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FINAL REPOQRT ON CONTRACT DAJA45-91-M-0150

1.PREAMBLE

The principal focus of attention during the contractual
period has been on the performance of field experiments designed
to establish whether - under conditions more closely
representative of those existing in a militarily relevant
situation than it is possible to achieve in the laboratory - the
evidence for accelerated drying of wetted materials emanating
from laboratory studies (1, 2, 3) can be consolidated in the
field.

These field experiments have been conducted primarily in
Wales (at the UMIST field research station in Waunfawr), with
some supplementary studies of similar nature being performed in
Colorado (in the Rocky Mountains). The major goals of the field
studies conducted to date have been to devise and optimise a
technique using which drying rates can be reliably and accurately
determined in the field; and to examine the sensitivity of these
rates to fundamental meteorological parameters such as
temperature, relative humidity and wind-speed over as wide a
range of conditions as possible - hopefully the entire range
which might be experienced in practical or militarily significant
situations.

In Section 2 of this report we outline the results emanating
from the most definitive of these field experiments. In Section 3
we present some theoretical calculations which appear to
illuminate aspects of the physics of this accelerated drying
phenomenon. Sections 2 and 3 are reproductions of the scientific
content of the first and second interim reports, dated March and
August 1991, respectively.

We conclude from these field experiments and the subsidiary
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theoretical analysis, coupled with extensive laboratory studies
(2, 3) that the drying of wetted materials can be appreciably
accelerated by electric forces, and that a technique of practical
military importance, based on this phenomenon, may well be
developed. However, in order to assess this possibility more
fully and thereby optimise any potential practical exploitation
of this process, it is crucial to perform comprehensive new field
studies which (a) provide detailed quantitative information on
the electrically-enhanced drying process over the same wide range
of meteorological conditions as was studied in the non-electrical
field investigations described in Section 2; (b) extend the range
of wetting agents (liquids) studied, in the first instance by

utilising organic solvents.
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FIELD EXPERIMENTS ON DRYING RATES

The =crimary 2mpRas.s during tne .atest cSzatracrtual period
2as ceen Tc serfcorm Iieid exreriments Jn acczierated drying of
[F@TT24 naterlais. Thme Trinciza:r -ustificzaticn Zor this decision
Jas <2 2AMCeaEVOUr T TicSe e 7ap zerween Tne  Dprecisely con-
sr=il=2a .3bOratory =exter.ments cescribed in sarlier reports. and
The ITracTicsal situaticn wnich LS The uitimate geai towards which
zhis research 1is or:ientated. In such a situation. the wetted
spec.mens would be mucx .arger than those urtilised hithertoc. and
jrTemprs O expedi:te the drving vwould be required to take bplace
in :natever -reather conditions prevalied.

it seemed imperzant. therefore, to conduct studies out of
dccrs. -1sing iarger ‘rettad specimens which were examined as they
dr:ed over as wide a range of temperature (T), relative humidity
iH: and wind-speed V) as were technically feasible and
availapiae.

The majority of these field experiments were conducted at
zhe THIST research startion in Waunfawr. North Wales., with some
surz.amentary ones be:ing periormed in Colorado. where higher
-ra.zes :f T and lower raiues of H were available.

Altougn. in the longer term, it is planned to perform
2xT2r.n2ntsS with a ~var:ety of werting agents and waetted
sucstr2t2s. the most urgent priority at this stage was deemed to
e -22 -staniishmen:z =Z z guanti.tative understanding of the phys-
1C3. .2w%S wnich govern zhis accelerated drying process. Accord-
ot .= the current :stage 2f “he research, it was decided to
-erzzTm  comorehens.ve studies with one wetting agent and one
nat2ris. niv. These were water and cloth, respectively.

%1 :cnsiderable Fracz:ion of the contractual time and effort

s -2e 1208t Cecen:t cer:zd was devoted to the development and
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simp.e cut  sulficiently reliable
3xTerimentil :ppParatus INgG Tecanigue T Iotain vaiild resuits fer

-ne -ange of Teteorciogical sonditicns sntic:ivated. It was then

considered  lsgical Iirst I o4ll T ofest ut ina refine  zhis
svsTsm oJver Tne 3#vailable rznge <f . T and U .n the absence oI
.-mTcosed 2laecTric Ii2:4% . it The Time 27 Uriling This .Latermed-

-ate oblective was accompl.sned. necassitating. nowever, only a
LimiTad amount 2% Lnfcomaticn - not et Zullv 3nalvsed - on 3drv-

1ing rates :n aigh elecir:ic Zields. Zven so. it can be asserted

effects oI strong Iieids on drving rateas are similar o

~he earlier laporatory expveriments. ie the multipli-
cat:~ve factors and the thresnold fieids for significant enhance-
ment of dryving rate are rougnly the same. Consequently, the
present report is coniined to an account of fieid experiments
conducted with £ = 0. over a range of values of T. H and V.
Anaivsis of nigh-field studies already verformed. coupled with
ostrhers shertly to be execured will be described in the following
repcre.

A crac:al requirement of the experimental system was that
4r+ing rates or times ccuid e measured for both zero and Finite
Z. Zor the some cenditions of T, H and V. simultaneously. This
;@S icnieved .0 the I21i.gwWing manner.

Two tdent:cal squares cf cloth. =2ach of size characteristic-
a.. ’0cm. ere 2acn s:iratched Letvween wire Irames iving on a
7122 zauze rase. :nclined at a shallow angle typically 15°) to
Tn2 .2rizZgnta.. and crientatea 30 that -he gind sasned over them.

The rauz ang thus the :ioth squares. when etted! was grounded.

5 :accnd  siane 2F zauze ras susvended a cisztance X above the
f:rst. and rarailel %o :z. A typicai value of X was 3cm. This

secamc zauze -as Zivided eliectricaliv 30 zhat the vart suspended




T2z ne .: ‘n2 [..Tn o -3uarss +as ITcunceg. walle the part  sus-
senzaz Iver Tne@ (Iner Ine as Jonnect2a T2 :  vrar:able J-30kV
sugpiLy. Chus. wnen tne nign-volTage suppblv was swWitched on. one
igecimen I JiSTn as 3upIecI®C T & Iinite =2lectric  fieid I,

The zener3l 2xrer:.mentil ctrocedurs was ts wet Zoth substrate

5Suares. wergn  Them. siace -hem .1 DpositIich. switch on the
2lacTric field 3ng 2t =the same Time measure the three
meTenrslcgical parameters T. i and V. These carameters were cead

ser.cdicaily over <the Z:ime :nterval © for winich the specimens
yera 3i.owea 0 drv. Acceptaple vaiues of t were found by trial
ané =2rror. wvere tvypicaily several minutes and largely dependent
<pen the raives of T and H.

After <he per:od = nad elapsed, the wetted specimens were
welghed 3gain and the mass .oss M1 experienced for each was thus

d4@tarminad. The exper:ment wwas then repeated several times: and

ov zerZzrming this same sequence at various times of day on

zerera. :avs the exrver:mental data outlined here were procured.

“he separate influences on the drying rates of the three
nert=2cro.<gical parametrers. H. T and V are {llustrated in the
fc..cwinz  ZIigures and graphs. for which E=0 ia all cases. This
s2s  eszn qione. in eacn case. Sy holding two parameters constant
B s Blaiat as :chievaple 0 a reasonable extent: and examining the
toiimes 8 Mit T3 -he third rarametrer. Tha values of M/t In
2zcn 132 13ve Deen normasised O standard vaiuzes (M/t)g of H, T

Mol siznocere 2,I0 2277 zna tm. 3. fespectivelv.
“ha .nfluence of relative humidity H orn the drying rate

o sz etzed :loth :s :llustrated in Figure 1. where the
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THEORETICAL STUDIES

In the two montns which have elapsed between the awarding of
the Contract and the specified date of this report. preparation
laboratory ancé fieid work nas been performed. which will be
supstantially consolidated over the next few months, and will
constitute the kernel of the Second Interim Report. due by 30
August. 1991.

The present report focuses attention on calculations
designed to ennhance our knowiedge of the interaction between
electric forces and the evaporation of liquids. in the hope that
this new information will fac:i:litate an understanding the physics
of the accelerated drying phenomenon which is the pivotal feature
of our programme of work. This superior understanding is clearly
desirable. in that it should help improve the efficiency with
which any practical technigque for accelerated drying would
function.

The following rough calcuiation was performed in order to
see whether charging rates measured in laberatory studies of
evaporating liquids and solutions are consistent with the
theoretical rates deduced on the assumption that the
electrification is a consequence of the removal of singly-charged
individual moleculies.

We consider a typical experimental result that when 0.1 N
KCl1 solution is evarorated at a temperature T = 63°C it loses
mass at a rate dmsdt = -1.67 %:0-3 g sec™! and becomes positively
charged at a rate : = 5 x 10-i4 A. The simplifying assumptions
are made that the potassium chioride is completely dissociated in

solution and that the measured charging is entireiy a consequence




of the removal of Cl-:ons during evaporation. It is also assumed
that the flux of neutral water-vapour molecules leaving the
solution is many orders of magnitude greater than the flux of
negative ions: comparison of the measured values of dmsdt and i
indicates that this ratio is about 1013, A further assumption is
that the differences between the binding energies in solution of
water molecules and chlerine atoms is negligible in comparison
with the much larger binding energy of a chlorine ion. This
additional energy is required because the removal of a charged
particle from a liquid surface entails the performance of work in
order to overcome the powerful short-range attractive image
forces.

If we assume a spherical Cl-ion of diameter L the additicnal
work required for the ion to overcome its electrostatic image

charge is given by

t1
]

(1)

{x=° eldx _ e
x=L x2 L

where x represents the distance of the centre of the ion from the
liquid surface and e is the electronic charge. 1f we take L = 2
x 10-8cm it follows from equation (1) that L = 1.2 x 10-11 ergs.

The ratio of the probability of escape of : charged molecule
to that of an uncharged similar molecule can be expressed by

P = e L/kT (2)

where k is Bolzmann's constant and T is the absolute temperature.
Taking the measured value of T = 336° Absolute we obtain P =
10-112,

Since the number of water molecules in solution is very much
greater than the number of chlorine ions it is permissible to

make the approximation that the fraction of evaporating molecules

.



that are charged is given by

£ = 1073 P.N.M, (3)

"

where N is the normality of the sclution and M (= 18) is the
molecular weight of water. The theoretical charging rate is
therefore given by

(dm/dtlef _ 10-3(dm/dt)eNP
Mm m

(4)

where m (= 1.7 x 10‘249) is 1/16 times the mass of the oxvgen
atom. Substitution of the above-mentioned values of (dm/dt:, N
and P into equation (4) yields I = 5 x 1071035 4, which is 91
orders of magnitude less than the experimentally determined
evaporation current. The measurements, therefore, c¢annot be
explained in terms of the removal of singly-charged unassociated
ions during the evaporation process.

However, the work required to overcome the electrostatic
image forces is appreciably diminished if each ion 1leaving the
liquid surface 1is associated with a number of neutral water
molecules. We now compute the size of agglomerate, consisting of
a Cl-ion in the centre of (Ng ~ 1) water molecules, required in
order to obtain equivalence between the experimental and
theoretical charging rates, i and 1 respectively; for
simplicity. the agglomerate is assumed to be spherical. The work
done against the electrostatic image forces in removing such an

agglomerate from the liquid surface is given approximately by

X=w» 2 2
£ = { , & ax = & (5)
x:].Né'3 x2 NéiJ
where 1 ( = 5 A) is an approximate value for the diameter of a

water molecule.

In order to increase the fraction f by <the factor 1091
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required in order to eliminate the discrepancy between i and I
the energy T' must equal 0.18I. 1In this case we can write

" 0.18 = L - 0.4 )

N§/31 N§/3

t1 M

whence Ng = 1l

This rough computation indicates that the measured charging
rate 1s consistent with the theoretical value if each charged
particle leaving the 1liquid surface during the evaporation
process is contained within an agglomerate of about 10 neutral
water molecules. Although observations have been made of the
existence of such aggregates in the vicinity of liquid surfaces
no direct evidence has been obtained of their removal as
agglomerates from the liquid during evaporation. However, it
should be pointed out that the energetic difficulties involved in
the removal of such a cluster are considerably less than those

associated with the removal of unassociated ions.




