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EXPERIMENTAL RESULTS ON
ADVANCED ROTARY DESICCANT DEHUMIDIFIERS 

D. Bharathan and J. M. Parsons 
Solar Energy Research Institute 

Golden, Colorado 

I. Maclaine-cross 
University of New South Wales 

Sidney, Australia 

ABSTRACT 

The Solar Energy Research Institute (SERI) has 
developed the Cyclic Test Facili.ty (CTF) to develop 
and validate analytical methods for evaluating and 
predicting the performance of advanced rotary dehu­
midifiers. This paper describes the CTF, the dehu­
midifiers tested at the CTF, and the analytical 
methods used. The results reported provide an en­
gineering data base and a design tool for evalu­
ating rotary dehumidifiers for desiccant cooling 
applications. 

INTRODUCTION 

There has been considerable interest in solar­
fired solid-desiccant cooling systems as mechani­
cally simple, solar-fired alternatives to conven­
tional vapor compression air-conditioning sys­
tems. One system configuration being considered 
uses a rotary desiccant dehumidifier and is shown 
in Figure 1. The economic viability of systems 
like these depends on developing high-performance, 
low-pressure drop dehumidifiers. 

As part of the the Department of Energy's 
Solar Buildings Research and Development Program 
SERI has been making fundamental heat and mass 
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Fig. 1. The ventilation cycle desiccant cooling 
system 

transfer measurements on solid desiccant materials, 
matrices, and prototype dehumidifiers. The purpose 
of the research activities reported here was to 
experimentally characterize the performance of ad­
vanced dehumidifiers. The scope of the work encom­
passed test article design and fabrication; data 
collection and analyses; analytical model valida­
tion; and identification of research issues to fur­
ther improve dehumidifier performance and predic­
tive methodology. 

FACILITY DESCRIPTION 

The CTF (Figure 2) at SERI is equipped to pro­
vide two independent airstreams--one for process 
and the other for regeneration of the desiccant 
wheel. A full set of automated controls maintains 
steady inlet conditions (temperature, absolute hu­
midity, and airflow rate), and instrumentation mon­
itors the wheel rotational speed, ambient air con­
ditions, and inlet and outlet conditions for both 
airstreams. 

The test conditions specified for the process 
and regeneration streams are airflow rates, inlet 
temperatures and humidities, and the wheel rota­
tional speed. The desired test conditions are en­
tered into the central computer using a data acqui­
sition/control program. The status of the loop 
variables is continually updated on the computer 
monitor, and continuous traces of temperatures and 
humidities are recorded on a strip chart. When 
inlet and outlet conditions have reached a steady 
state (inferred from steady strip chart traces), a 
data gathering routine is initiated, which reads 
and records the values of all test variables on a 
personal computer. 

Air temperatures traceable to the National 
Bureau of Standards are measured upstream and down­
stream of the test articles using a set of four 
bare-wire thermocouple (type T) junctions arranged 
in parallel. Air humidity levels upstream and 
downstream of the test articles are measured using 
condensation-type dew point hygrometers. The mea­
sured dew point temperature is then converted to an 
absolute humidity level in the sampled airstream, 
using a saturation pressure of water vapor correla­  1
tion. 
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Pressure measurements are required for 
(a) pressure-drop characteristics of the wheel, 
(b) . pressure differences across the dehumidifier 
seals that cause leakage, (c) pressure differences 
across flow nozzles ·�:o calculate flow rates, and 
(d) ambient absolute pressures for calculating air 
density and humidity ratios. Capacitance-type 
pressure sensors are used to measure differential 
pressures and ambient absolute pressures. 

To provide a dynamic simulation typical of a 
desiccant cooling system, the test articles are 
circumferentially friction driven by a de servomo­
tor, which turns a rubber-rimmed drive wheel 
through a reduction gear assembly. An optical en­
coder mounted on the drive motor allows measurement 
of wheel rotational speed. 

TEST ARTICLE DESCRIPTIONS 

We chose a spirally wound, parallel-passage 
design as the geometry for the rotary dehumidifi­
ers. This geometry is expected to offer the high­
est performance ratio of heat transfer to pressure 
drop among simple geometries ( 1). We constructed 
and investigated two test ar�icles to increase our 
understanding of and to quantify heat and mass 
transfer rates. The desiccant we used in the first 
test article was crushed silica gel. The gel was 
coated onto a polyester tape covered with adhesive 
on both sides. The desiccant we used in the second 
test article was a spherical silica gel. We chose 
a thinner, double-sided adhesive polyester tape for 
the substrate because of the small particle size of 
the spherical gel. For both test articles, the 
coated tape was then wound (under controlled ten­
sion) around a hub and spoke assembly, with the 
passage width being created by a spacer located 
between layers at each spoke. Detailed dimensions 
and other physical parameters of both test articles 
are given in Table 1. 

The dehumidifier seals we used consisted of 
radial seals that prevent leakage between air­
streams and circumferential seals that prevent air 

Table 1. Comparison of Test Article
Characteristics 

Test Article 
Description 

No. 1 No. 2 

Desiccant 

Particle 
size (l!m) 

Shape 
Design gel 

mass (kg) 

Substrate 

Tape thickness 
(l!m) 

Tape width (mm) 

Adhesive layer 
(l!m) 

Particle to 
ad. layer 

Air passage 

Gap (mm) 
Blockage (%) 
Transfer area (m2) 

Crushed silica 
gel 

150-297 
Irregular 

15 

75 
203 

25 

5-10 

1.09 
38 
so 

Spherical 
silica gel 

74-105 
Spherical 

4 

30 
100 

10 

7-11 

o. 77
24 
44 

from flowing around the dehumidifier between the 
wheel cover and out�r housing. 

EXPERIMENTAL RESULTS 

Finite leakage from the housing, cross-leakage 
between the streams, and carry-over (especially at 
high wheel rotational speeds) caused distortion in 
the experimental data. [Seal leakages are charac­
terized by procedures described by Bharathan, et 
al. (2) ]. We corrected the raw data for each of 
these effects to arrive at the true dehumidifier 
inlet and outlet conditions for further analyses of 
pressure losses and heat and mass transfer rates. 

2 



�.If I 
�=9 

3 

TP-2989 =� 

PRESSURE LOSS TESTS 

We conducted two independent series of tests 
to determine the dehumidifier pressure-loss charac­
teristics. In the first series, the dehumidifier 
was configured in its housing and seals with two 
coun-terffowing streams, each stream flowing through 
one-half of the dehumidifier. This configuration 

.-=:::-:wa.-5 -denoted-as-fhe counterflowing stream case. In 
----the -second·- s-eries, the dehumidifier was removed 
--from..its- housing and front and back. flanges, and a 

singie .. stream of air, free from any obstructions, 
was drawn --through the entire dehumidifier. This 
configuration was denoted as the open-rotor case. 
The two series of data were analyzed separately 
following procedures outlined by Maclaine-cross and 
Ambrose (3). 

The reduced data from the open-rotor and coun­
terflowing stream tests for both test articles are 
plot ted in Figure 3. A definite trend of dimen­
sionless pressure loss (ap D�/2�uL) that increases 
with the abscissa can be seen for both sets of 
data. In laminar flow, for perfectly uniform par­
allel passages of infinite width, theoretical 
values for slope K and intercept fRe are given by 
Cornish (4), Lundgren, Sparrow, and Starr (5), and 
Kays and London (1) as K = 0.686 and fRe = 24. 
Linear curve fits to both sets of data gave values 
of K = 3.31 and fRe = 17.35 for test article 1, and 
K = 1. 05 and fRe = 22. 41 for test article 2.

For rectangular passages of finite aspect ra­
tios, fRe decreases. The theoretical values differ 
from the experimentally inferred values, especially 
with test article 1. These discrepancies were 
identified as being caused by the nonuniform pas­
sage spacing of the test articles, which decreases 
the pressure-drop intercept and increases the 
slope, when plotted as in Figure 3. 
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Fig. 3. Dimensionless pressure-loss variation 
with Reynolds number 

To reconcile the differences in measured and 
theoretical values of the slope and intercept, we 
assumed simple probability distributions for the 
gap spacing for each test article. A .fraction 
(1 - P ), with P in f the range 0 f S Pf S 1, of the 
passages was assumed to be at the nominal -design -gap. The remaining fraction P of the passages was f
assumed to be uniformly distributed symmetrically 
around the design gap, o;,;er -a range o£ gap-wTdl:h.s 
(R - 2) to R times the design m gap, m with R Tn them
range 1 :> R :> 2. By using ___ the two m par�01et_��.S .Pf and R to represent the gap m distrlbutlons, we car.:-·-
culated laminar-flow limits for fRe, K, and an ef;_-
fective Nusselt number Nu. 

In matching the experimental values of K and 
fRe for test article 1, we found values of 0.48 and 
1.92 for P and R , respectively. These resultsf m
show that only 52% of the passages of the matrix 
occur at the design gap, and the remaining 48% of 
the passages possess gap widths uniformly dis­
tributed in a range of 0.08 to 1.92 times the 
design gap. 

The inferred probability distribution for test 
article 1 also implied that the effective Nusselt 
number for the matrix would be 31% of its value for 
a uniform gap spacing limit of (Nu)p = 8.235 at 
constant heat flux. We later verifieS this result 
during the heat and mass transfer tests. The mea­
sured Nu from the later tests indicated a value of 
54% of the limiting (Nu) , indicating that the . . pp . . matr1x d1d 1ndeed possess nonun1 'f arm gap spactng. 

' 
In matching the experimentat values of K and 

fRe for test article 2, we found values of 0. 30 and 
1.35 for P and R ' respectively. These results f m
show that 70% of the pas sages of the matrix occur 
at the design gap, and the remaining 30% of the 
passages possess gap widths uniformly distributed 
in a range of 0.65 to 1.35 times the design gap. 

The inferred probability distribution for test 
article 2 also implied that the effective Nusselt 
number for the matrix would be 83% of its value for 
uniform gap spacing. The measured Nu from the la­
ter tests indicated a value of 60% of the limiting 
(N ) ' indicati�g that the matrix did possess non­� PP
unlform gap spac1ng • 

Although we would have preferred a direct mea­
sure of the gap variation for both dehumidifiers' 
we feel that the assumed probability distributions 
adequately represent the dehumidifers. 

HEAT AND MASS TRANSFER TESTS 

We conducted a series of tests to study the 
heat and mass transfer occurring within the dehumi­
difier matrices over a wide range of process and 
regeneration inlet conditions and matrix rotational 
speeds. Figures 4 and 5 plot the performance of 
the two test articles at conditions much like those 

-
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encountered in air conditioning applications. The 
heat and mass transfer data were analyzed using 
linear and nonlinear analogy theories (6, 7). 
These theories convert the coupled system of dif­
ferential equations for combined heat and mass 

transfer into independent sets of equations by 
introducing the concept of combined potentials, F1 
and F , and combined specific capacity ratios, 2 r1 
and r2• 

When this method is applied to dehumidifiers 
(8), the enthalpy and moisture contents of the air 
and matrix are replaced in the governing equations 
by the combined potentials of the air and matrix. 
The equations are then reduced to two sets of equa­
tions, each describing the behavior of only one 
combined potential. Thus, each set of equations is 
analogous to equations for heat transfer in rotary 
heat exhangers. The tables, charts, and simplified 
equations used in this method are given in Kays and 
London (1). The combined potentials F 1 and F 2 are
analogous to temperature, and the combined specific 
capacity ratios r1 and r2, are analogous to the 
ratio of matrix to fluid specific heat. 

Figure 6 shows the combined potentials, and 
Figure 7 shows the combined specific capacity ra­
tios for a simplified silica-gellair/water-vap.or 
system (9). The combined potentials and specific 
capacity ratios used in our analysis were calcu­
lated using algorithms and equations described in 
detail by Bharathan, et al. (2). 

Figures 6 and 7 show that the equations are 
still coupled, because the combined specific 
capacity ratios are functions of both the combined 
potentials. Maclaine-cross and Banks (8) suggested 
that errors due to this coupling could be reduced 
if appropriate average values of the combined spe­
cific capacity ratios were used in the dimension­
less parameters of the analogous heat transfer 
solutions. The accuracy of this suggestion and 
other details of the analogy method have been 
examined in subsequent studies and refinements (10, 
6, 11, 7). 

0.035 N i
0.030 

F2 
0.025 o; ..>< ..... 

Cl 
0.020 � 

3: 
i: O.Q15 ii 
·e

. . . -. :l ... 
0.010 :c 

�������� 0 
40 45 50 55 60 65 

Temperature, t (°C) 

Source: Maclaine-cross 197 4 

Fig. 6. Lines of constant combined potentials Fi 
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For the analysis, we categorized the tests 
into high-speed (dimensionless rotational speeds 
c ' c >>1), lo-speed (c ; c «1), and medium­lp 2 1 2 
speed <8.s P 

< c , c1 p 2 p< 2.0) testt The dimension-
! . 1 . ess rotat1ona speed 1s de f" 1ned as 

[ 1] 

where 

3600 
= T (2N) 

We analyzed the data using procedures described in 
detail in Bharathan, et al. (2). 

As the wheel rotational speed becomes very 
large, the transfer effectiveness of the matrix 
p

n 

a proaches an asymptotic limit that is governed by 
the heat and mass transfer rates within the matrix. 
By processing only the high-speed data, we could 
arrive at the effective Nusselt and Lewis numbers 
for heat and mass exchange, respectively. 

A mean Nusselt number Nu was derived as 

(2] 

where 

and 
t - t . 

n = 
po pt 

t t . - t . pl r1 
The results are plotted as the measured Nusselt 
number Nu versus a Graetz number Gr defined as 

(3] 

in Figure 8. The figure indicates effective 
Nusselt number values of Nu1 = 4.5 (for test arti­
cle 1) and Nu = 4.9 (for test article 2). The 2 
earlier data on presure drop indicate that given 
the assumed probability distributions for passage 
gap nonuniformity, the experimentally measured val­
ues of Nu and Nu are reasonable. 1 2 

An effective Lewis number, representing the ratio 
of overall resistance to mass transfer to that for 
heat transfer, was calculated as 

(NTU)t (Le) [eff = 4] (NTU) w 
where 

and 
w - w po p1 • 

w ,  -w . p1 r1

The measured effective Lewis numbers for the 
hig�-speed runs averaged (Le)effl = 1.17 (for test 
arttcle 1) and (Le)ef£2 = 1.02 (for test article 
2). Of interest is the fact that while test arti­
cle 2 had a higher effective Nusselt number than 
test article 1, its effective Lewis number was 
still lower. The reduced mass transfer resistance 
can be attributed to a reduced solid-side resis­
tance achieved by using spherical gel particles for 
test article 2, as opposed to using the irregularly 
shaped particles of the crushed gel for test arti­
cle 1. 

When the wheel rotates slowly (i.e., when the 
residence time of an element of matrix is large 
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compared to typical time constant for heat and/or 
mass transfer), the transfer effectiveness is gov­
erned by the effective capacity of the matr-ix and 
is insignificantly affected by the heat and mass 
transfer rates. Thus the low-speed tests provide a 
means for estimating the effective capacity of the 
wheel, both in terms of its active silica gel and 
its effective o�erall heat capacity. 

We also determined the effective mass frac­
tions of the silica gel (x and x ) in the effl eff2
test articles through static wheel capacity tests, 
which were independent of the CTF tests. We mea­
sured the weight of each wheel at two different 
relative humidities under static equilibrum and 
used the low-speed data reduction program to calcu­
late the change in the water uptake in the des ic­
cant (kg water/kg dry desiccant) between the two 
data points. Using this information and the change 
in wheel weight (in kg water) between the two data 
points, we calculated the effective silica gel mass 
and effective silica gel fraction for both test ar­
ticles. We determined values for x of 0.68 effl 
(for test article 1) and f�r x f of 0. 75 (for ef 2 
test article 2). 

Figures 9 and 10 plot the low-speed test re­
sults for test article 2. The transfer effective­
nesses for F and F (medium-speed results), also 1 2 
included in these figures, are 

(t -t . )(w .-w . )-(w -w . )(t . -t . ) po p1 r1 p1nt po p1 r1 ptnt 
(t . -t . )(w .-w . )-(w . -w .)(t .-t . ) p1nt p1 r1 p1nt p1nt p1 r1 p1nt 

[5] 

(w -w .) (w . -w ) po p1 _ n .r1 ptnt 
(w . -w . ) 1 (w . -w . ) plnt p1 ' [6] 

_ p1nt p1 

where t and w are the process intersection int int 
point t�mperature P and absolute humidity (as shown 
in Figures 4 and 5), respectively. 

In Figures 9 and 10, the measured effective­
ness is plotted as a function of the theoretical 
effectiveness, which was calculated assuming a con­
stant matrix specific capacity. Also shown in 
these figures are the calculated theoretical effec­
tivenesses assuming a linear matrix specific capac­
ity ratio variation. 

Figures 9 and 10 for test article 2 show the 
agreement between the experimentally measured ef­
fectivenesses and the theoretical effectivenesses 
when an effective silica gel fraction of xeffl 
0. 625 was assumed. No significant deviation from 

= 

theory is seen for the F transfer effectiveness as 1 
opposed to the F transfer effectiveness. In gen­2 
eral, the specific capacity y variation is smaller l 
than that of y , and thus the result. 2

1.0.---------------------, .., � 

1.0 

Fig. 9. 

Theoretical effectiveness, '111n 

Measured F1 transfer effectiveness ver­
sus theoretical effectiveness with con­
stant specific capacity and linear 
capacity variation for test article 2 

Fig. 10. 

1.0 
Theoretical effectiveness, '721n 

Measured F2 transfer effectiveness ver­
sus theoretical effectiveness with con­
stant specific capacity and linear 
capacity variation for test article 2 

Results for test article 1 were similar to the 
results for test article 2. Good agreement between 
measured and theoretical F transfer effecti 1 venes­
ses occurs when xeff2 = 0.625. But the data for F2 transfer effectiveness shows significant deviation 
from theory. 

Varying matrix capacity reduces the effective­
nesses as plotted in Figures 9 and 10. While a 
linear capacity variation does result in reductions 
from the theory in the figures, the significant 
discrepancies remaining in Figure 10 indicate that 
it does not represent a realistic capacity varia­
tion. 
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Both test articles showed a dynamic effective 
gel fraction significantly less than the fraction 
measured in the static wheel tests. Possible caus­
es for low effective gel fractions are reduced iso­
therm capacities for the particular batches of des­
iccant used (from quoted manufacturer's specifi­
cations); reduced silica gel sorption capacities 
resulting from aging and air contaminants; and per­
meation of tape adhesive into the gel, which effec­
tively blocks some of the pores available for ad­
sorption. Uncertainties in the value of effective 
gel fraction for both test articles arose from mea­
surement uncertainties in air mass flow rate, in 
wheel rotational speed, and in the initial estimate 
of total gel on each test article. These contribu­
ted to an overall uncertainty in x of 10%. eff 

Based on the low-speed and high-speed data 
analyses, we predicted the medium-speed perfor­
mances of the test articles using the linearly var­
ied capacity model described earlier. For each 
experimental condition, we evaluated theoretical 
effecti venesses for both cases, with and without 
specific capacity variations. The results for test 
a.rt�.:�� � �re 

__ 
i c h- !l-- _ tde� in Fig�res 9 and 10.

In general, the agreement between experimental 
and theoretical F1 transfer effectivenesses is ex­
ceptional for both test articles (within ±2%); how­
ever, for the F transfer 2 effectivenesses, experi­
mental data fall significantly below both theoreti­
cal predictions. It appears that the theory incor­
porating a linear matrix capacity variation matches 
the experimental F2 transfer effectiveness data 
within ±10%. 

These data illustrate the shortcomings of the 
analogy theory in predicting the performance of the 
two dehumidifiers when there is a large variation 
in the matrix specific capacity. A detailed numer-

- ical .. model such .... as MOSHMX (6) is needed to gain 
further insight into the behavior of the matrices 
and to accurately predict dehumidifier performance. 

Figures 11 and 12 plot dimensionless rota­
tional.speed c versus effectiveness for both test 2 
articles. The figures reemphasize the greater 
overall effectiveness of test article 2. Test 
article 2 exhibits slightly higher F transfer 2 
effectiveness and slightly lower F transfer effec­1 
tiveness, both attributes resulting in a decrease 
in the ratio of overall resistance to mass transfer 
to that for heat transfer. 

CONCLUSIONS 

For simple low-pressure-drop geometries such 
as the parallel plate, insuring and maintaining 
uniform air passage gap spacing is critical to ob­
taining high performance. The tests indicate that 
nonuniform passage spacing can result in signifi­
cant reductions (up to SO%) in the overall number 
of transfer units available for dehumidification. 

_ _ _

The slightly superior performance of test 
article 2 is encouraging because it was achieved 
with only one-quarter of the silica gel mass and 
one-half of the matrix depth of test article 1. 
The superi�r performance of test article 2 is 
exhibited clearly by a lower effective Lewis number 
and a more desirable combination of F and F1 2 
transfer effectivenesses than test article 1. 

The smaller, spherical particle size resulted 
in more uniform passage gap spacing. The smaller 
particle sizes do not appear to affect the effec­
tive silica gel fraction, provided the ratio of the 
gel particle size to the adhesive thickness remains 
constant. Small particle size, however, does pre­
sent a particular problem. For particles sizes 
smaller than those used in this study, a suitable 



method for attaching amorphous desiccants to sub­
strates has yet to be identified. 

Low- and high-speed test results correlated 
well with the analogy theory while medium-speed 
results showed significant deviations from this 
theory. A nonlinear analogy method incorporating a 
linear variation of the matrix capacity was adopted 
to analyze the medium-speed results. The dehumidi­
fier performance as measured by the effectiveness 
agreed with the theory within ±10%. 

The Cyclic Test Facility at SERI can be used 
to further improve theoretical models for other 
desiccants and geometries by trading off important 
design issues of prefosure loss, mass transfer per­
formance, cost, reliability, and aging of the des­
iccant matrix combination. 
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Nomenclature 

clp 

c2p 

Dh 

Fl 

F2 

f 

Gr 

K 

L 

(Le)effl 

(Le)ef£2 

mP, m r 

mdd 

N 

NTUt 

NTUW 

dimensionless rotational speed for F1 
transfer for the process stream 

dimensionless rotational speed for F2 
transfer for the process stream 

effective hydraulic diameter (m) 

combined first potential 

combined second potential 

Fanning fraction factor 

Graetz number 

slope of dimensionless pressure drop 
variation with Reynold's number 

passage depth in axial direction (m) 

effective Lewis number for test article 
1 

effective Lewis n�ber for test article 
2 

dry air mass 
regeneration 
(kg/s) 

flow rate of process and 
streams, respectively 

total mass of dry desiccant (kg) 

wheel speed (rev/h) 

overall number of transfer units based 
on temperature 

overall number of transfer units based 
on moisture transfer 
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Nu Nusselt number 

Nusselt number for uniform parallel 
passages 

fraction of passages outside of design 
gap 

ll.p pressure drop across matrix (Pa) 

Pr Prandtl number 

Prandtl number evaluated at mean prop­
erties 

ratio of maximum passage width to nomi­
nal passage width 

Re Reynold's number 

Reynold's number evaluated at mean 
properties 

Process inlet and outlet temperatures 
to the matrix ("C) 

process intersection point temperature 
("C) 

u air velocity 

process inlet and outlet absolute 
humidities (kg/kg of dry air) 

absolute humidities at regeneration 
inlet and outlet (kg/kg of dry air) 

absolute humidity at process intersec­
tion point (kg/kg of dry air) 

fraction of active desiccant mass to
total mass for test article 1 

fraction of active desiccant mass to 
total mass for test article 2 

specific capacity ratio of F1 and F2 
potentials 

effectiveness for heat and moisture 
transfer, respectively 
effectiveness for the F1 and F2 trans­
fer 

theoretical effectiveness for the F1 
and F2 transfer 

air dynamic viscosity (kg/m s) 

T residence time per period (s) 
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