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SUNMMARY

An investigation was undertaken to measure the performance on a
pilot plant scale of uncooled beds of granular adsorbent when drying air
to the low humdities regquired for supersonic wind tunnel operation,

Two size grades of activated alumina and one of silica gel were
tested in a bed 2% £t x 2% £t in plan, and of various depths between 12
and 25 ineches, The bed was worked throughout at about atmespheric
pressure and air was drawn from atmosphere without treatment for humidity
or Lemperature.

The results are presenited, in the main, as graphs of mean bed
trotion S mazs of water odsorbed \
coneentratio Lmass of activated adsorbent ;

two values of the outlet humidity, 0.0005 and 0,0002 1b water/1b air.

against inlet humadity for

It 1s shown that over the ranges of the variables sncountered the
mcan bed concentration decreascs witn increasing inlet hwmdity, increases
with incrcasing bed depth ot o fixed contact time, and deereases with
1nereasing grain sige. Although o definitive camparison is not pessible
there does net ~ppeor te be much differcnce in the performence of silica
gel and activated alumina of the samec grain size,
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1 Introduction

Present day opinions favour zir dryiag in scome form to eliminate
condensation in supersonic wind tunnels, and the doubc expressed1 gome
years ago on the need for such moisture removal has now receded  Con-
sequently an interest ls being taken in the problem of drying avr to low
humiditzes on =2 large scale. Hitherto experience has been avallable
mainly on industrial plants drying to moderate humdities or in the
laboratory drying to low humidities, so in order to facilitate the design
and costing of large scale low humidity plant a programme of experimental
work was maitiated on a pilot plant scale. Unfortunasely the almost
complete lack of dota, the largs range of conditions to be inveswtigated
and the long duration of a drying cyclc make the collection of information
a 8low procsss.

However, cne hundred and fifty drying cycles have been observed
yielding information on cne grade of sialien gel and two grades of activated
alumina, when using atmospheric inlet air, and the relative importance of
several criteria has been asgsesged,

The syubols used for varicus quantities in this note are givea in
the Appendax.

2 furdamental adsorption Process

Although adsorption is ususlly defained as belag a selective surface
attraction exerted by the adsorbent for the adsorbate, this mey be mis-
leading unless the adsorbent 1s coasidered to be extremely porous, since
grain size appears to have very little effect on the equilibrium moilsture
content.

The nature of the surface forces involved 1s not clearly understocd
and rormg a complex study discussed at some 1en§th by several authors
including C,L. Mantell 1in his book "adsorption"<.  The proceas of
adsorption 18 used extensively i1ndustrially in the zeparation of all
kinds and phases of substance, but in thias report i i1s the behaviour
of the two principal water vapour adsorbents, activated alumina and
si1lica gel, which 18 considered.

Both activated alumina and silica gel are used 1a the granular fomm
and 1n the tests descrabed the sluminaz was used in two grades viz. 2/4
end 4/8, whilst the silica gel was used only an the 6/10 grade. The
alumina grains are white and chalky =nd the silica gel greins are more
crystalline with a faint pink to yellow hue.

There is a marked resemblsance in basi¢ physical properties between
the two asubstances ag i1s shown by the Table below.

Provert " hctivated | Silica T
e A Alumina Gel
Apparent Density lb/ftj 39-42 28-40
True Specific Gravity 2.5=-2 7 2.1=-2.3
Thermal Conductivity -
Btu/f1e/hr/"F/1in 0.85 10
Specific Heat 0. 21 o 22 ]

More detailed lists of physical properties are obtainsble from the
manuf acturers handbooks.
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The adsorption process of activated alumna and silica gel for water
vapour has been extensively ilnvestigated 1n many respects but for eagineser-
1ng purposes may be defined simply by stating that the dry adsorbent will
take up moisture from the surrounding alr in exothermic process until an
equilioriur 18 reached. This equilibriun capacity of the adsorbent is
dependent upon the temperature and the vapour pressure of the uolsture,
decreasing with increasing temperature and 1ncreasing with lncreasing
vapour pressure, The heat of adesorption liberated 1s found to be roughly
equivalent to the latent heat of sublimaiion. Many attempts have been
made? to deduce these properties theoretically but for design purposes
experimental data 1s most dependable. Constent water vapour pressure
curves (sometimes called 1scbars, or isopiestics) for the two adsorbents
appear in Figs.1 and 2 (drawn from data published by Aluminum Ore Co.
(U.8.A.) for alumna, and fron Ref 2 for silics gel); from which 1%
appears that silica gel has the greater capacity from.the reactivated
atate at all vapour pressures under statlc eguilicrium conditions,
although some manufacturers claim that activated alumina has the greater
capacity at very low humaditics.

As may be expected foom these data the morsture may be draiven off
by heating and so reacilavating the material; the amount of heat required
usually being considered as equivalent to the sun of the heat reguired to
heat the adsorbent and the heat of sublimatron of the morsture.

However, the dynamic air drying process 1s not so much concerned
with the slow arrivel at eguilibrium conditions as with the race a2t whach
morsture 18 abstracted from a moving stream of vapcur-laden gas with the
adsorbent holding less than 1ts equilibrium capacity. Information
concerning the properties of adsorbents under such condations 1s very
scarce and much of what 1s published tends to be coatradictory. It is
agreed nowever that eguilibrzum 1s reached sooner with finer grains and
at higher temperatures. For static equilibriww conditzons to be reached
some observers quote time measured 1n minutcs and others measured in
fractions of seconds. Llor these reasons a guantitative deduction of
adsorbent dryer performence could not be madc from the data available.
The experimental method of approach using & moderately large scale pilot
plant was consequently considerced to be able to provaide the most reliable
data on thne perfornance of adynamic 21T drying bed especially since the
economic performance of a ped also depcnds on the physical properties
associated with durability, pressure drop, strength and cost.

3 R-A.E, Pilot Plant
3.1 Adsorbent Bed

The general Iayout of the plent, shown an Fag.4, comprises a bed
cf square cross section with 22 ft 816 capable of taking adsorbent up
to a depth of 6 ft loaded on to a grid fommed of 20 mesh 28 gauge w1re
netting over 2" mesh 10 gauge wire netticg supported oa steel slats 13
deep and 3" thick. The bed 1s insuleted externally wath about 2 1nches
thick "Stlllitaﬂ

Thirty-four Cambridge resistance thermometers, adjustapnle for
penetration, were fitted in one vertical fszce of the ted and removable
docrs were i1tted in the adjacent face to facilitate loading and wmloading
the adscrbent charge.

loisture laden atmospheric air was taken via a 6" pipe from an

outdoor entry 9 feet above the ground and led to the top of' the bed.
An outlet pipe also 6" diameter was arranged to give 2 straight run of
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15 feet to a standard air measurihg orLflce# before going to sexhausgter
pumps 1n an adjoining Pump douse. This pipework was fitted witn by-pass
control cocks to enable the flow through the bed o be accurately
controlled

3.2 Tleactivating Circuit

A 30 K7 glectric heutor controlled by a thermostat was used for
reactivation, wath a centrifugel fan circulating air around & circuit
having an atmospheric inlet end cutlet pleed to carry off the water
vapour as it was liberated on heating.

4 water cooled heat sxchanger was also incorporated 1n the regenera-
ting systew in order to cool the reactivated pbed, diverting valves being
uged to circulate the reactivating air eiriher through the heater or the
cooler as required.

5.5 Instrumentation
Great care was token wath sll instrumentation, keeping to simple
absolute instruments wherever possible i1n order to ensure accuracy.

The absclute hurndity of the lucoming atmospheraic air A, was
obtained from the vapour pressure deduced from a stendard wet and dry bulb
hygrometer set up in an air stream of 13 ft/seos renerated by a celibrated
electric fan, using the equaticns.-

) Pps
ho= 0.6213 —— - ~—-~ 1p water/lo air
(PB‘P /
Py
where
ty - 32
P = P - 0.000367 B, (£t - t ) [ 1 ~ =% cmee | "Hyp
ps 5 3 s’ o\ 1571
given that
Pr =  barometric pressure in "Hg
o = gaturation pressurce in "Hg
t = dry bulb temperature Op
By = wet bulb tempersture OF
Pp = vapour pressure of woisture in air “Hg
]

The abselute huwnidity of the dried air leaving the adsorbent bed
was deduced from frost point rcadings obtained by a medified aircralt
type meteorological hygrome ter?. This instrument enables the temperature
of an alumniuwr thimble to be measured as frost 18 formed on 1t due to
cocling by liquad oxygen. Frost polnt vapour pressures were taken from
the Psychrometric Tables and Charts by zZiwmerman and Lavine®,

The airflow was measured 1n the outlet pipeline from the bed by
mesng of a sharp edged orafice L' diameter with corner taps nstalled in
accordsnce with the recommendations laird down in 8 3 3. 1042 entatled
"Flow lkeasurement".
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In order to ensure accuracy of readings all uressures were measurced
on menometers and temocratures were caken from calibrated plavinum resis-
tance themometers,

3.4 Adsorbenus Vesyed

Two materials were tected, actaivated alurina and eilica gel. The
activated alumina was obliained on loaa from Messrs Peler Spence in two
grain size pradings 2/L, 4/8. The silica gel was obtained from Messrs
Stlica Gel, the proin grading, 6/10, being that previously selected for
the dryer of a new waind wunnel.

b Experumontal Work
L1 Test Hethod

In a1l tests alrespheric air was drawn through the bed without
adding heat or altering the absclute hunidiiy so that the zir entering
the bed would be close to zunospheric temperature and at & slightly
reduced oressure due wo the frictroan loss in the inlet pipe. Although
thig does not give control of inlet humidity and temperature it has the
adventage of making wmore accurate measurement possible since variations
of condavicns take place much more slowly than the rate of respcnse of
the i1nstrunentation.

After the rcactivation of the bed tocot runc were carricd out by
setting the valves to give the deswred arrflow and rcecording inlei and
outlet humidities, bed tamperatures and alr pressures, at frequent
intervals initially, then as condicions becane stabilized, less frequently,
the valves beinpg constently adjusted bto mainstain the desired airflow and
the test consinued until the outlet frogst point rose to +20°P, This
method engursd coverning an adequate range of waind tunnel requirements
since the agual maximun humidity (KO) for such usc occurs av a frost
point of ~CO,

h.2 Reacvivacina

To recactivate the bed the inlet and ocutlet valves CVa) are closed,
the valves toc the reactivation circuit onemed and air circulated through
the heater and bed by a cenbrifugel fan. From this circult air and steam
are blown off throurh a valve at the bottom of the bed and fresh air drawn
in shrough a make uap valve at the fan inuvake. By manipulation of these
valves and the throttle vcevween them the amcunt of interchange 1s regula-—
ted, being reduced as the reactivation procecds and steam generation
decreages. Reactivavion is convinued until the bed air outlev temperature
reaches 240°C (the bed air inlet tanperavure 15 then around 300°C), thais
temperavure being standardized bto ensure that all vests start wish the
same initial water content in the bed. Tolicowing this hot air 1s blown
through the main circuit oaclet pipes for about 10 nanutes to ensure that
they are free of moilsture.

Cooling the bed 1y effected Ly closing the interchange valves and
diverting the circulating air from the heatver to a water cooled heat
exchanger. Circulation is continued until the bed ocutlet temperature
falle below 20°C.

Circulation alr flow and inverchance flow wers nct measured.
Pressure drop readings across the bed indacated that the face velocivy
was about 50 f't/min.



4.3 Range of ‘ests

15t Series; Thae first serice of tests was carried out using
activated alumina of &/4 grade, with ihe Dbed filled to a dspth of 25",
vhis guancity of addorbent was Tound to weigh 534 1b an the reactivated
condition. In thig serass 5¢ tests vere carried cut ac five face
velocities corresnonding to contace tames of 2.5, 1.7, 1.25, 0 &3, C.42
secs and over inlel bumidity renge A, of 0.35 to 1.2 x 1672 1b/1b.

2nd SBeries: The charge of activated alumina was replaced by an
equal depth of silica gel of §/10 grade, weighing 520 1b in the reactivated
condation. In this series of Gests 27 rans weve carried out covering an
inlet humidity O\l) range ol 0. 58 wo 1.45 x 10-2 1b/1b and contacc times

of 2,5, 1.25 and 0.83 secg. An atiempt o reach a centact time of 0.42
secs was abandoned when the bed pressure drop reached 105" HoU at a
contact time of 0.5 gens

Jrd Serics:  For this serics about one hall of the silica gel was
removed fran the bed an order to obtala bed rezistances equivalent bo
those obtaining in the first series of tests (alumina) for equivalens
contact times, thus making the toerfommance of the adscrbents camparable
on a oressure drop basis. This resulbed in a bed 1 foot in depth ani
containing an activatad mass of 254 1b  With thas bed filling 23 testae
were dene at conbact tiwmes of 1 20, 0.0 and 0.4 secs, the manometer
deflectrion beinc tco =mall wo be satislactory at a contaet tume of 2.5
seges, The range of inlet humidity M, covered was 0.8 to
1.13 x 1077 1n/1b,

Lth Serieg: In the fourth series of 13 tests, 4/8 grade activated
alunina was used 1n a bed 25" deep conbaining 585 1% in the reactivated
state, This series of tesss was used nrincipally as a "sipghting shot"
Tor she following series and so only one conbact cune was uged viz. 1,25
seos covering &n inled humidaty range of 0.35 to 0.L6 x 1074,

Gth Seriesz:  For che fifth sermes of lests 91 1b of activated
alumina wags removed from the bed gvang a bed depth of 21" and brminging
the ped resistance for a given contact time down vo that of the first

and third seriesg of lesta in order to aliow direct performance comparison.
The range of absclute inlet humidity covercd in this series was 0.32 to

0.72 x 10™% ib/1b, all runs being at 1 35 sec contact time.

6ch Sermes: A sixth and final seraes of tests was then made with
254 1b of silica pel to extend the third series of tests to lower
hunidities (A)) %0 cover similar humidity ranges te bthose encountered
in che 13t and Dth series of tests.

Table T sumnarizes the conditions for the several serigs,

5 Eesults
Turing any test run condations were kent ag nearly consvant as
pogsible so that each tesi iz delned by its inlev hwnidicy (li 1b/lb),
~

L

convacs time ( - pec | , adsorbenc grade; bed depth and bed pressure drop
Y

The principal quanticies cbaserved, varying with Lnnej were the tempers-

tures at various points and e outlet humidity (RO ;3 and Ghe signifa-

cant deduced variable, tne mean boed molsture concentration 18
a b

m
defined amt-

.
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The whele of the resulis obbained, cxcept those from the mms with
un-matured alumina (see 7.6) are sumrarized in Table II, which gives for

three values of outlet humardity (KO) the corregoonding velues of % s

T (azr ouclet temperature) and © (time from ssart of run) Alsc gaven

are the point of maximum bed temperature and the average value of Ay ,
T.I (inlet temperaturc), contact time, oressure drop.

For each sest, characteristic records ware plotied for the absoluve
humidity of the ouclet air A, 2nd for temperatures at specified poinis

in the bhed, hoth being pictted against the mean hed concentration E— as

abscissa.

Figs 5 and 6 glve some typical test record curves for outlet
humidity againss bed concentravion, while Figs.7, 8, % and 10 give
some tyoical curves showing full records of the temperatures at varicus
poinbs also plotted against bed concentration. To these latter, curves
of outlet humidivy nave been added for reference.

To simplify camparison of the performance under various conditions
two significant values of the outlet humadaty were selected, namely 0.0005
and 0.0002 1b/lb, (betweea which requirements for wind tunasl sir driers
nomally lie) et which the valus of wx/n was picked off from the testu

characteristic. The resulcng values plotted against inlet humadity

=l

are shown in Fagg.11 - 15 for lo = 0,0005, and in Figs.16 - 20 for
M, = 0.0002.

Figs.21 and 22 show the maximum temperature rise, i.e. the differ-
ence between the incoming air temperature and the highest bed temperature
recorded during the run, also plotied agaanst inlet humidity.

The specific pressure drops through the bed have been plotied
apainst flow in Fige.23 and 24. The result for the 2/4 grade alumina
agrees with the maker's data but the L/8 grade was ound to offer about

3 of the resistance stated by she maker,

6 Work done by ovher invostigators
6

4 Vo done by, Derr?

Some of the searce reczorded expemmental work on drier performance
includes & graph given by Derr of temperasures taken 1n an uncocled bed
0? 3.14 sq.0% cross sectional area and 22 [eet depth. The alumina grain
gs1ze 1s not stabed but 1t 1s @ven that air at dry bulb temperature of
21”0 containing ¢ grains of moisture per cu.ft (almost saburated) was

supplied at a rate of 5.2 ca.ft ver hour/1% alum:ina, so vhat,
A, = 0.0135 1b moisturs/lb air
L _ 3600L A 3600 _ B
Contact time, s " Son T taain o 17.3 secs,

this giving a mean face velocity v ol 9% fi/nin.

~9-



These conditions are dissimilar to those used i1n the series of tests
described in this report, the hwmidity *, being much highe+ and the con-
tact time far longer. The graph shows a duration of 8 hours for a Ay of
0.7 x 10-3 1b/1b to be reached resulting 1a a mean bed capacity of .-

Altheugh we have 1o experimental figure with which to compare this bed
capacity 1t 1s interesting tc compare the temperature rise of 83°C a2t an
inlet humdity of 1.8 x 1072 18/1b wath the curve observed snd plotted on
Fig. 21, which would suggest a temperaturc ri.se some 20°% smaller.

A second set of tests was carried out by Derr on a ped 0.78 sg.ft 1n
cross sectional area and 5%‘ft deep wath cooling to 3500, These teats were
reported using contact time of L.556 secs, 5 8 secs and 4.46 secs respec-
tively giving mean face velocitics of 45.8 ft/mn, 36.2 £t/min and 46.8
ft/min, with inlet humidities of 0.0107, 0.0115 and 0,00346 15/1b, The
resulting mean bed concentrations were given as 9.8%, 10.3% and 9% respec-
tively., These results are again well cutside the renge of the experimental
work repcrted herein and can probably bpe sccounted for by the much greater
contact time permitiing equilibriam conditions to be more nearly approached.

6.2 Dehler's Method of Adsorber Desagn (Ref.2)
In a paper presented at George Vaoshington Universzity. Washington
D.C. on June 23rd 1940, Dehler demonstrated a method of drier demipgn using
the static equiliorzum charts (known variously as isobars and isopiestics)
In thig method 1t 18 zssuned that the temperature rigse across the bed 1s
directly properticnal to the difference in inlet and cutlet humidities--

At = k (ll-?\o)

and that the rise enables the outlet temperature to be deduced. Then
the bed capacity 1s cowputed as being the simple mean of the adsorptive
capacities obtained 1f the ped were 1n eguilibrium with the incoming mir
at the entrance and with the exit 2ar at the end of the bed. fhis infer
that there 1s 2 linear distribaivion of bed meilscure concentration from
front to rear, and furtner that 2n the case where extreme drymess of the
outlet 1s required the effective bed capacity 1s one half of whe static
equilibriws capacity of the adsorbent in squrlibrium with the inconing
air. This implies that a higieranlet huwdity A, results 10 a greater
mean bed concentration, but this 1z shown to be uatrue by reference to
the exverimental results shown in Figs.11 - 20.

Unfortunstely such a view of drmamic drying 1z untenable, farling
to account for many factors inflaencing performarce such as bed propor-
ticne, gramm sige ocontact time, wnlet humidaty

6.5  Spence's Dynamic Test

llessrs Peter Spence have standardized a dynamic test on a laboratory
scale, which 1s designed to pass air saturated at 20°C at the rate of 0.8
ou. £o/hr through o semple of 10 graas of alumina 1n a long thin cylinder
A second cylinder of alumina 1s used to detect when moisture i1s first
passed over by freguent weighing. Thus, guoting these figures in more
genera]l terms.-

LS DRy - 107 1b/10

Contact Time -% = 2,46 secs,

-



The mean bed canacaty as shown by such testes iz optimiscic when
compared with large scale beds since the tomperature rise 15 more easily
suppressed.

7 Discusgion of Present Results
7.1 Repeatabality

It was found that che degree of repeatsbility of resulos was not
great and consequently accurate mean resulis necessitated a large number
of tests. In some meries of tests 2t was not considered necessary to
spend time covering a wide range of condicvions and the results of these
tests are recorded as a number of points with a mean perfermmance charac-—
teristic plotted through then.

7.2 Eggg}?mgﬁpaﬁure_B;sguagg_gggacng

The inlet alr humadivy gives a measure of the rate at which water
is supplied to the bed, and since the adsorpticn of moisture generates
heat the reiio of moistuce to air determines the cemperature rise because
the air flew 18 che mediam for cerrying away tvhe heat genersated. TFigs.,
21 and 22 show the observed mazirmum vemperature rises observed in the bed
plotted against the incoming air humadity A3 for activated alumina and
gilica gel respectively. It will be ssen that the bemperature rise an
the caze of uilica gel 1o somewhat less than that for activated alumina
but it 1s remarkable that with both materrals vthe temperature rise is
not sensitive ito pgrain size, bed depth or contact tame. This feature
was apparcntly noticod by Dohler? (see £.2) since he claims it 1s possidle
in designing a drier wo caleulate the temperature rise in an adsorbent
bed of gilica pel Trom

AT = k (hL-AO)

where

e
il

10°F per graain moismre/ft3 air

2
30°C x 107 per 1b/Lb

jt}

It will be seen that this figurc agrees cxaculy with the mean slope of
Faig.22

A general review of all tests shows that the performance of the
adsorbent bed at the high dutiecs reguired for wani tunnel usc 1s Very
much dependent on the inlet absolnte humidity . and that over the
fairly wide range of relative inlet humiditics cncounsered the slight
improvement 1n bhed capacily to be expected from an increase in vapour
pressure 1s always, apparently, overwhelmed by the much larger fall in
capacity due to the greacer temperature risze. This feature may also be
seen from Figs 11 to 20

The temperature variation across vhe bed perpendicular bo the
direction of flow was small (about % TO 1%00) vhich suggests that the
bed flow 1s quite unifom. I% was Tound thot in »ractice very littule
information could be drawn from the posision of the benperature peak.
Tn very fast flows the outlet humidity reached the "break point" (see
Appendaix} before the veak temperatures were reached and in the case of
slower flows peak temneratures were reached wuch earlier in the cycle.

-1~



7.3 Axr Inlet Tomgerature

The range of air inlet temperature encountered was 0 to 20°C. No
relationship could be detected betweon air tewperature and adsorptive
capacity, Tt should be remembered that, i1n the range of atmospheric
relative humidity expirienced, increase of atmospheric air temperature
usually 1mplies higher absclute humidity.

7.4 Degth of Bed and Grain Size

The influence or bed depth as a facter win drier performance has
not been seriously considered 1n previocus experiuental work and 1t had
been assuned that for a given contact tume a dscp bed results 1n 2 high
face velocity and pressure drop, whereas a shallow bted permits a low face
veloelty and pressure drop and better heat dissipation with otherwise no
effect, However, the results of tests in this report show that the deeper
bed 1s more efficient 1.¢. has & greater moisture capaciity, at the expense
of the greater pressure drog., This s iliustrated for silica gel in F1g.25
where the adsorptive capacity of the double-depth bed 1s seen to be consi-
derably mcre than twice as great as that of the shallow bed at the higher
Inlet humidities, the superiority dimanishing at the lower inlet humidities.
This is achieved at the cost »f increasing the alr propelling power about
600%. Pigs.12 and 43 for activated alumina 4/8 grade, show the same
tendency, the deeper bed, despite the slightly shorter contact time used,
having a noticeably greater capacity.

Much of ths work by other investigators has gtressed that adsorptive
capaclty 18 not greatly affected by grain size. This is posgibly true for
static equilibrium condibions and for very slow dynzmic laboratory tests,
but the work new roeported ghows that 1t 15 not true for commercial scale
plant where performance depends so much or the rate of adscrption of
moisture from a comparatively rapidly moving air stream. Fig.26 compares
the performance of the two grain sizes of alumine fested when bed depth
and contact tame are identical. The smaller graans arg superaor for inlet
hunidities above G.3 x 1072 $0 0.5 x 102 although at lower inlet
humidities the reverse may be truc. The smaller grawns, of course, result
in a higher air propulsion loss,

The cheice of bed depth and grain size for a drier depends on
economic considerations. Thus 2 low pressure drop bed has higher drier
capital cost and rurning cosis for regeneration than a high pressure drop
bed, but the latter entails fan or comprcssor plant of greater capital
and rumning costs. No attempt has bee. made at cost comparison but, as
already noted, some tests were made tc evaluate the performance of the
various adsorbents under conditicns of equal pressure drop.

7.5 Comparative Performance of Adgorbents

Comparison of the performance of the adsorbents under various
gonditicns can be made from the graphs in the report. For example Fig,27
compares them for conditions of egual bed depths and equal contact times.
The superiority of the silica gel 1s nc doubt partly due to the smaller
grain size but whether this 1s the sole cause 1t 15 not possible to decide
from this comparison.

F12.28 11llustrates the comparative performances when the bed depths
are adjusted for equal pressure drops. The adsorpiive capacltles are ncw
much cloger together and the curves suggest that for equal grain sizes the
performances of silica gel and alumina would be very nearly egual, at least
over part of the range. The reversal of curvature of the silica gel line
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makes 1t dangerous to exvrapclate the ocher curves The relative sensi-
vwvity of the adsorptive capacity to inlev haaidity does not correlate
with the sensitivity of bed temperature rise to inlet humaidaty. As already

noted the siopc of the relation JAXIMM bed tamperature IiS€ 3o yhe same

1nlet mmidity
lor both grades of alumina while for silies gel -t 1s, af anyvhing, glightly
less steop, (Figs,2i and 22),

7 6 Maturing of Adsorbent

Both grades of activased alumina showed a slightly besver perfommance
on the Iirsy eight to twelve coycles than the steady performance which it
sustained subsequently. The alurina perfomances quoted in this note arc
the "mature" or lower values. Silica gel did not exhibit this tendency.

7.7 Dusting

It was found that both of the adsorbents produced a fine dust in
operation a proporticn of which wes carried over aintvo the hygrometer where
it could be seen; othervise no means of assessing the magnitude of dusting
wag provided. As far as 1% was possible to judge from these observations
it appeared that there was litvle daffersnce betvween the $o adsorbents

and that the rate of dust formation increased with the air velocity through
the bed,

7.8  SBettlement

Several observations were made to agssess the degree of hed setvlement
during use and 2t was found that a 7-0% shrinkage in depth occurred soon
afver filliep cavsing an increase in azpdrent density T“ron 38 1b/cu.ft to
41 1b/cu.ft

In this report contact times have heen considered on the bed depth
alter settling dovmn.

7.9 lMevhod of Regeneration

The method of regeneration used zn vhese testz, wherein a pars cf
the hot alir and generztad steam 1s recirenlaved, reduces the energy remuire-
mente Tor regererabion. It has been criclcised as leading to a opossible
deterioracioa of the adsorbent., No such offect was cbserved, alihough the
mmber of cycles undergone by sny one adsorbent was small campared with
that ccourring in the lii'c of a plant,

8 Conclugiong

The tests revcried provide quansitabive results for an uncooled
bed, obvained wit th wio size grades of acltivated alumina and cne of silica
gel for a variety of conditicns of hed depth, contact time and inlet
humidity. The relationshius between odsorptive capacity and these con-
dations can be deduced for the ranges tested from vhe Tigures in che
report. Sualitatively the effect of changes may be sumarizsed as follows:

Inlev humidity : Although when drying air with adsorbents at constant
Tenperature the adgorputive capaciuy lhcrsases with increasc of vapour

pregsure, these Gests show that incrsases in inlet humidity 1.e. vapour
pressure, resuls in diminished adsorptive capacity due vo the conseqient

bed tewperature rise

Contact time : Over the range fvsted longer contact time results in

increased nneolflc adsorption. There appears to ©e ne sharm break in
thig relatLonshly.
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Bed denth 1 At congtant contact vime increased bed depth results in
marked increase in adsorpuvion, the effect decrcasing with decreased
anlet iwmadaty. Since the oressure drmp across the hed appears to be
proportional te (bed depth x velec1ty2)3 increase of bed depth at

congtant contact tume causes a rapid increase »f pressure loss

Grain size : Smaller greins rcsult in higher specific adsorption althomgh
there 18 some evidence tha. this trend may reversce at low inlet humidities.
Yhen the 4/8 grade alunina bed was roduced in depth for equality in
pressure drop with the 2/4 bed 1t was s$1ll superior at inlet humdivies

above about Q.4 or 0.5 x 107 2 1b/30.

Adso;gﬁlvv material @0 Despite the dufficuliiles of extrapclation the

5 do anwpear to indicate that with equal grain size and bed propor-
tlons dherc 1s little daiffcronce in the adsorpsive cavasities of silica
gel and actavated alumina at least over part of the range of inlec
hunidaty used.

§

Further Work

(1)  In view of the important cconomy of heat for regeneration
that can be achieved by using a reciralatory syston 1t would be useful
to detemine whether this sysiten has & deleteriocus effect on the
adgorbent. This could be done on a laboratory socale.

(2) Since some vrojected wind iuanel driers are intended to work
with very low inlet humadibies, 1... about 0.0006 1b/1b, this region
sheuld be cxplored. The sresent rig couwld be adapted guite simply.

(3) Cwing to the marked loss of adsorption capacity that occurs
wibth inlet humidities corresponding to the upper part of the range of
afmospheric humidity in this country, 1b 15 clear that it is not economic
to use plain beds only. Alternatives arc to use relrigerated pre-cooling
or beds with cmbedded coocling coils. As goneral information is not
available on the perlormance of cocled beds some worl is advisable.

A rig on a laboratory scale 1z being set us to investigate (1)
above, and 1t ag also nroposed to modilly the pilot nleant to pemmit tests
with very low 1nlet mmidities as Tor (2).

It 1s hoped to obtain daba on cocled beds at a later date,
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APERENDIX T

1 Symbols Used
A, = humdity of ialet air, 1b water/lb alr
KD =  humidity of ouslet air, 1b/1b
m = masg of reactivated adscrbent in hed, 1b
X = mass of moisture adsorbed, 1b
v = meon face velocity of inlet air, fit/sec
L = depth of bed, ft
A =  cross sectional area of bed, sq.ft
p, = density of inlet air, 1b/ft3
p? = density of adscrbent, lb/f‘t5
2 Bxpressions used in some adsorbent manufacturers' handbooks
Percentage adsorpiion = ( pf{ x 100) %
Mo T A
Adsorptive efficiency = s x 100 ) %
— i
Percentage break point = Percentage adscrption at stated

adsorptive efficiency

(e.g. 20% at 9% adsorpirve
efficrency

Break Point : The breek point in the performance of a dynamic drying
plant cccurs when the cuclet air from such a plant first contains
moisture. The expression probsbly results from use of gravimetric
laborawory methods %o measure the cutlet humidivy from small test columns,
giving rise to performance curves such as Plg.3 and suggesting that the
bed gives perfectly dry air until a certain "percentage adsorption’ has
been reached and then fails very rapidly doing ne drying at all on
addition of a small further quantity of moisture. A similar Impression
would arise from the use of insensitive or slow response instrumentation
to measure che ouvlet humidity, or from the use of cxtremely slow arr
flows, resuliing in more nearly static or equilibrium conditions being
reached.

3 Termg used in the reorg

Capacity : In the case of the high duty dynemic beds 1in which we are

1nterested there iz no sharply defined "Break Point" (compare Figs.7

end 8 with f1g.3) and to convey a test performance by means of a single
figure for say % , requires that same stamdard value of outlet humidaity
m

be adopted. The mumidity usually specified for supersonic wind tunnels
- e



13 C.2 x 10 1b/1b but the drier connected to such a tumnel 1z, 1n gome
instances, required to deliver air atv 0.2 x 1073 1b/1b. In vhis repord

bed capacity (%} is given for the above two velues of humadity, thus

Prgures $-13 are Tor humidicy 0.5 x 40_3 Ib/1b and Fignres 14-18 are for

hunidity 0.2 x 1072 1n/1b

lMean bqg;ggpgentpgy}qp ' The mean bed concentrasion i1s zimilar to the
marmufacturer's "percentapge adscrpiion” ﬁ- excenting that in this reports

m  is clearly defined as che masq of adsorbent in the reactivated gtauve,
i.e, with the residual moiswure, oad x 18 the increase in weicht of the
bed due to the adsorpvicn of . 1b of moisture. Since the reactiviced
adsorbent 1s not anhydrous but contains some 5-10% residual moiscure
depending on the reactivation conditions, m 18 referred to not as tvhe
dry weight but as the reactivaved weight.

L

Lee

Conftact Time : The contact time 18 quoted in seeconds derived from
vonivacy 11me q P

and is a measure of the volune a.rflow duly or loading of the bed, being
inversely proportional to the commercial expression given as volume air-
flow per 1b of ~dsorbent, thus

cu.ft of alr/hour/lb of adsorbent

i

~17-
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TABLE TT

Test Resulle  Adsorbents Dryang Air . Princaipal Resdings

| mm N 1 L s Ao = 0 2 x 10-3 1b/1b Ao = 0.5 x 103 1b/1b Ao — 0.10 x 1072 1b Maximum bed temperature
ws > No -, =¢ 1 x
1:/1b C v 0 T:' T Sy }% T5 Tming 'i? Ts tming % m ming
15t 12 | 087 x 1077 15.5 2.5 07 3.4 1.2 97 4.5 4.5 128 5.8 39.0 166 46.5 09 25
18 | O 6h x 102 13,0 " u £ 3 28.2 | 235 8 1 o5 3 303 9 6 23 368 3.5 0 65 30
22 | D6 x 1072 11.0 " Q.75 L,25 | 29,0 | 178 5.8 26,7 248 73 2.0 6 29.5 0.5 23
38 | 08 -055 x 4072 11,5 " 08 5.9 215 | 260 7.6 23 0 320 8.8 24.0 380 28,0 0 63 L)
39 069 x 10~2 13,0 " " .25 1 35,0 | 146 53 33.% 182 6.3 3 0 220 37.0 11 38
L2 {053 x 10-2 11.5 " " 6.2 25 264 7.7 215 33, 9.3 18.8 4,06 27.5 0.55 25
47 | 0,63 x 10-% 12,0 " " 4.8 29,0 | 172 5.8 28 212 6.5 26.5 243 33.5 0 83 32
L8 055 -0 ¢5 x 1072 12,6 . " 543 27.0 209 6.6 26,0 259 77 255 298 29,0 0 58 2l
50 | & 69 x 10?2 14,0 v " 5.6 32,0 | 152 5.8 30 5 190 6.9 27.5 226 36.0 1,02 36
56 | 6.72 x 10-2 15.0 " " 3.9 35.5 | 125 5.0 33,5 158 5.9 3.4 188 38.0 1.46 38
11 | 1.0 x 102 16.5 1.7 1,55 3.0 48 50 4.3 48 72 5.3 L5 90 53,0+ | 1.3 25
17 | 0.58 = 1072 11.5 f L 5.3 27 148 6.9 25.5 195 8.6 22.7 2,5 30 0.7 18
49 | 0.59 x 102 1.5 " " 3.9 29 100 5.1 27,0 | 131 6.3 2.5 163 31.5 1,05 27
23 0,55 x 107 - 7.0 1.25 2. 3.0 22.7 90 4.2 23.5 117 5.6 23. 145 24,5 0.33 12
25 0.57 - 0,65 x 107" 105 " " 3.3 2749 67 L.6 27.0 54 5.6 26.5 117 34,0 075 15
26 | 0.78 x 10-2 13 0 # n 2.7 38.2 41 3.7 36,4 57 5.0 33.5 80 Ly O 1.0, 15
27 0.57 = 10-2 11,0 n " 4.1 264 8L 5.5 2 5 115 7.0 21.7 152 30.5 0 95 19
29 | 0,73 x 1072 13.5 " " 3.1 36.6 52 5.2 34.5 69 5.3 31.8 83.5 | 39.5 11,35 21
30 | 073 x 102 1.5 " " 2.9 374 47 3.9 36.9 62.5 5.1 33 7k 41.5 i 2 18
3 | 0.4 x 1072 £.5 L H L.b. 19,0 | 120 6.1 17,1 168 8.0 1.7 228 23.0 0,58 16
32 | D.6% x 102 11.5 " " 3.6 30.8 68 4.8 28.8 91 6.0 26.5 118 550 i, 19
33 | 08”1 x107% 10,0 " " L3 23,4 | 101 5/ 21.7 135 71 20 6 172 27 5 0 69 16
3 | 0.57 x 1072 10,0 " " 4.1 27.5 86 5. 2.5 112.5 6.75 | 222 146 #.5 0.76 16
11| 057 x 1072 11.5 " " 5.0 27.6 85 5.1 6.6 103 6.5 2 5 135 29.0 0.8 17
55 | 0,89 x 102 1.5 " " 1.9 42 5 25 2.6 43,7 3.2 3.3 42 0 1450 46.5 1.6 21
19 | 0.55 x 107 8.5 0,83 4.9 2.9 24,0 51 4.1 2.1 72.0 5.1 23.5 90 26.5 (.62 11
21 0.55 x 10-2 5 0 L " 2.6 26 2 37 3.9 2.0 57.5 5.1 22,2 67 29 0 0.8 11
2h | 0,77 x 1072 1.5 " " 1.5 - - 2.3 39 20 - ~ - 115 1.0 10
35 | 0.53 £ 1072 8 0 " " 2.0 26,0 30 4.2 21,0 6l 5.3 | 22,0 oL, 28,0 0.9 15
36 | 0.35 x 107~ 2.0 K " 2.3 13.8 9% 5.25 14..0 118 6.6 1L 149 17.5 0.9 7
LO | 0,52 x 1072 10 0 " " 3.1 23.0 L7 4.2 23.5 66 5.3 22 ), 82 27.5 09 1),
43 | 0.6 x 1072 0.0 " " 5.2 18,5 87 7.2 17 422 104 13.5 186 22.4 o7 1
W | 046 x q0e 7.0 v " 3,3 214 | 55 4,25 | 20.5 72 5.3 | 19.0 g2 22,5 o8 1
46 | 043 x 1072 7.0 " n 35 18.5 3N 4.7 17.4 8k 6.2 16.24 113 21.5 .59 11
20 | 0 65 x 102 12.0 043 | 18,5 - - - 1.7 32 14 2.6 29 19 33,0 1.06 7
37 | 013 x 402 11.0 n " 2.1 19 1g 4.6 18.0 L3 7.5 15.1, 73 21 0 0.7 6
4 | 0.39 = 1072 65 " " 2.8 1.5 30,0 LA 13,0 4.0 6.2 11.5 70 20,7 047 5
51 | 0,52 x 102 10 0 o " 1,3 27 10 5 1.7 26.7 13 0 2,k 2.6 o, 5 | 285 1,14 9
b2 068 x 10-° 15.0 . " 1.5 30.7 9.0 2,0 32.0 12,0 2.8 29.5 17 25 | 34.5 1. 8
51, 0.8 x 10-= 16 0 " i 0.6 24 3.3 1.1 29 6.0 1.7 36.0 9.0 38.5 15 B
2nd 69 | 1.0 x 102 18 5 2.5 7.9 7.6 31.2 | 180 8.9 38.9 208 10,2 37 4 2,0 13.5 1.8 35
70 | 1.0 x 1072 18.5 " L 6.6 45,7 | 4L 7.7 45 1 166 8.6 4.2 185 L6 O 1,05 25
78 |10-1.2x 102 21 5 " " 6.8 44,8 | 143 7.8 43,8 163.5 | 13.8 - - 16.0 1.15 2%
79 | 1.2 - 1.3 x 102 22.0 " H 5.4 48,0 | 10k 6.6 46.8 126,5 7.7 45 3 14,8 54 5 1.37 28
80 | D095 - 1,05 x 1072 | 21,5 n " 8,0 | 38.5 | 190 9.0 38.2 215 10,0 | 36.0 51,3 41.5 1.00 o5
57 |06 x 102 13.0 1.25 | 20.0 9.0 26.0 | 176 11 8 247 208 14..7 2.0 280 26 1, 0,85 18
58 | 0 69 x 1072 15,5 " " 11,3 28.5 | 188 12 9 27.5 213 1.8 2% 8 232 35 1.2 20
59 | 065 x 102 15,5 " " 13,5 27.0 | 236 15,0 26.0 260 16.95 | 25.2 293 27.7 1.2 23
60 {061 x107% 12.G " " 12,1 23,7 | 228 4.3 23.0 275 161, 21,7 335 30 2 1.0 9
61 ! 0.59 x 10~ 13.0 " " 1.2 2.0 | 268 15.9 23 5 302 18.5 20.5 358 26 0 0.8 17
62 073 = 1077 1. 0 " " 10 0 27.0 | 157 1.5 26,0 180 12,85 | 25 0 200 30.5 ‘| 1.36 22
72 | 0,88 x 102 i8 ¢ " " 7-9 35.6 100 9.3 34,9 119 10.9 33.5 144 37.5 1.60 23
75 [ 1.45 x 1672 25,0 " " 3.1 56.0 | 25 | 3.8 | 56.5 3.5 | 4.85 | 55.3 42,5 | 60.5 2.91 2
76 111 x 102 23 " " 5.9 Ll 63 7.3 | 42.5 78 9.10 | 39 101 L6 1.90 1 2
63 0.75 x 102 15 A 0.83 39.0 8.9 28.2 79 104 27.2 107 11.8 26,0 122 28.5 h.GO 50
6y | 073 r 1072 14 5 " " 9.4 26.0 99 11.0 25,0 1Y 12.75 | 23.0 132 28.5 1.20 1,
65 j 0DB3x 102 14.5 " " 7.35 35.0 71 8.45 3.3 82 9.8 32,2 96 39.5 2.10 21
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