
SERI/TR-253-1429 
UC Category: 59c 

Dynamic Performance of 
Packed-Bed Dehumidifiers: 
Experimental Results from the 
SERI Desiccant Test Loop 

C. F. Kutscher 
R. S. Barlow 

August 1982 

Prepared Under Task No. 1132.11  
WPA No. 315-81  

Solar Energy Research Institute 
A Division of Midwest Research Institute 

1 6 1 7  Cole Boulevard 
Golden, Colorado 80401 

Prepared for the 
U.S. Department of Energy 
Contract No. EG-77-C-01 -4042 



Printed in the United States of America 
Available from: 

National Technical Information Service 
U.S. Department of Commerce  

5285 Port Royal Road  
Springfield, VA 22161  

Price:  
Microfiche $3.00  

Printed Copy $4.50  

NOTICE 

This report was prepared as an account of work sponsored by the United States 
Government. Neither the United States nor the United States Department of Energy, 
nor any of their employees, nor any of their contractors, subcontractors, or their 
employees, makes any warranty, express or implied, or assumes any legal liability 
or responsibility for the accuracy, completeness or usefulness of any information, 
apparatus, product or process disclosed, or represents that its use would not 
infringe privately owned rights. 





S=LI '.' _______________________ TR_-_1 _42_ 9 

PREFACE 

This re port de ta ils the de sign of a de sicca nt te st loop and 
de sc ribes the e xpe rime nta l pe rforma nce of pac ke d-be d de siccant 
de humidifie rs. This work was pe rformed unde r  Task No. 1132 .  11 for 
the U. S. De pa rtme nt of Ene rgy. The authors would like to tha nk 
the tec hnic ia n, Ha rry Pohl, who a ssemb le d and wire d most of the 
lab oratory e quipme nt, and summe r inte rn, Chris Rutla nd, who 
improve d instrume nta tion, he lpe d run e xpe riments, and a ssiste d in 
da ta re duc tion. Also, re view c omments b y  Te rry Pe nne y a nd 
Ra ndy Gee of SERI a re a pprecia te d. 

Approve d for 

SO LAR ENERGY RESEARCH INSTITUTE 

h, Chie f  
tem s  a nd Engineering B ranc h  

Barry B er, M a na ger 
Solar ermal a nd Mate ria ls Researc h 
.. IUlIision 



__________________ -'TRɂ-1:2:42=9 S=LI '.' 

SU!lKARY 

OBJECTIVE 

The ob jec tives of this task were to design and build a flexib le desiccant test 
loop, to determine dynamic adsorption/desorption performanc e, and to validate 
an in-house c omputer model. 

DISCUSSION 

Packed desicc ant beds are of interest in solar c ooling applic ations bec ause 
they c an dry air to a c ondition suitab le for passage through an evaporative 
c ooler, while solar energy can supply the heat for desicc ant regeneration. To 
test various c onc epts in desicc ant bed design,and various desicc ant materials, 
SERI staff c onstruc ted a test loop c omposed of two centrifugal fans, two duc t 
heaters, a steam humidifier, 2 4.4 m (SO ft) of 0.30-m ( 12- in.) c irc ular duc t, 
instrumentation, and a test sec tion. Desiccant b eds are tested in both 
adsorption and regeneration m odes at flow rates up to 0 .340 kg/s ( 600 sc fm ) 

0and at regeneration temperatures up to l20 C ( 2 4SoF) . 

The first series of test runs measured the adsorption/desorption performanc e 
of a 74-cm (2 9- in.) diameter, 3.2-cm ( 1.2 5- in.) thic k silic a gel pac ked bed 
for a variety of inlet air c onditions. Pressure drop ac ross the b ed was mea­
sured as a func tion of flow rate. The a dsorption/desorption results were used 
to. validate a SERI desicc ant simulation c omputer model, DESSIM. 

CONCLUSIONS AND RECOHMENDATIONS 

Results from experimental adsorption runs agreed wi th DESSIM predic tions to 
within 5%. To ob tain agreement for desorption runs to within 20 %,  it was 
nec essary to change the Lewis numb er in the model from 3 to 9. (Le = h/gCp
where h is the heat transfer c oeffic ient, g is the mass transfer c oeffic ient, 
and C is c onstant pressure spec ific heat.) This indic ates that mass transfer p
occ urs more readily in the adsorption direc tion than in the desorption direc ­
tion. Pressure drop data indic ated that iIi a 2. 5-cm( I- in. ) -thic k, 8-l0-mesh 
silica gel bed supported b y  steel sc reens [1.3-mm (0.05- in.) holes on 2 -mm 
(O .OSI- in.) staggered centers] , two-thirds of the total bed pressure drop was. 
c aused b y  plugging of the sc reen holes. 

To maximize the ratio of Stanton numb er to fric tion fac tor and, thus, im prove 
overall performanc e, future SERI experiments in the desiccant lab oratory will 
foc us on testing c hannel flow b eds. In these designs a layer of silic a gel is 
glued to parallel plastic sheets with air flow parallel to the sheets. This 
offers signific ant promise of reduc ing required fan power. 

v 
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SECTION 1 .0 

INTRODUCTION 

Three ba sic co nc epts fo r using so la r energy to coo l b uildings ha ve rec eived 
the bulk o f  U.S. Depa rtment o f  Energy resea rc h funding: ab so rptio n c hillers, 
whic h  use c hemical ab so rptio n  o f  a n  ab so rbent ( suc h a s  lithium b ro mide) to 
co mpress a refrigera nt ( suc h a s  water) in a c lo sed refrigera tio n cyc le and use 
so la r energy to drive the refrigera nt va po r fro m the ab so rb ent-refrigera nt · so lutio n; Ra nkine cyc le engines, whic h use so la r energy to boil a vo la tile 
wo rking fluid tha t  drives the co mpresso r  o f  a heat pump; a nd desicca nt 
coo lers, whic h essentia lly use c hemical a dso rptio n to co mpress a refrigera nt 
and use so la r energy to drive o ff the refrigerant ( Le., regenera te the 
desicca nt) . 

Both so lid and liquid desiccants ha ve been used in va rio us co nf igura tio ns fo r 
coo ling. The mo st o ften studied system to da te, develo ped a nd tested at the 
Institute o f  Ga s Tec hno lo gy ( IGT) , is the So la r- MEC ( see Fig. 1- 1) , a n  o pen­
c yc le sy stem in whic h  the desicca nt is used to remo ve mo isture fro m  an a ir 
strea m, whic h is then eva po ra tively coo led and supplied to the co nditio ned 
spac e (Wurm et a l. 1979) .  A sepa rate a ir stream is hea ted by so la r energy ( a s  
well a s  a n  auxilia ry fuel) , blown thro ugh the desiccant b e d  to remo ve the 
mo isture, a nd then disc ha rged into the a tmo sphere. Both a dso rptio n a nd regen­
eratio n  occur simulta neo usly in the So la r- MEC mac hine because the bed is 
divided into two ha lf-c irc ular sec tio ns a nd ro ta tes, muc h like ro ta ry sensib le 
heat exc ha ngers tha t reco ver hea t fro m exha ust air streams. 

Air 

Heat 
Humidifiers 

Burner 

Air to  
Room  

Ambient  
Air  

Figure 1-1. Solar MEC Unit 
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In its capacity as the lea d  labo ra tory in de sicca nt· coo ling re search, the 
So la r Ene rgy Re searc h  Institute ( SERI) bega n  to study the pe rforma nce of de s­
iccant be ds of the type use d in the So la r- MEC mac hine from b oth e xpe rime nta l 
a nd ana ly tica l  viewpo ints. O ne re sult o f  the a na lytical wo rk ha s bee n the 
completion o f  a dynamic de siccant simula tio n mode l  ca lle d  DESSIM; some re sults 
of tha t mo de l  are discusse d la te r in Sec .  [see Ba rlow ( 1981) fo r a3.0
de ta ile d  de sc riptio n o f  DESSIMj. The e xpe rime ntal wo rk ha s focuse d o n  the 
de ve lo pme nt o f  a te st loo p  to te st de siccant beds o f  diffe re nt size s, mate r­
ia ls, and geome trie s  a nd to va lidate SERI's compute r m ode l. Its co nstruc tio n, 
o pe ra tio n, and first te st re sults a re de ta ile d in this re po rt. 

2 
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SECTION 2.0  

THE TEST LOOP DESIGN  

CONFIGURATION2.1 

The desi ccant test loop was concei ved to permit dy nami c adsorpti on/desorpti on 
tests of full- s  cale ( 74- cm) desi ccant b eds . 

Basi c  parameters desi gned for were 

Maxi mum flow rate: 340 g/s ( 600 scfm) 
Ma xi mum i nlet adsorpti on temperature: 41 0C ( lO SoF )  ( at maxi mum flow ) 
Maxi mum relati ve humi dity: 90 % ( at maxi mum flow and temperature) 
Ma xi mum i nlet regenerati on 

temperature: lSO oC ( 300 0F )  ( at maxi mum flow) 

The maxi mum relati ve humi dity, 90 % at 4loC, yi elds a very hi gh humidity rati o 
that allows testi ng well beyond the typical humi d ai r desi gn conditi ons. 

To mi ni mize duct heater req ui rements, the test loop was desi gned to use room 
ai r. We found that room ai r ordi nari ly i s  suffi ci ently low i n  b oth dry -b ulb 
temperature and moi sture content ( thanks to b oth the b ui ldi ng HVAC sy stem and 
the dry Colorado cli mate) to permit desi ccant testi ng over the range of 
desi red conditi ons. Whether adsorpti on or desorpti on testi ng i s  done, room 
ai r i s  humi di fi ed and/or heated, passed through the test arti cle, and di s­
charged as exhaust out the b ui ldi ng. 

B ecause it i s  suffi ci ently rigi d and leak- proof, a 30- ern( l2-i n. )-di ameter, 
22- gauge spi ral duct was chosen. Two duct heaters were purchased-- one 6 kW 
for adsorpti on ai r heati ng, the other, 3S kW, for regenerati on ai r heati ng. A 
two- stage, SO-kW compact electric b oi ler [0 -10 . 3  x 10 6 Pa (O-lS psi g) ]  was 
chosen for steam producti on because the b ui ldi ng safety codes req ui re verti cal 
stack exhaust for a gas b oi ler, and the lab i s  located on the fi rst floor 
of a four-story bui ldi ng. The b oi ler· and duct heaters were all sized 
conservati vely. 

Two b elt-dri ven centri fugal fans are used, each with a 30 -cm( 1 2 -i n. )- di ameter, 
strai ght radial b lade wheel. Each has an externally mounted, 2 -speed ( 1140 
and 1 72 5  rpm) , 2 30 -V, si ngle-phase, 994-W ( 1-1 /3-hp) electri c motor. A 
stepped-cone pulley sy stem i s  also used to achi eve up to eight di fferent fan 
s peeds i n  all. Major components were connected vi a the 30 -cm (12-i n. ) duct 
and l2-b olt flanges and supported on stands approxi mately 1 m ( 3  ft) ab ove the 
floor. B olted flanges were used lib erally so that the confi gurati on of the 
loop could be changed quickly, i n  case prob lems arose. 

The ori gi nal arrangement i s  shown in Fig. 2 -1 .  F or adsorpti on, fan F -l was 
turned on. Room ai r was heated by the 6- kW duct heater to a maxi mum temper­
ature of 41 0C ( lO SoF ) .  The ai r then passed through a mi xi ng box where steam 
was i njected to humi di fy the air. The humi di fi er i nside the mi xi ng b ox con­
tai ns a coi led steam pi pe that wraps around the spray cani ster to keep the 
steam spray hot and of hi gh q uality. Air was b ypassed around the test arti cle 
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unti l i nlet flow, t emperat ure, and humi dit y  were at t he desi red value. O nce 
t he preferred conditi ons were achi eved, sli di ng gat e dampers were used t o  send 
flow t hrough t he t est arti cle and out of t he b ui ldi ng. In t he regenerati on 
mode, fan F-2 was turned on. Room ai r was heat ed by t he 35- kW duct heat er an d  
b ypassed around t he t est b ed. O nce agai n, sli di ng gat e dampers were used t o  
di rect ai r flow t hrough t he arti cle and out t he bui ldi ng. 

not ed, we encount ered a numb er of prob lems i n  t hi s  first t est loopAs
desi gn. The test ri g was desi gned t o  fit i nt o  the lab orat ory wit h  all major 
component s i n  one st rai ght run. Thermocouples on ei t her si de of t he t est 
arti cle di splayed consi derab le error b ecause of radi at i on from t he duct 
heaters. M ost radi ation shi elds are desi gned t o  b lock radi ation comi ng from 
t he duct walls (i . e. ,  900 t o  flow di recti on) and not axi ally . It was di ffi­
cult t o  b lock t he radi ati on wit hout eit her i mpedi ng flow over t he t hermocouple 
( wi t h  a small local shi eld) or si gni fi cant ly i ncreasi ng system head loss 
( e. g. ,  with baffles) . Also, a large t emperat ure gradient could b e  ob served at 
t he test arti cle ent rance when therm ocouple traverses were made across t he 
duct cross secti on, whi ch was att ributed t o  i nsuffi ci ent mi xi ng lengt h  down­
st ream of the duct heat ers. 

In the ori gi nal confi gurati on, all syst em component s were locat ed on the suc­
tion si de of t he fans t o  mini mize t he chance of desi ccant dust leaki ng i nt o  
t he room and because t he ai r flow seemed t o  b e  mo re uni form on the sue ti on 
si de. Runni ng t he experi ment under negati ve pressure made fi ndi ng leaks qui t e  
di ffi cult , however. The flow nozzles ( one for each di recti on) were locat ed 
i nsi de si de b ranches of t he duct t o  allow suffi ci ent duct length upst ream and 
downst ream. ( In t hi s  way, flow wo uld never occur backwards through the unused 
nozzle, whi ch could result i n  a large system head loss. ) However, t here were 
a numb er of potential leak sit es between t he measuri ng poi nt s and the test 
arti cle as a result of t he placement of t he nozzles. 

To solve t hese prob lems, the researchers st udi ed a numb er of alt ernati ve con­
fi gurati ons. Li mit ed lab orat ory space and fi xed ob st acles ( e. g. ,  a column, a 
lab orat ory si nk) were major const rai nt s. The confi gurati on chosen ( t he one 
now i n  use) i s  shown i n  Fi g. 2-2 . The new desi gn provi des consi derab le 
lengt hs of st rai ght duct on b ot h  si des of the test arti cle. The 35- kW heat er 
now has 1 . 2  m ( 4  ft ) of strai ght duct on b oth si des. The elb ow downst ream of 
t he duct heat er furt her mixes t he ai r and b locks radi ati on t o  t he test bed and 
inst rument ation. 

Si mi larly, on t he adsorption si de, heati ng of the ai r and st eam injecti on 
occur well upst ream of t he t est arti cle, i solat ed by t wo 900 b ends. The fan 
and elb ow provi de good mi xi ng. t he regenerati on si de, not e t hat t he fan i s  
locat ed upst ream of t he 35- kW 

On
heat er, because hi gher mass flow rat es are 

achi eved by blowi ng 21 0e ( 70 0F )  room ai r rat her than 66°-1200e ( 1 50o-24 80F )  
regeneration ai r. Note also t hat most of t he t est ri g i s  under positive pres­
sure in t he current desi gn, whi ch makes leak det ecti on easi er. O nly leaks 
b etween t he flow nozzles and test bed are c riti cal. The prob lem is mi ni mized 
b y  the proxi mit y  of the flow nozzles t o  the test bed. 

The new t est ri g b ecame operati onal i n  O ct ob er 1980. P rob lems wit h  t he pre­
vi ous desi gn had been eit her solved or great ly allevi ated. Alt hough the 
radi al t emperat ure gradi ents in t he duct were great ly reduced, we could sti ll 
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detect as much as a 30C (SoF) variation at 660C (ISOoF) . Fortunately, we
found a local shop to manufacture air mixers ,  which did an excellent job of 
mixing with a minimal pressure drop . Figure 2-3 illustrates the air mixer . 
One mixer was installed just downstream of the elbow that follows the 3S-kW 
heater; this reduced the temperature gradient to less than IOC (2oF) . Because
of their low pressure drops , two more mixers were installed , one on each side 
of the test article.  
Before useful data could be taken, it was necessary to fix the leaking gate  
dampers used to establish flow direction. Although inexpensive "blast gate" 
dampers sealed reasonably well inside the duct , we found that a large amount 
of air leakage occurred along the blades to the outside of the duct. It was 
very difficult to achieve a good seal on the open slits of the external flange 
in which the damper blade slides. The solution was to cut off the external 
flange and build a wooden framework, which could be covered easily with 
closed-cell foam and another block of wood (see Fig. 2-4 ) .  The damper blade 
is either completely inserted or completely removed . To change a damper , it
is a simple and quick procedure to open a cover, add or remove a damper, and 
replace the cover . This effectively eliminated the external leakage problem. 

Butterfly dampers on either side of the fan control flow rate by throttling. 
They are also used in the bypass legs to allow bypass system pressure drop to 
match the pressure drop that occurs through the desiccant bed, resulting in a
changeover from bypass to through-flow without a change in flow rate . 
Although the dampers leak slightly where the handle shaft pierces the duct, 
none are located in the critical area between the flow nozzles and the test 
article. After all other leaks were found (by smoke testing) and sealed, S cm 
(2  in . )  of foil-covered fiberglass insulation were installed over all ducts 
and components downstream of the heaters- . Heat loss has been somewhat higher 
than calculated because the 5-cm fiberglass was partially compressed when it 
was installed, even though great care was taken to minimize this. However ,  
this is not a problem because temperature measurements are made very close to 
the test article. 

2.2 CONTllOLS 

The test loop was designed for local analog control of each duct heater and 
the boiler. The 480-V, 3-phase power to each duct heater is wired through a 
silicone controlled rectifier (SCR)--one for each heater . The firing of each 
SCR is controlled by a simple proportional analog controller that adjusts cur­
rent based on the difference between a set point temperature and that measured 
in the duct by a type T (copper-constantan) thermocouple. Desired temper­
atures are reached rapidly, and the SCRs are stable down to about 10% of full 
power . 

Controlling steam input to the duct has been a source of problems. A propor­
tional analog controller of the type used for the duct heaters initially was 
employed to control output voltage to an electrically operated globe valve in 
the steam supply line, based on a comparison between a set point relative hum­
idity and the output of a resistance-type RH sensor in the duct.  In practice , 
the valve tended either to oscillate or to remain in one position. Relocating
the sensor element and throttling flow upstream of the globe valve did not 

7 
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Fi gure Flo.... Mixe r 2-3. 

Old New 

Fi gure 2-4. Old and New Dampe r Desi gns 
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solve the problem. Since air flow rate and inlet moisture content are steady 
during an experimental run, we decided to set the steam line valves in fixed 
positions and operate the boiler in steady state. The original pressure­
control Vevice on the boiler had a minimum pressure range setting of
0 .41 x 10 Pa differential (6 psid) . So, for example, the boiler elements 
(two separately switchable 2S-kW immersion heater bundles) would turn on a 
gauge pressure of 0.41 x 103 Pa (6 psig) and turn off at 0 . 83 x Pa
( 12 psig) . Unfortunately , this change was sufficiently large to cause
significant variations in steam input.  
A pressure controller with a 6 . 9  x 103 Pa ( I-psi) pressure range was 
installed, but even this variation resulted in inlet dew-point variations of  
±a. soc,  producing a definite waviness in input humidity with a typical peri­ 
odicity of four minutes . To obtain steadier pressure, an SCR was connected to  
the heater elements and controlled by an analog controller comparing duct air  
dew point at the test article entrance to a set point value. This setup cer­ 
tainly did not exhibit a rapid response, but as long as a steady pressure  
could eventually be reached, it was considered adequate.  
This new scheme appeared to work well at first . However , the dew point would  
drop sharply by O . SoC (0 .90F) about every IS minutes and then gradually rise  
again. The dew-point drop coincided with injection of cold boiler feedwater  
through a fast-acting solenoid valve. (This valve had earlier caused water  
hammer problems in the feedwater line , which were solved by the installation  
of a small, pressurized surge tank . )  The dew-point drop problem was greatly  
alleviated when we installed a small metering valve in the feedwater line to  
prevent the sudden surge of cold water when the solenoid opened .  
Additionally, since many test runs required flow rates at a very small frac­ 
tion of boiler capacity, and it was difficult to turn the power down low  
enough to achieve this,  we installed a dump steam condenser, consisting of a  
simple copper coil in a tank of cold water. The boiler was then operated at  
the minimum controllable level and excess steam was diverted through the coil,  
where it condensed and dripped into a floor drain.  
Operating the boiler as described here resulted in inlet dew-point variations  
of less than ±O . lSoC (±O .27oF) . Getting to the steady-state condition proved  
to be tedious and time consuming , however, taking as long as 4S minutes. 
Recently, a voltage output card for the HP-85 data acquisition computer was 
purchased , and the computer was programmed to perform proportional-integral 
control. The difference between measured dew-point temperature and a set
point is used as the error signal. Preliminary results using this system were 
encouraging . 

2 .3  INSTRllHENTATION AND DATA ACQUISITION 

2.3.1 Data Acquisition 

Originally , a Kaye Digistrip-II data logger with a built-in, full-page line 
printer was used for data acquisition. This data logger can compensate inter­
nally for various types of thermocouples, will scale analog and voltage 
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inputs ,  and supply readings in engineering units . It can also perform simple 
scientific calculations . For example, it was programmed to take the square 
root of the flow nozzle pressure drop, multiply it by a drag coefficient, and 
output a flow rate . Up to 70 channels could be input with a scan rate of 
8 channels per second .  
Early in the data runs , we realized the importance of being able to perform  
real-time psychrometric conversions as well as corrections such as the radi­ 
ation effect on wet-bulb measurement .  At the same time , data acquisition  
systems, priced under $10 , 000, that had such a capability were becoming avail­ 
able. Accordingly, an HP-85 data acquisition system was purchased, consisting  
of an HP-85 desktop computer with an HP-3497 scanner/multiplexer/digital  
voltmeter .  
The software, written in BASIC, was designed to convert all voltage readings  
from the HP-3497 into engineering units as well as perform psychrometric cal­ 
culations such as determining humidity ratio from either dew-point or wet-bulb  

. temperatures . A sample output is shown in Fig. 2-5 . Values for the left  
(absorption inlet, regeneration outlet) and right (absorption outlet,  regener­ 
ation inlet) sides of the test article are displayed . Inlet and outlet dry­ 
bulb temperatures , wet-bulb temperatures, and the percentage of relative 
humidity are shown, as well as the flow rate. Inlet and outlet humidity  
ratios are calculated based on dew-point and dry/wet bulb temperatures . Inlet  
and outlet enthalpies are also calculated. Measurement locations are shown in  
Fig . 2-6 .  
All the data are displayed every 15 seconds and can be printed out every  
30 seconds . The software also contains a graphics section for plotting outlet  
dry-bulb temperature versus time , outlet humidity ratio versus time , and the  
process line on a psychrometric chart. As noted in Sec. 3 .0 ,  the-program now 
also contains the software for performing proportional-integral control of the 
steam supply valve. 

BEGIN DATA COLLECTION 

TIME: 00: 00 09: 29 03/01/81  
ADSORPTION FLOW RATE= 3 SCFM  

C DB C WB C DP I. RH W(DP)  
INLET 21.7 22.6 24.6 31.2 .02435  
OUTLET 22.3 21.5 0.0 .1 .00466  

TIME: 00:30 09:30 03/01/81  
ADSORPTION FLOW RATE= 5 SCFM  

C DB C WB C DP I. RH W(DP)  
INLET 21.7 22.6 24.6 31.3 .02439  

OUTLET 22.3 21.6 0.0 .1 .00466  

END DATA COLLECTION: AVE FLOW RATE 4.2453 SCFM= 2.37366850319E-3 KB/S 

Figure 2-5 . Saaple BP-85 Data Acquisition Syste. Output 
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Flow rates are
duct.

(2-1/2 in.) , 10 em 

Humidity

dew-point hygrometers. 

temperature. 

holes, each 1.8 mm
dicular to air flow. 

2.3.2 Temperatures 

Temperatures throughout the system are measured with exposed-junction type-T 
(copper-constantan) thermocouples having a rated accuracy of ±0.50C. Refer­
ence compensation is accomplished by the data acquisition system (isothermal 
block). Although the system design permits good air mixing, any variation is 
averaged by means of an array of thermocouples mounted on wire screens , one 
screen on each side of the test article. Each screen contains eight thermo­
couples positioned to yield an area-weighted average. Each thermocouple is 
read into the data acquisition computer, and averaging is accomplished in the 
software. This allows temperature dist,ibutions to be observed. Because of 
the high conductivity of the copper wire, at least 15 cm (6 in.) of wire is 
used between the duct surface and each thermocouple to minimize conduction 
error. 

2.3.3 Pressure Drops 

Pressure drops are determined by capacitance-type pressure transducers , MKS
Model 221, that supply an output of 0-10 VDC proportional to a pressure drop 
of 0-24 Pa (0-10 in. WG) and ·have an accuracy of ±D.5% of the reading. A
sealed capacitance-type unit is also used to measure atmospheric pressure. 
For more accurate visual readings , a hook gauge manometer (Dwyer Model 1430 
micrometer) with a range of 0-498 Pa (0-2 in.) and an accuracy of ±D.025 Pa
(±D.OOOl in.) is used. 

2.3.4 	 Flow Rates 

determined by ASHE flow nozzles , flange-mounted in the 30-cm 
( 12-in.) 	 Nozzle sizes of 4 cm ( 1-5/8 in.) , 5 cm (2 in.) , 6.5 cm 

(4 in.) , 13 em (5 in.) , and 18 em (7 in.) (in pairs) allow 
measurement over a wide range of flows. Pressure drops across the nozzles are 
measured with the capacitance-type transducers already noted. 

2.3.5 

Air dew point is measured with General Eastern Model 1211 optical condensation 
Each one contains a thermoelectric heat pump which 

alternately heats and cools a mirror surface, maintaining it at the dew-point 
A type-T thermocouple measures the mirror temperature directly 

and is routed to the data acquisition computer. To ensure a representative 
air sample from the duct, the air for each hygrometer is drawn by a small pump 
from a 2.5-cm( 1-in.)-diameter, 30-cm( 12-in.)-long copper pipe with 12 manifold 

(0.070 in.) in diameter, arranged across the duct perpen­
Air is thus sampled from the entire cross section. 

Although these hygrometers can provide accurate dew point readings, their per­
formance in the laboratory has been disappointing. Repeatability has been 
poor, and they tend to go into oscillations without warning. A great deal of 
attention has been paid to adjusting various controls (compensation, gain , 
condensate film thickness ) ,  but the problems remain. Because of these 
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W = Ws B -, 
Le Cp ,a
hfg ,wb 

problems, various other humidity measurement devices have been tes ted. Pope
cell-type relative humidity transducers have been used , but they were not
sufficiently accurate for our experiments .  
Wet-bulb thermocouples were made by inserting a type-T thermocouple inside a  
cotton wick partially immersed in a reservoir. Adjustments of the length of  
wick not immersed proved critical . If it is too long , the wick near the 
thermocouple will not be sufficiently wet, and the reading will be too high.  
If it is too short, water from the reservoir will be drawn up too rapidly , and  
the reading will be shifted toward the reservoir temperature. Shielding the  
thermocouple from radiation is also a difficult problem . When a simple dry­ 
bulb measurement is taken, a cylindrical metal shield oriented along the flow  
direction can be placed around a thermocouple .  This minimizes radiation heat  
transfer between the thermocouple and the environment, since the shield itself  
will tend to be near the air dry-bulb temperature. If the wall temperature  
differs greatly from the dry-bulb temperature, several shields can be used .  
When we attempt to measure wet-bulb temperatures , however , we find that a 
simple shield will again be near the dry-bulb temperature, and radiation error  
will still exist .  
In determining the air humidity ratio,  the wet-bulb reading must be corrected  
to account for this radiation heat gain term . This is done by the data  
acquisition computer . From an enthalpy balance on the thermocouple, the 
corrected humidity ratio is as follows (Threlkeld 1970) :  

where  
W corrected air humidity ratio 

=Ws B , 

= 

humidity ratio of saturated air at the temperature indicated 
by the wet-bulb thermometer 

Le dimensionless Lewis number at the wick surface = 

=hfg,wb latent heat of vaporization of water at the indicated wet­
bulb temperature 

Cp ,a  specific heat at constant pressure based on dry air = absolute temperature of surrounding surfaces 
= absolute temperature indicated by wet-bulb thermometer TWb 

T

T 

s 
= 

absolute dry-bulb temperature of the air  = convection heat transfer coefficient at wick surface  h
h
c 
r radiation heat transfer coefficient at wick surface .  = 

Using a Lewis member of 0.89 and an empirical correlation for the specific 
heat at the arithmetic mean humidity ratio, we have (in SI units ) :  

I. = Ws ,wb 
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The saturated air humidity ratio is determined as follows : 

Ws wb = 0.6 22 
Ps ,wb 

, P - Ps ,wb 

where P is the vapor pressure, and Ps ,wb is the vapor pressure of saturated 
air at the measured wet-bulb temperature determined from an empirical  
correlation.  
The convective heat transfer coefficient is calculated as  

where v is the air velocity. The radiative heat transfer coefficient is  
de termined as  

where Ewb is the emissivity of the white cotton wick, estimated to be 0.85.  
Writing these correlations into the BASIC data acquisition software for the  
RP-85 computer, we obtain radiation-corrected humidity ratios based on 
measured wet-bulb temperatures as outputs.  
Unfortunately, the wet-bulb thermocouples also proved troublesome. The most   
important measurement point during an adsorption run, the bed outlet, was 
often too dry for the wet bulb . The wick would dry out and the wet-bulb  
reading would approach that of the dry bulb. The dew-point hygrometers thus  
remain our reference measurement for air humidity, and if they become unstable  
during a test run, that run is repeated. We are continuing to look for more  
reliable ways of measuring the air humidity. (We recently acquired two new  
Central Eastern dewpoint hygrometers, M:ldel 1100 DP, which have given good  
results so far.)  

2.4 TEST PROCEDURE 

To make the test procedure as simple and repeatable as possible, we prepared a 
step-by-step checklist. Immediately before an adsorption data-taking run, the 
test bed is completely regenerated [Le., outlet dry bulb is within 0.20C 
(0.40F) of inlet dry bulb] . Similarly, the bed is completely adsorbed before 
a data-taking regeneration run is made. The test procedure is set up to make  
the time between adsorption and desorption as short as possible.  
The longest delay occurs between the end of regeneration and the beginning of  
adsorption, because the inlet humidity must be brought to the proper value .  
Before regeneration is started , therefore, the boiler is brought up to pres­ 
sure, and steam is injected into a bypass airstream to achieve the humidity  
needed for adsorption. This allows us to determine the proper position of a  
throttling valve upstream of the steam control valve as well as the proper  

14 
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electric power setting. The boiler is then left at pressure during regenera­
tion. In spite of these precautions , a time lag of 20 minutes still can occur 
between regeneration and adsorption, so the test bed is removed and sealed in 
an air-tight plastic bag during that time .  
The test procedure provides for preadjustment of the flow dampers, maintaining  
the correct flow rate when the flow direction is switched from bypass to flow  
through the test article. After a test run, the bed is weighed on a scale  
accurate to :1;4.5 g (:1:0.01 lb) to determine the amount of water adsorbed or
desorbed. The fans are run for several minutes after the heaters are turned 
off to cool down the coils. The step-by-step procedure is detailed in the 
appendix. 
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SECTION 3.0 

EXPERDIENTAL RESULTS 

To obtain dat a t hat co uld be co mpared di rect ly wit h  dat a fro m  ot her so urces, 
t he fi rst test arti cle was desi gned to behave as a po rtion o f  a test bed bei ng 
manufactured by AiResearch Manufact uri ng Co . ,  a SERI subco nt ractor ( Ro usseau 
1 981) . Fi gure 3-1 shows t he Ai Research syst em. The desi ccant bed i s  a ver­
ti cal drum desi gn split i nto halves by a verti cal plane t hro ugh whi ch t he 
drum's axi s  o f  rot atio n passes. Adso rption and regeneratio n ai r ent er i n  
o ppo sit e  halves. In each case, ai r ent ers (or  exi t s) t he co re vo lume o f  t he 
bed fro m one end o f  t he drum aɀd passes thro ugh t he desi ccant i n  a radi al 
di rectio n. 

SERI's fi rst t est arti cle is shown i n  Fi g. 3-2 .  It i s  di sk-shaped and repre­
sent s  a po rtio n o f  t he drum wall, t hus replaci ng a cyli ndri cal geo met ry wit h  a 
slab geo met ry , a reaso nable appro xi matio n o f  a thi n- shelled annular cyli n­
der. The screen used to ho ld t he 8-10 mesh si li ca gel i n  place is t he same as 
t hat used by Ai Research. The test arti cle ri m was made fro m a ro lled st eel 
channel. O ne ci rcular screen was ri vet ed to o ne si de o f  t he frame. The si l­
i ca gel was added wit h  t he channel- screen co mbi natio n ho rizo nt al. O nce full, 
t he seco nd screen was rivet ed i n  place. Fi ve met al spacers were used between 
t he two screens to mai nt ai n  3.2-cm ( 1 . 2 5-i n.) 

• 
spaci ng--t he same as t he 

Ai Research dept h. The bed di amet er o f  7 4  em (29 i n. )  was cho sen so t hat t he 
same face velo cit y  as t hat o f  Ai Research co uld be mai nt ai ned [1 9. 8 m/s 
( 65 ft /s) ] wit h  a flow rat e o f  170 g/s ( 300 scfm) 

Overhead Duct 

Saturator 

Desiccant Water Pan 
Drum 

Figure 3-1. Desiccant Coo1ing Systea AiResea rch 
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Steel Screen, 3.2-cm (1 .2S-in.) Spacers 

0.13-cm (O.OS-in.) Holes on 
0.21-cm (O.081-in.) 
Staggered Centers 

74-cm 
(29-in.) 

Rolled Att..d,Ad to Channel 

3.2-cm 
(1 .2S-in.) 

Figure 3-2. SHica Ge1 Test Bed 

In i nstalli ng the test arti cle , we tri ed various sealing co nfi guratio ns to 
mi ni mize leakage aro und the edge o f  the bed. The seali ng system cho sen co n­
si sted o f  clo sed- cell foam attached i nsi de the duct chamber aro und the peri ­
meter o f  the b ed. Thi s yielded the highest pressure dro p acro ss the bed. 
Pro per seali ng was evi dent from the depressio n made in the fo am by the edge o f  
the bed. 

Si nce the first test arti cle was large r than the duct, transi tio n  sectio ns 
were fab ri cated fro m  sheet metal. To i mpro ve mixing and uni fo rmi ty o f  flow, 
we i nstalled a mixe r and perfo rated plate o n  each si de o f  the test arti cle. 
Also ,  the pressure dro p acro ss the test b ed i tself was qui te large [about 
2 50 Pa ( I-in. WG) at 170 g/s ( 300 scfm) 1 and pro vi ded fo r goo d  uni fo rmi ty o f  
flow. 

In addi tio n  to testi ng the loo p, we made ni ne experimental runs o n  the 74- cm 
( 2 9-i n.) bed to vali date SERI' s i n- ho use desi ccant co mputer mo del, DESSIM .  
Thi s co de perfo rms heat and mass transfer calculatio ns usi ng si mple equatio ns 
adapted fro m  heat exchanger theo ry .  Publi shed experimental data o n  si li ca gel 
pro pertie s and transfer co effi ci ents are used i n  calculati ng the pro perti es o f  
a co ntrol vo lume o f  air as i t  mo ves thro ugh bed segments. More detai ls o n  
DESSIM can b e  fo und i n  Barlow ( 1 981 ) .  

Fi gure 3-3 i s  a psychro metri c chart showi ng i nlet ai r co ndi tio ns fo r all the 
adso rptio n test runs. Both adso rption and deso rptio n runs were made i n  acco r­
dance wi th the ex peri mental pro cedure di scussed earli er. Test co ndi tio ns are 
also summarized i n  Table 3-1 .  A after a numb er i ndi cates an adso rptio n An
run, and an R i ndi cates regeneratio n. 
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Dry-Bulb Temperature (0 C) 
Figure 3-3. 	 Psychrometric a.art Showing Inlet Air Conditions 

for the Exper:laenta1 Runs 

Tab1e 3-1. 	 Test Conditions for Desiccant Laboratory Runs 

PreviousPredictedInlet Conditions 	 RegenerationB ed Water Content ConditionsRuna 

Temp. Humidity Air Flow Initial Final Temp. Humidity
( oC) ( kg/kg) ( kg/s) ( kg/kg) ( kg/kg) ( oC) ( kg/kg)- -b730A 30.5 0.0138 0.212 0. 0155 81 . 1  0. 0073 

85A 40. 0 0. 0184 0.2 08 0. 0195 0.178 80. 0 0.0097 
85R 80.4 0. 0107 0.2 46 0.178 
SUA 2 9. 2  0. 02 2 6  0.2 08 0. 02 1  0.333 79. 8 0. 0107 
81IR 79. 7 0.0112 0.2 52 0. 333 
81 9A 35. 6 0.01 34 0.2 2 7  0. 0203 0 . 1 70 80.4 0.0105 
819R 80. 7 0.01 03 0.2 46 0. 1 70 0.0198 
81 9A2 0.0126 0. 2 2 7  0.0198 0 . 1 63 
82 A 30. 0 0.02 67 0.2 12 0.02 46 	 60.4 0.01 41 = 	 = aSuffix: A adsorption, R regeneration.  
hvalues were not calculated because they were not needed for further runs.  
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Results of the tests are shown graphically in Figs. 3-4 through 3-12.  The 
figures each contain three plots showing outlet air temperature versus time, 
outlet humidity ratio versus time, and a process line for the outlet air on a 
psychrometric chart where I indicates initial outlet state and F is the final 
outlet state. In each case, the circles represent experimental data and the 
solid line represents computer model ( DESSIM) predictions. Each plot also 
indicates which value for the Lewis numb er was used in the model, as well as 
which correlation was used for silica gel equilib rium isotherm data. 

The adsorption/desorption process involves coupled heat and mass transfer. 
During adsorption or desorption, tWo waves propagate through the desiccant 
b ed; b oth are coupled thermal and moisture waves. The first adsorption wave 
travels faster and is similar to a pure thermal wave in that the temperature 
of the desiccant b ed changes significantly with its passing, while the mois­
ture content of the desiccant changes only slightly. The second wave moves 
more slowly and is often referred to as the moisture wave. The second wave is 
also a result of coupled heat and mass transfer, and desiccant temperature and 
moisture content change simultaneously with its passing. The progression of 
these tWo waves past the outlet end of the desiccant bed is reflected by the 
progression of the outlet air states along a psychrometric process path. The 
path traced b y  outlet air states during either adsorption or desorption has 
two legs, one associated with each of the two waves. The leg associated with 
the first wave has a trajectory similar to that of a line of constant relative 
humidity on a psychrometric chart. The leg associated with the second wave is 
similar to a line of constant enthalpy. [A detailed description of the 
physical b ehavior of desiccant b eds is found in B arlow ( 1 981 ) ,  and only the 
major points will be discussed here.] 

B ecause of restrictions on parasitic power, the desiccant beds used in cooling 
systems and tested in the SERI facility are quite thin. To understand the 
experimental results for these thin b eds, we focus on two runs: an adsorption 
run and a desorption run. With the thin test b ed, the first wave passes 
quickly ; only the effects of the second wave are demonstrated clearly in these 
runs. 

3 . 1  ADSORPTION 

Adsorption run 730A waS done with an inlet air temperature of 30.SoC ( 87oF) , 
an inlet air humidity ratio of 0.0138, and a dry-air flow rate of 212 gls 
( 373 scfm) . Before that run, the desiccant bed was regenerated to a moisture 
content of ab out 2 %  by weight using regeneration air at 81 0C ( 178oF) with a 
humidity ratio of 0.0073. 

Figure 3- 4(b )  shows the outlet air humidity ratio versus time during run 
730A. This is the so- called b reakthrough curve. In a deeper bed, the outlet 
humidity ratio would remain low for some time until the adsorption wave b roke 
through; then the humidity ratio would b egin to rise. In this case, however, 
the packed silica gel bed is actually thinner than the theoretical mass trans­
fer zone (MTZ), and moisture b egins to b reak through very early in the run. 

the run continues, the remaining bed capacity continues to drop, and theAs
exit air humidity increases as the adsorption wave exits. Agreement b etween 
the computer model predictions and measured humidity ratios ( derived from the 
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measured dew poi nt) i s  very c lose, exc ept duri ng the fi rst one or two mi nut es 
of the run. Thi s  di sc repanc y does not seem to be the result of error in the 
c omput er model, h owever. Rath er, we b eli eve it results from th e respo nse 
charact eri stic s of the optical dew- poi nt hygromet ers and thei r  sam pli ng li nes, 
and from the fact that the thermal c apacit ance of the sc reens i s  not i nc luded 
i n  the c omput er model. 

The out let ai r t emperat ure versus tim e for run 7 30A i s  sh own i n  Fi g. 3-4( a) . 
The m easured out let air t emperat ure ri ses rapi dly for the fi rst two mi nut es of 
th e run, whi le the predict ed out let t emperat ure starts high and falls for the 
fi rst t wo  mi nut es. Th ese rapi d changes c orrespond t o  the passi ng of the fi rst 

wave through the bed. Measured and predicted result s are di fferent bec ause 
the predicti on was c arri ed out assumi ng that the i nitial b ed t emperat ure was 
the sam e as the regenerati on t emperat ure previ ously used to regenerat e the 
b ed. B ec ause of the delay b etween regeneration and adsorpti on runs, the des­
icc ant b ed was ab le to c ool down , and the me asured t emperat ure of the ai r that 
left the bed fi rst was b elow 40° C .  Other simulati ons have demonstrat ed that 
th e i nlet temperat ure of the b ed has essenti ally no effect on the predict ed 
result aft er the passi ng of the fi rst wave. 

I n  thi s adsorpti on run, humi d  ai r passes through a dry and relati vely c ool 
desicc ant b ed. the ai r fi rst ent ers the b ed, moisture i s  adsorb ed by th e As
desicc ant . Th e adsorpt i on proc ess releases energy (th e heat of adsorpti on) , 

which rai ses the loc al t emperat ure of the b ed and the ai r. Thi s  h ot ,  dry ai r 
then progresses through the b ed and b egi ns t o  heat th e bed. Thi s  effect i s  
what produces the fi rst wave during adsorpti on. Th e t emperat ure of the ai r 
that fi rst leaves the b ed i s  th e sam e as the initi al t em perat ure of the bed. 

the fi rst wave passes through the b ed, the out let t emperat ure changesAs
rapi dly ; i n  this c ase ri si ng. Then, th e out let t emperat ure slowly dec ays 
t oward the i nlet ai r t emperat ure as the b road sec ond wave works its way 
through the b ed. the bed pic ks up wat er, less adsorpti on t akes plac e, less 
heat i s  produced,

As 
and there i s  a c orrespondi ng dro p i n  out let dry-b ulb 

t em perat ure. 

Fi gure 3-4(c )  sh ows me asured and predict ed out let ai r st at es on a psychro­
met ric chart for adsorption run 7 30A. O ut let st ates move from lower ri ght t o  
upper left on a psychrometric proc ess li ne, from a hot, dry st at e t oward the 
stat e of the i nlet ai r. The out let ai r reaches the i nlet st ate wh en th e 
sec ond wave has passed c omplet ely through the bed and the enti re bed is  i n  
eq ui lib ri um  with the i nlet ai r. Agai n, agreem ent b etween measured and pre­
dicted result s i s  close, exc ept duri ng the fi rst two minut es. Th e deh umi di fi­
c ati on li ne ( or proc ess li ne for the sec ond wave) di ffers from a c onst ant 
enthalpy li ne b y  the di fferenc e· between the heat of c ondensation and heat of 
adsorpti on; thus, it has a sh allower slope. I f  we ch oose any poi nt on that 
li ne, the ai r flowi ng through the bed at that time moves down th e deh umi di fi­
c ati on li ne t o  the poi nt that would b e  the exit c ondition at that time. Si nc e 
the h eat of adsorpti on i s  great er than the heat of c ondensati on, the ai r exi t s  
the b ed with great er enthalpy than i t  had on ent eri ng the b ed. 

I n  all three of the graph s of Fi g. 3-4, only the effec t s  of the. sec ond adsorp­
ti on wave are demonst rat ed c learly, b ec ause the fi rst wave travels through a 
thi n b ed of thi s t y pe very rapi dly. Th e effect s of the fi rst wave are di s­
c ussed in B arlow ( 1 981 ) ,  where predicti ons are c ompared with publi sh ed dat a on 
adsorpti on/desorpti on i n  thicker b eds of si lic a  gel. 
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3.2  REGENERATION 

Case 85R was a regeneratio n run wi th an i nlet dry-b ulb temperature o f  80. 4  0C, 
i nlet humidity ratio o f  0.0107, and dry ai r flow rate o f  246 g/s 
( see Tab le 3 -1 ) .  wi th ,the adso rptio n case, the outlet tem perature, outlet 
humi di ty, and 

As 
li nes psych rometri c  pro cess are plo tted ( see Fi gs. 3-6a,b , c) .  

Fi gure 3-6b shows the outlet ai r humi di ty versus time. Thi s  graph i s  no t, as 
o ne mi ght suspect, symmetri c  wi th the adso rptio n case but rather ri ses fo r 
several mi nutes b efo re decreasi ng, as a result o f  the fi rst wav e passi ng 
th ro ugh the b ed. Since the bed i s  relatively coo l  after adso rptio n, i t  gives 
up mo re an d mo re moisture as it is heated ( up to 800C) . Thi s  is shown clearly 
b y  the well- defined leadi ng edge o f  the psych rometric chart (Fi g. 3-6c) . 

Ideally , the li ne that defi nes the fi rst wav e wo uld be clo se to a co nstant 
relative humi di ty li ne, si nce this represents a primari ly th ermal wave wi th 
li ttle change i n  th e moi sture co ntent o f  th e bed. (The equi lib ri um vapo r  
pressure o f  si li ca gel can be described fai rly well as a functio n o f  relative 
humi di ty .) In actuali ty, the pro cess li ne must deviate somewhat from a co n­
stant relative humidity li ne to permit a change i n  the bed moi sture co ntent, 
whi ch ,  turn, allows fo r a change i n  the ai r mois ture co ntent. Also , si nce 
the bed

in
has heat capaci ty, the fi rst wave pro cess li ne tends to be ste eper 

than a co nstant relative humi di ty li ne. As mentio ned, the seco nd pro cess li ne 
i s  clo se to an adi ab ati c pro cess and di ffers from a co nstant enthalpy li ne b y  
the di fference b etween the heat o f  adso rpti o n  and heat o f  co ndensatio n. 

The plo t o f  the o utlet humi di ty ratio versus time shows that the seco nd wave 
i s  sharper than it wo uld be for an adso rptio n run; i .e., the wav e is nar­
rower. (Note that an expanded ti me scale i s  used fo r the regeneratio n 
plo ts.) Thi s  o ccurs b ecause the lo cal adso rptio n wav e speed i n  the b ed 
decreases as the wave passes, causi ng the seco nd wave fro nt to spread. Duri ng 
deso rptio n, however, th e lo cal wav e speed i ncreases as th e wav e passes, whi ch 
results i n  a sh arper second wave fro nt. Thi s effect i s  di scussed further i n  
Barlow ( 1 981 ) .  

Th e outlet ai r temperature versus tim e  also shows the effect o f  the fi rst 
wav e. The fi rst ai r passi ng th ro ugh the bed is coo led by the gel, but the 
exi t tem perature i ncreases rapi dly as th e bed becomes heated and less and less 
o f  i t  is avai lab le fo r coo li ng. O nce equi lib rium is reached, a large b ed 
wo uld show co nstant outlet tem perature. In thi s thi n bed, however, th e mass 
transfer zone b egi ns to b reak th ro ugh qui ckly, and the seco nd wave shows up 
i mmedi ately after the fi rst wav e ends. No te that the pro cess li ne fo r regen­
eratio n has the same slo pe as i t  do es fo r adso rptio n. In the regeneratio n 
case, the lower ri ght end o f  the li ne represents the co ndi tio n  o f  inlet ai r. 
The ai r passi ng th ro ugh the bed moves up the pro cess li ne and exi ts at some 
co ndi tio n  o n  th at li ne. The exi t co ndi tions alo ng the li ne mov e from upper 
left to lower ri ght, just the o ppo si te o f  that fo r the adso rptio n case. 

Because the adso rptio n/deso rptio n pro cess i nvo lves bo th heat and mass trans­
fer, i denti fying the pro per transfer co effi ci ents to be used i n  pr edi ctio ns i s  
cri ti cal. Heat transfer co effi ci ents i n  packed beds h av e  been characteriz ed 
fai rly well, and a standard co rrelatio n is used in the computer mo del. Ma ss 
transfer co efficients fo r adso rpti o n  i n  packed beds have no t been well 
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c har ac terized, b ec ause a r esi stance to mass tr ansf er exi sts wi thin the so li d 
par tic les as well as in the air str eam. In adsor ption mo deling, the gas- si de 
tr ansf er coefficien t  is  mo dified to account appro xi mat ely for the so li d- si de 
r esi stanc e. 

For the pr edic tions repor ted her e, the mass tr ansf er coefficient i s  ob tained 
from g = h/C Le, where h is the heat tr ansf er coeffici ent, C is the specific p p
heat of air ,  an d Le is an eff ec tive Lewi s numb er .  Recent theor etic al wor k  b y  
van Leer sum ( 1981) has in dic ated that an eff ec tive Lewi s number b etween 3 an d 
4 i s  appro pri ate for ro tar y dehumi dif i er s  in desicc an t  coo lin g systems. A 
Lewis numb er of 3 wor ked well for adsor ption pr edi c tions b ut di d not work well 
for desor ption. To ob tain a r easonab le fit to desor ption data, the eff ec tive 
Lewis numb er had to increased to 9.be 

Thi s value was used for all the regener ation pr edictions reported her e. Thi s 
is  a si gnificant r esult in that it suggests that there is  a dyn amic hy ster esi s 
eff ec t  in si lic a  gel pro per ti es. That i s, i t  i s  har der to get water out of 
si lica gel par tic les than it is to get water in. Conseq uen tly, it may not be 
po ssib le to use a sin gle diff usion coeffici en t  to describe tr an spor t  of  water 
wi thin si lica gel par tic les during both adsor ption and desor ption. To o ur 
knowledge, thi s eff ec t  in si lica gel has no t yet been doc umen ted, ev en tho ugh 
pr evious investi gators have had diffic ulty matc hing pr edic tions wi th data for 
desor ption . 

3.3 PRESSURE DROP MEASUREMENTS 

Fan power req uir emen ts ar e ver y  i mpor tan t in the desi gn of a desicc an t  coo lin g 
system; thus, the pr essure dro p  acro ss the b ed was deter mined as a f unc tion of 
f low rate. Results for the 74-c m ( 2 9-in.) bed ar e given in Tab le 3-2 .  A typ­
ical f ac e  velocity for a desicc ant system i s  0. 33 m/s ( 65 f t/min ) ,  which wo uld 
correspon d her e to roughly 170 g/s ( 300 sef m) .  At thi s f low, the pr essur e 
dro p  was appro xi ma tely 225 Pa ( 0. 9  in. WG ) .  

Table 3-2. Pressure Drop .vs. Flow Rate for 74-ca Diameter, 3.2-ca Deep 
Silica Gel (8-10 Mesh) Bed 

Flow R ate LIP Flow R ate LIP 

k g/s scf m  P a  in. WG k g/s scf m  P a  in. TɸG 

0. 116 
0. 12 9  
0. 143 
0. 15 6  
0. 169 
0. 182 

2 04 
228 
252 
2 76 
2 98 
321 

137 
160 
182 
210 
2 36 
2 61 

0. 552 
0. 642 
0. 730 
0. 844 
0. 948 
1. 047 

0. 2 35 
0. 2 49 
0. 2 63 
0. 2 77 
0. 2 90 
0. 303 

415 
440 
464 
489 
512 
5 35 

387 
413 
449 
484 
519 
5 61 

1. 555 
1. 65 8  
1. 805 
1. 945 
2 .  085 
2 . 255 

0. 196 2 88 1. 15 7  0. 316 5 5 8  5 93 2 .  380 
0. 2 09 368 321 1. 2 88 0. 32 7 5 76 642 2 . 5 80 
0. 222 391 35 3 1. 418 
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The p ressure drop ac ro ss the b ed is the sum o f  p ressure drop s ac ro ss the gel 
and ac ro ss the two sc reens ho lding the gel in plac e. To det ermine the pres­
sure drop ac ross the gel alo ne, we c anno t  simp ly measure the I:J.P ac ro ss an 
emp ty bed and sub trac t, b ec ause the sc reen pressure drop is muc h greater when 
it is installed in the b ed b ec ause silic a  gel p artic les p lug the sc reen 
ho les. To determine this effec t, small, 30-em( l2- in. ) -diameter test sec tio ns 
were tested at two different lengths: 3 e m  ( 1- 3/ 16 in.) and 10 c m  ( 4  in.) . 
(These sectio ns were built in vario us lengths up to 2 0  e m  ( 8  in.) to p ermit 
future testing o f  p ac ked b eds and with lengths exc eeding that o f  the ma ss 
transfer zo ne.) At a given flow rate, the pressure drop ac ro ss an installed 
sc reen c an b e  determined algeb raic ally fro m  the two to tal I:J.P readings, as fo l­
lows. If I:J. P is the pressure drop ac ro ss a sc reen, I:J.Pl is the pressure drop s 
ac ro ss the 3-cm b ed, and I:J.P2 is the drop ac ro ss the 10-c m b ed, we have 

I:J. Pl = UPS + I:J.Pl ­GEL= 
o r  

and 

I:J.P2 2I:J.PS + I:J.P2-GEL 
I:J.P2-G EL = 0. 102 I:J.Pl-GEL 

0.0302 

Solving fo r I:J.Ps' we obtain 

3. 368 I:J.Pl-GEL 

Tab le 3-3 shows the p ressure drop data fro m  this test. The last co lumn indi­
c ates how ma ny inc hes o f  8-l 0 mesh silic a gel a single plugged sc reen is 

nequivalent to i terms o f  p ressure drop ( sinc e  b ed siz es are typ ic ally o n  the 
o rder o f  1 inc h) .  Sinc e this value is abo ut 250 Pa ( 1  in. WG )  fo r the typ ic al 
0.33 m/s ( 65 ft/min) fac e  veloc ity fo r a 2 .5-c m( 1- in.)- deep silic a  gel b ed, 
the two sc reens comb ined account fo r two- thirds o f  the to tal bed pressure 
drop. Thus, there seems to b e  co nsiderab le po tential fo r reduc ing fan power 
fo r thin-p ac ked b eds wi th b etter sc reen designs. 

3 . 4  MEASUREMENT ACCURACY 

Acc urac ies o f  individual measurements ha ve b een discussed; they are su mmariz ed 
here in Tab le 3-4. 

The accurac y  o f  the flow measurement ac tually dep ends o n  the degree o f  damp er 
leakage. A ltho ugh we measured the leakage rates as a func tio n o f  i nternal 
duc t pressure and co rrec ted them, leakage can c hange with time. A mo re co n­
servative estimate o f  flow rate measurement accurac y wo uld b e  -:1:5% o f  the 
reading. O f  course, wh enever different measurements are co mb ined to obtain a 
c alc ulated result, the acc urac y o f  that result is a func tio n  o f  the individual 
measurement acc urac ies. The o nly c alculated qu antity o f  interest in terms o f  
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P = exp - 3780 - 22 5805 
TDP + 2 73 ( TDP + 2 73) 2 

llW = llP2Y 

Table 3-3 . 	 Pressure Drop va .  now Rate for 3O-=( 12-in . )-Di .... eter 
Test Articles Contain.ent Screensand 

Flow 

kg/s 

Rat e 

scfm Pa 

llPA 

i n. WG Pa 

llPB 

i n. WG Pa 

ll PS 

i n. WG 
llPS

/llPR 

0. 02 3  40 1 59 0. 639 301 1 .2 08 49.8 0. 2 00 0. 988 
0.034 60 2 97 1 .1 91 
0. 045 80 459 1 .842 886 

2 .2 2 4  94.1 0.378 1 .030 
0.5613. 546 140 0.92 7 

0.057 	 1 00 647 2 . 600 1 2 50 5.030 1 96 0. 788 0.91 3 
0. 068 	 120 865 3.475 1 650 6.614 2 68 1 . 075 0.964 

Average 0. 96 

Notes: 
ll PA 
ll PB = 
llPS = 
ll PR = 

pressure drop 
pressure drop 
pressure drop 
pressure drop 

across 
across 
across 
across 

3- cm ( 1 . 2-in. ) bed. 
1 0-em ( 4-in. ) b ed. 
a si ngle i nst alled screen. 
2 . 5  cm ( 1  i n. ) of si li ca gel ( ref erence) . 

Table 3-4 . Accuracies of Individual Measurements 

Measurement 	 Accuracy 

Type-T t hermocouples 
Pressure 
Dew poi nt 
Flow rate 

±a . 5  0c 
±a.5% of readi ng 
±a. 56oC 
±1% of readi ng 

t he plotted result s  is t he ai r humi dit y  ratio W, whi ch i s  a f uncti on of dew­
poi nt temperature an d  measured pressure. The root- mean- square un cert ai nt y i n  

W i s  det ermi ned as f ollows: = P2W 0. 622 ' P2P1 -

where 

2 

Y] 1I2+ llP1

and 

where =llP1 0.OOSP1 

and 
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[ J [ J} 
2 [:'1 273) 3J 

[0 .00311 P1P212)1/2 
(PI - P2) 2 J 

ɁW = ({0 .348 P 1 + P2 3780 + 451610 2 
- P2 (P1 - P2) 2 (TDP + 273) 2 (TDP + 

' 'S=LI . 
whe re 

de ri vati ve s f or unce rtai nty Cal cul ati ng the parti al 
rati o �w yields:  

and sol vi ng the i n  humi d­
i ty 

+ 

For a t y pi cal e xpe rime ntal run, t he pe rce ntage of error i n  t he humi di ty ratio 
i s  

�w x 100 " 2 . 6% W 
Thus, the pl otte d humidi ty rati os have an uo ce rtai nty of le ss than 3% . 
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SECTION 4.0 

CONCLUSIONS AND PROPOSED FlITURE WRK 

From these firs t sets of lab oratory e xpe rime ntal ru ns , we c an c onc lude the 
following: 

• 	 The SERl Des iccant Tes t  Lab oratory is a use ful tool for de term ining the 
ads orption/des orption pe rformance of des icc ant be ds in s izes up to fu ll 
sc ale [5300 W ( 1-1 /2 ton) ] .  

• 	 The SERI des icc ant c ompute r  mode l, DESSIM, s hows ve ry good agreeme nt 
(within 5%) with e xpe rime ntal results for ads orption ru ns . A c hange in 
the Lewis nu mber was ma de to ac hieve agreeme nt for des orption runs of 
within 2 0 % .  

• The pressure drop ac ross the sc ree ns i n  thin, packe d des iccant be ds can 
be 	 s ignific ant and warrants inves tigating to re duce s ystem fan powe r 
requireme nts . I n  a 2 . 5-=( 1- in. )-thick bed, pressure drop ac ross the 
sc ree ns acc ounted for two- thirds of the total bed pressure drop.

• 	 Expe rime ntal data indic ate that mass trans fe r in a s ilic a  ge l be d occurs 
more re adily in the ads orption direc tion than the des orption direc tion, 
The e ffective Lewis nu mbe r  for re ge ne ration is 9, c ompare d to 3 in the 
c ase of ads orption. The mass trans fe r wave is als o  s harpe r in the 
des orption c ase than in ads orption. 

Fu tu re lab oratory work will c once ntrate on de te rmining a more re liab le me ans 
for me asuring air moisture c onte nt and on building and tes ting a channe l- flow 
des icc ant be d. An alytical and e xpe rime ntal work done thus far su gge s ts that a 
c hanne l-flow · des iccant be d yie lds a highe r ratio of mass trans fe r c oe ffic ie nt 
to fric tion fac tor. Thus it s hows more promise than the packe d-bed des iccant 
des ign for re duc ing powe r re quire me nts wh ile re taining good mass trans fe r cap­
ab ility. The re fore, fu rthe r  SERI work will c once ntrate on this c once pt as a 
me ans of ma ximizing ove rall s ys te m  pe rformance. 
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APPENDIX 

DESICCANT LABORATORY EXPERIMENTAL PROCEDURE 

I.  REGENERATION PREPARATION 

1 .  Open D-2, 	D-3, D-4, and D-6. Close D-l and D-S (all butterflies open) . 
2 .  Turn on fan F-2. 

3 .  Adjust B-S and B-6 to desired flow rate. ­
4 .  Turn on 3S-kW heater and set temperature. 
S .  When desired temperature is reached, readjust B-S and B-6 if desired, 

and note flow rate. 
6. Turn off 3S-kW heater. 
7 .  When temperature drops within lOoC of ambient, turn off fan F-2. 

II. ADSORPTION PREPABATION 

1 .  Open dampers D-l, D-3, D-4, and D-S. Close D-2 and D-6. 

2. Turn on boiler (make sure relays engage) . 
3 .  Turn on fan F-l. 

4. Adjust butterflies B-1 and B-2 for desired flow . 

/ 

- . 

8-2 

/ 

8-4 

8-5 / 

8-1 	 8-6 

Shutoff Dampers: D-1 - D-6 (Open or Closed) 
8utterfly Dampers: 8-1 - 8-6 (Adjustable) 

Fans: F-1 , F-2 

Figure A-I. 	 Schematic of the SERI Desiccant Test Loop Showing Positions of 
Dampers and Fans 
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5. Turn on 6-kW heater and set temperature. 
6.  When desired temperature is reached, readjust B-1 and B-2 ,  if

desired. ( Optional: Run steam into looP! ) 
7 .  Turn off 6-kW heater. 
8. When temperature drops to within SoC of ambient, turn off F-I . 
9 .  When boiler has reached maximum pressure ,  shut it off . 

III. REGENERATION (NORDATA) 

1 .  Close dampers 0-1, 0-2, 0-3, and 0-4. Open 0-5 and 0-6. 
2. Turn on fan F-2 . 
3 .  Turn on 35-kW heater and set temperature. 
4 .  When desired temperature is reached, adjust B-4 to get desired flow 

rate. 
5. Open 0-2, 0-3, and 0-4. Close 0-5. 
6. When bed outlet temperature is within 0 . 2oC of bed inlet temperature , 

run is over. Open 0-5. Close 0-3 and 0-4. 
7 .  Turn off 35-kW heater. 
8. When temperature drops to within IOoC of ambient, turn off fan F-2. 

IV. ADSORPTION (DATA Rmf) 

1 .  Turn on boiler and set power level .  
2 .  Open 0- 1  and B-4. Close 0-6. 
3. Turn on fan F-I . 
4 .  Turn on 6-kW heater and set temperature. 
' 5 .  When desired temperature is reached, adjust B-3 to get flow (from 

adsorption preparation) . 
6 .  Input desired dew point to computer and open steam supply valves . 
7 .  Open 0-4 and 0-3. Close 0-2 . 
8 .  When outlet conditions are sufficiently close to inlet conditions , 

adsorption run is over. Open 0-2. Close 0-3 and 0-4. 
9. Close steam supply valves and shut off boiler. 

10. Shut off 6-kW heater. 
11 .  When temperature has dropped to within SoC of ambient, turn off fan 

F-l. 

V. REGENERATION (DATA) 

1 .  Close 0-1. Open 0-6 and B-3. 
2 .  Repeat steps 2 through 8 of III, "Regeneration (Nondata) . "  
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VI. NEW ADSORPTION RIJN (DATA) 

1 .  Turn on boiler. 
2 .  Open D-1, D-2, and B-4. Close D-6. 
3. Turn on fan F-1 . 
4 .  Turn on 6-kW heater. 
S .  When desired temperature is reached, adjust B-3 to get previous adsorp­

tion run flow. 
5 .  Adjust B-1 and B-2 to get new desired flow rate. 
7 .  Input desired dew point to computer and open steam supply valves . 
8 .  Open D-4 and D-3. Close D-2. 
9. When outlet conditions are sufficiently close to inlet conditions , the 

adsorption run is over. Open D-2 . Close D-3 and D-4 . 
10. Close steam supply valves and shut off boiler. 
1 1 .  Shut off 5-kW heater. 
12. When temperature has dropped to within SoC of ambient, turn off fan 

F-1 .  

VII. NEW REGENERATION RUN. (DATA) 

1 .  Open D-6 and B-3. Close D-1.  
2 .  Turn on fan F-2 . 
3 .  Turn on 3S-kW heater. 
4 .  When desired temperature is reached, adjust B-4 to get previous regen­

eration flow rate. 
S. Adjust B-S and B-6 to get new desired flow rate. 
6 .  Open D-2, D-3, and D-4. Close D-S . 
7 .  When bed outlet temperature is within 0.20C of inlet, the run is 

over. Open D-S. Close D-3 and D-4. 
8.  Turn off 3S-kW heater. 
9 .  When temperature drops to within 100C of ambient, turn off fan F-2. 

Procedures VI and VII can be alternately repeated as desired. 

Note: Section I (1 through S) can be done at the beginning of Section III but 
should not be repeated in Section V • 
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