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FINAL REPORT 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

7-he 7r:=ar; emanasis dur:nc :ne _arest zcntractuai period

-as zeen := zerform f:eid excer:ments 3n acceierated drying of

•ettec iater:ais. 7-e :r:nc:=a± -ust:fizat::n -Or this decision

'.;as 7- inceavour :: '%cse :ne ;ap Zer:een :me preciseiv con-

-rieQ .aboratory exper:rnents cescribea In earlier reports, and

:he :rac::ca. situa: z n s -me u1i,:mate coal towards which

this researcn is or:entated. In such a situation, the wetted

svecznens --ould be nucn -arger zhan those ut;ised hitherto, and

atzermuzs zo expedi:e :he drting would be required to take place

r.n :ahsver ",earher :ond:::ons prevaiied.

seemed important. therefore, to conduct studies out of

dcors. ising larger >etted specimens which were examined as they

dr:ed over as wide a range of temperature (T), relative humidity

i and wind-speed 'V) as were technically feasible and

avaiabie.

The majority of these field experiments were conducted at

-:he 7-!3:!T research stat:on in Waunfawr. North Wales. with some

su=.;ementary ones being performed in Colorado. where higher

•.'a-.es -f - _and lower :alues of 'i were available.

Ai:nougn. in the longer term, it is planned to perform

ex=::79entS with a -far:et- of wetting agents and wetted

sucstrates. the most urvent priority at this stage was deemed to

-9 --. lzza=11shmen: zf a auant::atve understanding of the phys-

-ca-.*;s wnch govern :6is accelerated drying process. Accord-

-"a Curren: -:ace f zhe research. it was decided to

7er:::n :omorehensi:e studies with one wetting agent and one

ma zr;. :n;, . These ..:ere water and cloth. respectively.

:cnsiderable fraction of the contractual time and effort

n 7ne most recent :er:cd was devoted to the development and



:rr:at:2 = =-sa ~ce cut iu:::z=:entl', reliable

exrer ment aippara:us ina :ecnnique 7s ".-azl results for

:he :ange of meteorolog:cal :onditicns ant:c:rated. It was then

:cnsiersd zc:ca z f:: :fei. -C :Ss': a'Z Ana refine :his

os:' jver :ne ava:a e ranae :r -. - and " _n ':e absence of

..=csec aleczrri f-'_ldS £. t e 7:.:re :f :'qna 7-is -.ntermea-

iate ooiect:ve was acccmDiisned. necessitating. however, only a

.'tzed amount of :na:::n - nuo: :et fuly analysed - on dry-

Ina rates in nigh electr:c fields. Even so. it can be asserted

tha- 7ne erfects of Stronc f:eids on drvin rates are similar 7o

those in the earlier Iaooratory experiments. ie the multipli-

ca:-:7e factors and the :hresnold fields for significant enhance-

ment of drying rate are roughly the same. Consequently, the

present report is conf:ned to an account of field experiments

-onducred with E = 0. over a range of values of T. H and V.

Analysis of high-field studies already performed, coupled with

others shortly to be executed will be described in the following

repcrt.

A crac:al requirement of the experimental system was that

ir-i-na rates or times could be measured for both zero and Finite

r. for the some conditions of T. H and V. simultaneously. This

-.1as Acnieved n tne foi-c'win manner.

:wo identical squares of cloth. each of size characteristic-

1-l" A~cm. -:ere --acn S-retcned bet-:.een -,ire frames lying on a

l;re :auze Case. ncllned at a shallow angle typically 15-1 to

-ne :.r::cn:a. ana or:enzazea So -nat :-e ;itn .;ashed over :em.

The :auze and :hus :he :zotn squares. .hen ;etted) was grounded.

zeccna =lane ocf =auze -..as suscended a distance X above the

fs:-. and =arailel to ::. A typical value of X was 3cm. This

3ec:na .auze 'as !:nded eieczr:cailv 3o that 7he cart suspended



V
:;uares .,ds :rcuncea. .;nile :he oart sus-

.erz~ _r e : r h:e :as ,:=necze -*ariable )-3OkV

guc=1:'. hus. inen -me n2qn-vo±iage suppivJ was switched on. one

:zecie. t:n as zuo u " fzn.,e e iec-rlc field E

; -e r 'ne :tner

e enerai exeri:enai :rccedure was 7: wet both substrate

3Cuares. ..;elan :eem. =Iace 7hem _n oositicn. switcn on rhe

eiectr:c field ana at trhe same time measure the three

:ne-eorzzg:cai parameters 7. H and 7. These carameters were read

oer--oda-1-- over -he -ime intervai : for t.nich the spec-mens

•.were ..zwea :o dr-i. Accepoanie vaiues of t were found by triai

and -error. were typicaily several minutes and largely dependent

upcn the -aiues of . and

After :he period : had elapsed, the wetted specimens were

welcnea again and the mass loss 4 experienced for each was thus

detrm:ned. The exrerzment was then repeated several times: and

by teroorming this same sequence at various times of day on

=e-.'era- ravs the excerimental data outlined here were procured.

7he separate influences on the drying rates of the three

--e:cr_ z:cai parameters. H. T and V are illustrated in the

fC.'.w;In7 fgures and graphs. for which E=O In all cases. This

.aSa -een -,one. in each case. v ftoiding two parameters constant

nz:. as icnxevaole to a reasonable extent: and examining the

n-.... !'t to the t: ra parameter. The values of M/t in

er a :ave ceen norma.i-sed to standard values iM/t)s of i. T
-- r . .. .J _ n m.. espect:veiv.

-he :nfluence of relative humidity H on the drying rate

- .:eoted :lotn :s illustrated 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 :he specified date of this report, preparation

laboratory and field work has been performed, which will be

substantially 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 enhance our knowledge of the interaction between

electric forces and the evaporation of liquids, in the hope that

this new information will fac: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 technique for accelerated drying would

function.

The following rough calculation was performed in order to

see whether charging rates measured in laboratory 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 molecules.

We consider a typical experimental result that when 0.1 N

KC1 solution is evaporated at a temperature T = 63'C it loses

mass at a rate dmdt = -1.67 x'0
- 3 g sec - and becomes positively

charged at a rate i = 5 x 10- 14 A. The simvlifylng assumptions

are made that the potassium chloride is completely dissociated in

solut:on and that :he measured charaing is ent:reiy a consequence

mlm L ~ mJ m m mm~mmm~m m m



of the removal of Cl-ions 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 dm/dt and i

indicates that this ratio is about 1015. A further assumption is

that the differences between the binding energies in solution of

water molecules and chlorine 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 additional

work required for the ion to overcome its electrostatic image

charge is given by

x=- e2dx e2

r 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. If we take L = 2

x 10-8 cm it follows from equation (1) that Z = 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- E/ k T  (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 :s permissible to

maKe the approximation that the fraction of evaporating molecules
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that are charged is alven by

f = !0-3  P.N.M, (3)

where N is the normality of the solution and M (= 18) is the

molecular weight of water. The theoretical charging rate is

therefore given by

(dm/dt~ef 10-3(dm/dt)eNP (4)
Mm m

where m (= 1.7 x 10- 24 g) is 1/16 times the mass of the oxygen

atom. Substitution of the above-mentioned values of (dm/dti, N

and P into equation (4) yields I = 5 x 10-105 A, which is 91

orders of magnitude less than the experimentally determined

evaporation current. The measurements, therefore, cannot 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 leaving the

liquid surface is associated with a number of neutral water

molecules. We now compute the size of agglomerate, consisting of

a Cl-ion in the centre of (No - 1) water molecules, required in

order to obtain equivalence between the experimental and

theoretical charging rates, i and I 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=- e2 dx e2  (5)

jx=lN;,3  X2  '2

where 1 ( = 5 A) is an approximate value for the diameter of a

water molecule.

In order to increase the fraction f by zhe factor 1091



required in order :o eliminate the discrepancy between i and I

the energy Z' must equal 0.18Z. In this case we can write

L 0.4
- 0.18 = - = - ,SN ,131 N4/3

whence N9

This rough computation indicates that the measured charging

rate is consistent with the theoretical value if each charged

particle leaving the liquid 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.
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