silica-gel (from Fuja Davison Chemical Ltd.). The 
sheets are stacked in a supporting frame to make a 
staggered parallel-strip geometry. Note that the 
strips of adjacent sheets are offset to make a 2-mm 
space between two rows of strips (as in Fig. 3). 
The specifications of this test article are given 
in Table 2. 

Experimental Procedure 

Adiabatic step transient tests consist of obtaining 
the transient response of a dehumidifier matrix 
after a step change in the outlet air state. The 
inlet and outlet air temperatures and humidity 
ratios as a function of time are measured until the 
matrix reaches equilibrium with the inlet air. The 
matrix is initially at equilibrium with an air that 
has a different state than the inlet air state be
fore the step change. 

Each step transient test basically consists of 
three parts: matrix conditioning, process air pre
paration, and transient response. First, the de-

t 
X so 
* 

Air flow 

+ 
X gap 

L=•== 
r 
Xs" 

Figure 3. Staggered Parallel-Strip Geometry 

Table 2. Specification of First Staggered 
Parallel-Strip Test Article 
Dehumidifier 

Desiccant Microbead silica-gel, grade 
3A Fuji-Davison Chemical 
Ltd. 

Particle size (d ) 74-105 �m (mesh size 150-p 200) average: 89.5 �m 
Specific heat of 921 J/kg K 

silica-gel (C ) d 3 Particle density (p ) 1131 kg/mpTape type Tesafix 4973, Beiersdorf AG, 
double-sided polyester 
tape with acrylic adhesive 

Specific heat ·of tape 1172 J/kg K 
(C ) tapeTape th�ckness (total) 30 ]lm 

Adhesive thickness 10 �m 
(each side) 

Sheet thickness, 178-240 �m 
silica-gel 

Coated tape on both average: 229 ]lm 
sides (X ) shCenter-to-center sheet 1354 ]lm 
spacing (X ) sp(between strips in 
a column of strips) 

Spacer thickness 323 �m 
(stainless steel) 

Flow gap, between 1176-1114 �m 
strip perpendicular average: 1145 �m 
to direction of flow 
(X > gapLengEh of a strip (t) 6350 �m 

Streamwise spacing 2000 �m 
between two strips 
(s) 2 Silica-gel density on 0.0857 kg/m
tape, both sides 
(M ) DDimensions of the 0.115 X 0.125 X 0.196 m 
dehumidifier part {W X H X L) 

Dimensions of the test 0.165 X 0. 154 X 0.203 (m) 
article (W X H X L) 

Total number of sheets 184 
in test article 

humidifier matrix is conditioned for a uniform 
state (temperature and desiccant water content) by 
passing air of a desired condition through it until 
equilibrium is reached (BV in and BV out open; BV 
bypass closed). The matrix is then sealed and iso
lated from the rest of the system (BV in and BV out 
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Table 3. Summary of Adiabatic Transient Tests on Parallel-Plate Matrix 

Run Date pt 
(Pa) 

Matrix 
(K) (g/kg) 

Inlet 
(K) (g/kg) 

Intersection 
(K) (g/kg) Re AP 

(Pa) fRe Rd cpc Nu1 Nu2 

6 11/18/85 80433 301.0 12.9 316.2 14.9 306.4 17.5 209.8 107.4 24.71 0.760 2329 3,283 4.546 
7 11/18/85 80508 313.3 12.0 303.4 15.1 313.8 12.1 212.1 104.5 25.10 0.734 1118 0.000 1.902 

12 11/18/85 80732 301.8 13.7 334.5 15.2 310 .. 4 21.1 216.5 122.8 24.79 0.635 4201 5.574 27.188 
13 11/23/85 81331 322.3 8.3 304.5 15.1 327.8 10.6 212.7 106.2 24.77 0.537 0 1.396 1.521 
14 11/21/85 80594 297.0 11.5 335.0 15.1 308.3 20.9 298.4 177.1 25.92 0.427 4759 0.000 15.162 
15 11/21/85 80900 329.1 10.8 304.4 15.1 327.9 10.4 312.7 168.8 26.63 0.336 3965 0.000 2.493 
16 11/22/85 81014 302.5 14.0 335.6 15.1 310.1 21.3 411.9 262.2 27.38 0.735 3206 9.910 14.402 
17 11/22/85 80721 332.1 11.6 304.8 15.1 328.4 9.5 430.6 246.0 27.95 0.618 1678 o.ooo 2.325 
18 11/19/85 81725 302.1 13.8 352.5 15.0 312.6 24.6 212.4 129.0 24.34 0.732 3760 5.033 11.190 
19 11/20/85 81547 334.8 6.9 305.8 15.3 336.7 7.0 211.8 107.8 24.69 0.555 9906 0.000 0.971 
24 11/20/85 81888 305.5 6.1 304.8 17.0 316.1 13.2 212.7 101.8 24.66 o. 729 2407 4.729 2.372 
25 11/20/85 81671 301.6 13.9 307.3 6.9 297.3 10.1 209.4 97.8 24.86 0.797 4861 o.ooo 4.623 

Table 4. Summary of Adiabatic Transient Tests on the Staggered Parallel-Strip Matrix 

Run Date pt 
(Pa) 

Matrix 
(K) (g/kg) (K) 

Inlet 
(g/kg) 

Intersection 
(K) . (g/kg) Re liP 

(Pa) fRe Rd cpc Nu1 Nu2 

6 
7 

12 
12 
13 
14 
15 
16 
17 
18 
19 
24 
25 

12/12/85 81100 
12/12/85 80654 
12/08/85 80843 
12/17/85 814 77 
12/08/85 81047 
12/09/85 81460 
12/09/85 81420 
12/10/85 81858 
12/10/85 81628 
12/13/85 81225 
12/13/85 81421 
12/15/85 81352 
12/15/85 81238 

300.2 12.3 
309.9 10.6 
299.8 12.7 
301.2 13.6 
323.1 6.2 
300.0 12.9 
324.0 9.1 
301.9 13.6 
325.2 9.2 
301.4 13.5 
328.5 5.6 
302.1 5.6 
302.7 14.6 

316.4 14.9 
303.8 15.2 
333.4 15.0 
333.6 14.9 
305.1 15.3 
334.6 15.2 
303.9 15.1 
335.3 15.2 
304.2 15.3 
352.3 15.2 
305.4 15.1 
304.9 16.9 
307.3 7.0 

306.1 17.5 
313.3 12.4 
309.8 20.8 
309.5 20.6 
328.2 10.4 
310.1 20.8 
325.3 9.3 
309.4 21.0 
326.1 9.3 
312.7 24.1 
337.6 8.0 
316.3 12.9 
297.4 11.2 

217.0 
225.0 
218.5 
219.2 
210.4 
330.6 
334.3 
454.7 
455.3 
215.5 
230.5 
230.7 
231.6 

55.4 
55.9 
63.4 
62.9 
53.9 

105.8 
97.3 

166.5 
140.9 

65.8 
60.2 
57.8 
57.6 

34.25 
35.27 
35.14 
34.90 
34.93 
38.49 
40.15 
43.99 
42.56 
33.50 
35.17 
35.36 
35.57 

o. 743 
0.685 
0.903 
0.682 
0.524 
0.807 
0.485 
0.843 
0.581 
0.799 
0.607 
0.855 
0.969 

4836 11.29 
8191 o.oo 
2501 9.01 
4818 o.oo 
0 o.oo 
4564 170.26 
0 0.00 
6448 o.oo 
0 o.oo 
4004 25.19 
0 38.98 
4607 23.77 
9150 23.50 

7.008 
3.514 

144.078 
18.571 

2.602 
44.070 

3.413 
17.635 

3.961 
12.058 

2.197 
5.169 
0.000 

closed; BV bypass open). Then, the process air
stream is brought up to a new state while it passes 
through a bypass section. When the process air 
reaches the desired humidity, temperature, and flow 
rate, it is abruptly introduced to the matrix (by 
opening BV out and closing BV bypass and opening BV 
in simultaneously), and the transient response is 
obtained. If the initial state of the matrix is 
drier than that of the process air, the test is 
called adsorption or dehumidification. A desorp
tion or regeneration test occurs when the process 
air is drier than the initial state of the matrix. 
The detail descriptions of the test rig, the test 
articles, rnd the experimental procedure are given 

2 elsewhere • 

Results and Discussion 

The adiabatic step transient data obtained at the 
test rig for the parallel-plate and the staggered 
parallel-strip matrices are presented and analyzed 
here by the SINGLEBLOW program. Tables 3 and 4 
summarize the conditions of the tests performed on 
parallel-plate and staggered matrices, respec
tively. Because of space limitation, only eight of 
these tests are presented in graphical form. Here 
Figs. 4-11 should be observed with the following 
considerations: 

• Before the step change--i.e., before process air 
is introduced to the matrix--no air flows through 
the test section. Therefore, the readings of the 
inlet and outlet thermocouples that are in the 
test section have a large radiation error, 

especially for desorption (or regeneration) ex
periments. This can be seen from the initial 
difference between the inlet and the outlet tem
peratures on the figures. 

• The step change in inlet temperature deviates 
from an ideal (square) step change because of the 
existence of the thermal mass of the ducts and 
the inlet valve between the bypass and the test 
matrix. The inlet temperature changes exponen
tially to its final value in less than 15 s. 
Note that in our analysis using the SINGLEBLOW 
program, the difference between the inlet and 
outlet air temperatures is used to calculate the 
slope of the F. curves. This reduces the error 
introduced by the nonideal step change. 

• The inlet and outlet dew-point hygrometer sensors 
respond about 5 s after the inlet and outlet 
thermocouples respond because a small sample of 
air should be pumped from the test section to the 
hygrometer sensors. 

• Usually there is an overshoot in the inlet air 
humidity ratio caused by the way the hygrometer 
sensors detect the dew-point temperature. This 
overshoot (e.g., experiment 13 of parallel-plate 
matrix) is not caused by the responses of the 
steam generator. In our analysis using the 
SINGLEBLOW program, we ignored this overshoot and 
assumed an ideal step change in the inlet air 
humidity ratio 5 s after the temperature change 
started. 

• The transient response curves of the matrices are 
better defined for the desorption (regeneration) 
experiments than for the adsorption cases because 
of the self-sharpening effect of the adsorption 
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isotherm on the wave fronts. The wave fronts are 
broadened for the adsorption cases. The first 
wave, especially for the adsorption runs, is 
sometimes combined with the transient behavior of 
the sensors and is hard to detect. 

• The staggered parallel-strip matrix reaches equi-· 
librium with the inlet air faster than the paral
lel-plate matrix because the former one has less 
silica gel (about one-fourth). The first and 
second waves pass through staggered matrix faster 
than through the other one. 

The adiabatic step transient data obtained for the 
two test dehumidifier matrices are analyzed with 
the combined "moments method" and "analogy theory" 
using the SINGLEBLOW program. Tables 3 and 4 pre
sent the results of interpreting the data for the 
two matrices using this program. 
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Figure 6. Results of Experiment No. 16 Parallel
Plate Matrix 
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Figure 7. Results of Experiment lilo. 17 Parallel
Plate Matrix 

We found tha·t for some experiments unreasonable 
negative values for either C , Nu , or Nu are 1 2 
estimated. These negative val&�s are replaced with 
zeros, which are shown on Tables 3 and 4 and were 
not included in the reported averages. The reasons 
for these negative estimations follow: 

• The profile of the first wave for some of the ex
periments cannot be detected correctly because 
the exit of the first wave overlaps with 
responses of the measurement sensors (e.g., 
run 13 for parallel-plate matrix). This effect 
is even more pronounced when a small mass of
desiccant is used in the matrix (e.g., runs 13 
and 17 for staggered matrix). The estimation of 
Nu is very sensitive to the profile of the first 1 
combined potential wave that passes through the 
matrix. 
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• The SINGLEBLOW program assumes that the matrix is
initially at a uniform state. After running the 
tests and obtaining experience with the experi
mental facility, we believe it may not be true 
and some of the erroneous estimations can be
caused by the nonuniformity of the initial state 
of the matrix. 

In the adsorption tests the matrix is first dried 
with hot air, then it is sealed for about 45 min 
while the humid and colder process air for the step 
change is prepared. In the meantime, the matrix 
cools down but nonuniformly because of different 
radiation losses at both ends of the matrix. The 
core of the matrix also cools down slower than the 
ends. For desorption tests the matrix is first 
loaded with moisture at relatively low temperatures 
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Figure 10. Results of Experiment No. 16 Staggered 
Matrix 
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Figure 11. Results of Experiment No. 17 Staggered 
Matrix 

and then sealed for about 45 min while the hot pro
cess air for the step change is prepared. In the 
meantime, the end of the matrix that is closer to 
the bypass section may warm up because of heat con
duction from the hot air that flows through the by
pass section. 

This effect will also cause a nonuniform state in 
the matrix. Consequently, the nonuniformity of the 
matrix is more pronounced in the adsorption runs 
than in the desorption runs. The nonuniform matrix 
state causes a less accurate estimation of Nu , as 1
shown in Tables 3 and 4. The even numbered runs 
except run 24 are desorption runs, and all the odd 
numbered runs except run 25 are adsorption runs. 
Nu for most of the adsorption runs is not esti1 
mated correctly. Note that the value of Nu is2 
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Table 5. Summary of Means and Errors of the Estimated Results 

Dehumidifier 
Matrix 

Rd c * cp

mean 

(J/kg K) 

% error 

Nu1* Nu2* fRe

mean % error mean % error mean % error mean % error 

Parallel Plate 0.633 7 3180 26 3.88 29 3.48 27 25.48 2 

Staggered 
Parallel Strip 

0.729 6 4943 18 22.42 30 6.57 28 36.87 3 

Note: % error is based on standard deviation/mean/square root (no. of data points). 
*Zeros for estimation of these values are omitted. 

estimated independently of C and Nu and is the c 1 
most reliable estimated paramgter of the three. 

Table 5 shows that the mean values of the effective 
mass of gel. The ratio R for parallel-plate d 
and staggered matrices are 0.633 and 0.729, 
respectively, with a mean relative error of less 
than 7%. The effective mass of silica gel is lower 
than the actual gel in each of the matrices 
possibly because adhesive penetrated some of the 
pores of the gel and thus reduced the gel's water 
absorption capacity. The effective mass of the 
desiccant in the parallel-plate matrices is about 
15% lower than that of the staggered one. A 
thicker adhesive layer in the parallel matrices and 
a longer period of use can explain the difference 
between the effective masses in the two dehumid
ifier matrices. See Tables 1 and 2 for the desic
cant particle sizes and adhesive thicknesses in the 
two matrices. The parallel-plate matrices were 
fabricated in March 1985 and tested in 
November 1985, and the staggered matrices were 
fabricated in October 1985 and tested in 
December 1985. 

Usi.!!l val� of Nui, one can estimate values 
of Nu0 and Le from Eq. (4) and 11 from Eq. (24). 
Note that the required values of a /a , l; ' and i j c
a/D for the calculations are outputs of the w 
SINGLEBLOW program. Unfortunately, using the esti
mated Nul and Nu2, we obtained values of Le 
smaller than a/Dw , and 11 less than that are not 
physically possible. We �elieve this is caused by 
improper values of Nu • Since the values of Nu1 2 
and thus N� are more dependable, we used the 
values of Nu2 and assumed a solid-side geometry 
factor ll = 1. a 

Using Eqs. (4) and (24) with ll = 1, we found a 
(Table 6) that the overall heat transfer Nusselt 
numbers were 3.59 and 6.68 for parallel-plate and 
staggered matrices, respectively, and the mean Le 
is about 1 for both matrices. The overall Nusselt 
numbers were about 50% lower than the convective 
values based on laminar flow theories in the two 

21matrices • One explanation is that the overall 
heat transfer coefficient is lower than the convec
tive transfer coefficient because of the thermal 
resistance of stagnant air film between the par
ticles of various sizes, as suggested by 
Eq. (20). We estimated the values of the stagnant 
air film thickness o to be 0.313 mm and 0.107 mm 
for the parallel-plate and staggered matrices, 
respectively, which means that the air film is 
almost as thick as the average particle size in 
both test matrices. In other words, particles on 
the tapes project, almost twice as much as the 
average particles, in the flow channels. This is 
possible for the crushed particles in the parallel
plate matrix but not for the more uniform spherical 

Table 6. SUJI!III&ry of Results Based on Nu and 2 
lla -= 1 

Dehumidifier 
Matrix Nu2 Nu0 Le 0 

(mm) li/dp Nu0/fRe

Parallel Plate 3.48 3.59 1.14 0.313 1.06 0.141 

Staggered 
Parallel Strip 6.57 6.68 1.06 0.107 1.02 0.181 

particles of the staggered matrix. The reason for 
low overall heat transfer coefficients and whether 
it can be explained by the stagnant air film should 
be investigated further. 

The ratio of Nu /fRe (heat or mass transfer per
formance to preisure drop ratio) is a measure of

21the size of a heat or mass exchanger • As this
ratio increases, the total volume (or size) of the 
exchanger decreases. The value o� Nu0/fRe for 
staggered parallel-strip matrix is abo�t 28% higher 
than that of parallel-plate matrix (see Table 6}. 
Therefore, a smaller diameter rotary dehumidifier 
can be made with the staggered parallel-strip 
matrix using microbead silica-gel. 

Conclusions 

Adiabatic step transient data were obtained for a 
crushed silica-gel, parallel-plate matrix and a 
microbead silica-gel, staggered parallel-strip 
matrix in an experimental test rig. A methodology 
to analyze these adiabatic step transient tests was 
developed that combined the moments method and the 
analogy theory. By analyzing the data using this 
methodology, we found that: 

• 63,3% and 72.9% of the mass of the desiccant were 
effective in the parallel-plate and staggered 
parallel-strip matrix dehumidifiers, respec
tively, because gel pores were blocked_ by adhe
sive. The uncertainty in these estimations was 
about 15%. 

• Estimating the Nusselt number from the second 
combined potential was more dependable than esti
mating the Nusselt number from the first combined 
potential. This was attributed to the nonuniform 
initial state of the matrix, deviation from the 
ideal step change in the inlet air temperature, 
and mixing of the first combined potential wave 
with the responses of the measurement sensors 
when the first wave exited the matrix quickly. 

• The mean effective Lewis numbers for both 
matrices were about 1, and the mean overall 
Nusselt numbers for both dehumidifier matrices 
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were about 40% to 50% lower than convective 
Nusselt numbers predicted by laminar-flow 
theories. This was attributed to the resistance 
in the stagnant air film between the different
size particles. 

• The mean overall Nusselt number of the staggered 
matrix was about 85% larger than that of the 
parallel-plate matrix, which may be caused by the 
enhanced gas-side transfer process or the use of 
a better desiccant (small spherical, micro bead 
silica gel compared with larger crushed silica 
gel) in the staggered matrix . 

• The value Nu/fRe microbead silica gel of the 
staggered parallel strip matrix was about 28% 
larger than that of the crushed silica-gel 
parallel-plate matrix . Using the geometry and 
material combination of the staggered matrix, a 
smaller dehumidifier can be fabricated . 
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