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THIN FILM CONDUCTIVE COATINGS FOR SURFACE HEATING AND DECONTAMINATION

1. INTRODUCTION

The problem of contamination of solids bv‘ chemical vapors is one of important
coqsideration for the design of military vehicte components. Typicalily, a vehicle exposed
to undesirable vapors will undergo contamination by the vapors being adsorbed on solid
surfaces. After Io_ﬂg‘ periods of exposure, absorption of the vapor into the solid will take
place. This can cause deterioration of materials such as plexiglass ‘windows and may

result in the entire unit being tempcrarily nonfunctional.

4 '\In the present analysis we examine the process of decontamination by heating the
plexiglass substrates wiih  imbedded ejectrically conducting layers. The application of
such heating elements for the purpose of deicing is well known. However, little is known

about its overall effectiveness for the removal of adsorbed and absorbed contaminants.

While the heat input supplies energy to the contaminant molecules and sets them into a

free state (gaseous stéte), it also increases the solubility of the contaminant in the solid
substrate. It is therefore 'necessary to carry out adetailed mathematical analysis to

determine the effect of heating on adsorbed and absorbed contaminants. '

in the current development we first present an ovarview. of adsorption/desorption

kinetics and then develop a one-dimensional model for the removai of physically

adsorbed contsminants. The mathematical analysis provides information as to what data
are needed to predict the performance of such a decontamination system. At the same '

time some typical cases have been run to simulate such prediction. Also inclyded are

cases for which the increased solubility due to heating 'ﬁlav cause the contaminant level

vyt

toinerease. Uy adeg g vl Y o

N
;
Further to the conclusion drawn from this analysis, recommendations are made for

future studies. In particular, calculations for optimsl heating tevels to minimiz> material

7
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damage by haat are needed. In aduaition, the analvsis of muitiple-element
decontamination systams and further c¢2ve! pment to handle chemisorption and muiti-

. component contaminanis are very much neaded in order to astablish design guidelines.




2. KINETIC THEORY OF ADSORPTION AND DESORPTION

2.1 Fundamentals
When the molecules of a gas strike another solid or liquid surfaca, they tend to
cling to the surface for a certain length of time befcre going back to the gas phase.

Such behavior can lead tc a high conceniration of these molecules on the surfzze. This

- phenomenon is known as adscrption. Molecules may be adsorbed either physically or

chemically. Physical adsorption takes place due to the Van der Waals forces. Chemical
adsorption (or chemisorption) cccurs due to an exchange or sharing of eiectrons or ions

between the striking molecules and the moiecules of the surface.

The striking molecules ‘when adsorbed'enter a bound siste thereby releasing some
energy. This release of energy is known as the hz2at of adsorption. If an adsorbed

molecule is supplied with this energy, it will desorb from the surface and go into the

gaseous state. In the case of physical adsorption, the heat of adsorption is about 10

kilocalories per mole. For chemisorption it may be as high as 100 kilocalories per mole.
The adsorption time may be of the order of microseconds for physical adsorption. In the

case of chemisorption, it is usually several seconds but may, in some instances, be as

-high as several years. For both regimes of adsorption these tihes are usually several

ordaers of magnitude larger than the thermal vibration time ' of the molecules of the

adsorbent. Therefore, the number of molecuies, o; adsorbed at any give. instant is given
by

g=nt - , ‘ ' i . (2.1)

where n is the number of molecules striking a unit area per unit time and T is the

adsofpt&oﬁ time.

The number flux at the surface, for an ideal gas. is given by the following weu?

known relationship fr{:m Kinetic theory:
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Np

n= - _
(27MRT) /2.
where N is the Avogadro number, p is the gas pressure, M is the molecular weight of the

(«.2)

gas, R is the uivwersal gas constant and 7 is the temperature.

The adsorption time T is related to the gas temperature and the heat of adsorption
by

T = Te¥RT ‘ (2.3)

where T is the oscillation period of the molecules and Q is tne molar heat of
adsorption/desorption. If we assume that all the molecules striking the surface are

adsorbed, then by combining (2.1-2.3) we see that

Np N
g= Te
(27MRT)1/2
Therefore, for given vapor adsorbate and adsorbent surface, at constant temperature, we

Q/RT 7 (2.4)

have the following isotherin:
¢ = k,p @2

where k° is a constant.

The number of molecules per unit area undergoing desorntion by thermal excitation

' is given by

n, = voe ¥RT : ‘ , : (28)

_where v is a factor of proportionality with units of sec™!. At equilibrium, therefore,

n=n,and v = 1/%, 30 that ¢ = nTe¥RT as stated earlier.

It aii the molecules striking a suriace are not adsorbed and a fraction a is reflected,
then n is reduced by a factor (1~a). To.accommodate for this we define an apparent time

constant- t° = (1~a%) ‘and use it ihsieed ql .

10
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The adsorption isobar may be identified from (2.'4) by hoiding p constant. This gives

k:‘eo/m' | |
o= vz (2.7)
Since the T'/2 dependence i§ rather weak, we may write
g = klecva'r ' : S - | (2.8)
Similarly at constant 0 we may identify the isostere as
p - kze‘a""‘T - ' B o | (2.9)
By taking the logarithm of each side of equation (2.9) we may write '
. a , :
Lnp = “ar B, , (2.10)

where Ba = n k, is a constant. This equation is similar to the expression for the vapor

pressure as a function of temperature,

a , . )
ln[po(T)l = “RT +B . | (2.11)
By defining x = p/p, and combining (2.10) and (2.11) we have

' Q-a .
- 2n x = n(p/p) = - RTO | L (2:12)

Differentiation with respect to'T leads to.
agn x Q-Q,

, T RTZ " : ' .
~ where we have the dependen‘co‘ of Q and Q_ on T is taken to be degligible.'

" (2.3

- 2.2 Langmiur's Adsorption Isotherm

It was assumed by Langmuir 1 that'adsorpﬁon in' the - form of a monomolecular
layer takés !pla& at a'constant‘,.hoat of adsorption Q;. it was further assumed that the
4 mblecules that strike the cov.oro/q/rlponiqn of tﬁo inteffac: would be reflected
instantaneouily. In other Qbrds, the fosldoﬁco time fof ‘".w'“ mo!c;:ulod is'z'oro. The

11
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.we have

number of adsorbed molacules in such a case is proportional to the unused sites and is

given by

0 =n"1 =n(1-0/0 )1 _ | | : (2.14)

'

where o is the maximum number of available adsorption sites per unit area. By defining

a fraction 0 = a/0,, and noting that from (2.1) and (2.5) we have nt = k,p. we obtai_n ,

. k3p
6 = ' , (2.15)
1+kyp o o .

where k3 = kO/co.

This model for adsorption is suitable for low pressures and is particularly applicable

to chemisorption for which we have a monomolecular layer.

2.3 Multilayer Adsofptioﬁ

A model (¢ multilayer adsorption was suggested by Br'umucr. Emmett & Teller 2
in 1938. A schomatgcl for this modolvis shown in Fig. 2.1 below. Here the regular stacking
of the rln'oleculos is shown for illustntivc'purpo;os oniy. Actu‘allv,' the molecules would

PR

be randomiy distributed over the entire surface under consideration.

In the model, the fraction of the surface covered by i Iavorls‘ of molecules is denoted
by 6. It is assumed that for i > 1. the hest of adsorption O° is constant and is
identified as the fatent heat of condensation This is &uc to the fact ihqt 'thc energy

exchange ta:es place between like molecules as it does in the case of condensation. For

i = 0 the heat of adsorptiqn'wnnc capturing 8 monolayer of molecules is denoted by 0.)

and taken to be a constant. Generslly we have Q, > Q.

“In order to maintain the fraction 60 as constant, the number of molecules adsorded

- on the _uncovind_ portion must be equal to the number of molecules desorbed from 9,'

~

per unit time piv\\unot ares. This would corroip_ond to an equilibrium state for 0 o Honco'

12
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Fig. 2.1
A schematic of multilayer adsorption kinetics

nd, = v, 0,0, |

(2.16)

W.horo Vv, is the broboniqmlitv constant similar to the one defined in (2.6). For i = 1 the )

fraction 9,' is ’muinmned constant by adsorption and desorption pt O., to or from 9° and

8, By simple molecular talar.ce we have

neo ¢ vlooaz 'voooel M "o!

it is clear t0 see that from (2.16),

nd, = v,0,0,

' Similarly, it can be proved that

.nO,,," -V ,,coe,
whaere

1

v ,.
s 1
Tt

Wwesett,oT, =1, . then

‘13
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(2.19)

" 142.20)




.
»
-
L]
-
.

A tLraBewe . L, .

1 W A, % % e Y B CREEEe

o, = 2.2 ' o (2.21)
a, : .
nrlel-i ' ’
9i » i >2. ’ . (2.22)
) O° . ; : :
By letting y = nTt,/0. (2.21-2.22) may be written as
T ' ' ' .
8, = —vé, : - (2:23)
. i |
and
8,,,*v8,.  i>1 ' (2.29)
it can now be readilv shown that
T, _ L :
8 = ~v'o_ | ©(2.25)
t' ’

Since the layer 9, has a stack of i molecules (see Fig. 2.1), the total number of adsorbed

molecules is proportional to

®
9. - zien '
1=}
1‘o.' .
- —Xiy'
tp‘l
JT% v - - , 226
LO | E , ( e
Also, ' .
»

8, =1 - {eil' ‘

(L) ]

=1- @ '
Y' oo'ziv

o« - '-- | L N . @2

L R .14




W may therefore write (2.26) as

Y
9 = - , (2.28) -
. To )
(-vXi1-y + )
T
Here © may be greater than unity for multilayer adsorption.

Noting that y = hr,/o and witﬁ the bso of (2.2) we see that at cdnstant temperature,
v=p/a ‘ | | (2.29)
where p is the pressure and q is‘ F ] constﬁt. Tlﬁé constant can be usually identified as
the saturation pressure po(T) (see (2.11-2.12)) and hence, |
¥ =x=p/p, - ' . C (230)
As a result (2.28) can be writtan as

kx

= .31
o (1=-x}(1-x +kx) (231
where k = toft,. By using (2.3) we m.av axpress k as follows
. ' Q_/RT
Te :
k= . Q/RT - ' L - ,(2'32)
te®

© . where "ro and ’q refer to the thermal oscillstion times on the adsorbent surface and a
previously adsorbed layer. nspoctiv'oly. As a simplification, one may set T = T, since the

‘

temperature Adopo‘ndon"co is the more significant factor. Equation {2.32) then reduces to

) - R
k= '(9'.Q°V T.

2.4 The Heat ot Aisorption
fFor the purpose of éilculating the totalt heat of adsorption. we examine the

schematic shown in Fig. 2.2.

The  total consists of a contribution {(1-8,)Q,/Nlg, for the first layer and
[9° | 1-oo)uoo/mo,-, for the subsequent layers. Here N is the Avogadro number. Hence

~ the totsl hest of adsorption is given by

.t




Fig. 2.2

A schematic of total heat of adsorption calculation

Q,8) = [(Q, - Q) +Q,08l0,/N
At equilibrium we have

' 1-x
e°.. 1-x + kx

_and

kx
'1 -9, -'l-x . kx = 8(1-x)

With a little aigebra it cin be shown that
a9 = (Q, - (Q, -Q_)x18a,/N = QBT /N
where we define Q as

Q=0,-(Q,-Qx

16

-85 8.

{2.33)

(2.34)

(2.35)

(2.36)

(2.37)



2.5 Limits of Validity and Further Approximations

. For x << 1 we have Q ~ Q, as expected for monolayer adsorption. As x + 1,

Q- Oo representing a near-saturation condition.

The adsorption isotherm of the form 6 = p is valint onllv for extremely low partial
pressures. This model predicts no saturation and is not valid for p ~ po'. The Langmuir
isotherm of the form 1-69 xp(or © = l"*';p) is valid only for monolayer adsorption. For
Q‘1 >> Qo and 1, << T, > 1). tt've multilayes results raduce (o the Langmuir model.
In tﬁe case of pure chemisorption'pr for physical adsorption  at low pressures, the

behavior as predicted by the Langmuir rﬁodel is observed.

2 is based on constant adsorbtion

The multilayer aqsorption of Brunauer et al.
times for layers corre§ponding to i > 2 (above the monolayer). Some simplifi.cationsare
also proposed by identitying the heat of adsorption (which is takeh as a constant) for
higher Iavqrs with the latent heat of condensatio;i Oo. The identification of q as po(T) in
(2.29) is an additional simplification which soorﬁs quite attractive. Howevaer, thers are

situations in which this approximation i ~ot valid. This muitilayer adsorption model is

applicable over a wide range of pressures.

vTho fundamental principle bcﬁind the do.cont‘lmvmation .lies in behaviqt ot 9 'with .
temperature. From (3431)'it is clear that for Small x, 9 is nearlv‘ propmﬁonai to x.
However p (T) increases with ‘T and henca x =p/p, decreases with T. Thore;ore 6
decreases with T, ‘indicating. a reduction in thoI amou_nt'ot' contaminant adsorbed in the
" surface of the .solid. it‘is clear that by raisin‘g'tho temperature a surface may be

decontaminated.

In tha next section weé formulate the governing difterentiai equations for substrates

electrically heated Ly imboddpd conductive layers.

7




3. DECONTAMINATION OF SUBSTRATES BY ELECTRICAL HEATING:

FORMULATION

3.1 Description of Problem

Since with a rise in the temperature of the substrate, decontamination of the
surface takes place, the possibility of heating by imbedded elements (such as in an
automobiie windshield) is considered heré. The application to defogging and deicing is

3,4,5,6 We adopt here a one-dimensional modei in which the heat and

well known,
mass flow in the direction parellel to the pnlane of the substrate are considered negligible.

At this point we can define a specific one-dimensional time-dependent problem.

Let us .consider a long. slab of thickness L which is exposed to an environment
containing a chemical vapor and sor‘ne inert gases. An electrically heated l!ayer of
thickness 6 is imbedded in the siab to a depth h (see Fig. 3.1). The substr’ate is referred
to as phasé 1 and the heating element as phase 2. The chemical vapor deposits; itself on
the surface of the substrate by adsorption and then diﬂ‘uses‘into the '!'.mlk of the

substrate.
The physico-chemical processes involved are as follows:

Mass Transfer

1. Diffusion and convection of contaminant vapor in the environment takes place
due tc the wind pattern, or to the motion of the substrate. This sets 'up a
velocity profile near the surface of the substrate. As a resuit, convective
transport of the contaminant to or from the surface takes place.

2 Adsofption/dosorption of the vapor at the solid surfaces.

3. Diffusion of vapor into the solid phasas (1 and 2). Chemical reactions within
the solid are not being considared. ' - -
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Fig. 3.1

One-dimensional model of substrate‘with
imbedded heating element

Heat Transfer

1. Heat release by electrical heating within the conductive layer,
2. Heat conduction in the solid phases 1 and 2.
3. Heat as;sociated with adsorption/desorbtion at the surface.

4. Thermal diffusion and convection in the gaseous environment.
Assumptions '

1. Fluid flow pméesses are considered only for their effects ‘on heat/mass
transfer. Simple lumped parameter modeis (i.e., heat and mass transfer '
coefficients) are to be used for these processes. ,

2. The adsorbate (solid) is infinite in length. A éne-dimensiona_l formulation is
used for the solid phase. ' : :

3. A uniform volumetric heat generation rata q°”° is considered in the

conductive layer of thickness §. Any chemical reactions within the solid

phase anc the latent heat release thereof is not considered.

4. The concentration of the sorbed specigs within the solid is linearly related to
tho{ surface concentration ot the adsorbed layer within certain Iimit;.'
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5. The solid surfaces are taken to have reached an adsorption equilibrium with

the surrounding gas-vapor mixture. At this equilibrium, the “fraction” of the
surface covered (6) depends on the surface temperature T, and the partial
pressure p of the vapor adjacent to the surface. Furthermore, at equilibrium,
P, ¢ is purely a function of the surface temperature and the heat of adsorption.

It p, is different from P o (the far- fleld part:al pressure) then vapor transport
takes place in the gaseous phase as well.

6. For tne present model, only physical adsorption is treated for a multi-

molecular adsorbed layer. The heat of adsorption for the first layer, Q,, taken
to be different from the subsequent lavers, for which it is taken to be the
latent heat of condensation, Q. For the first layer Q, actually varies with the
fraction covered but here we take it to be the average value.

7. The d,ependeﬁce of the partial pressure with temperature is given by

-90(1 _ 1 )
' RYT T
pv.s = xDo,s =x°o,0e' s ®
where x = m . is the mole fraction of the vapor in the air adjacent to the
surface. ' '

3.2 Governing Equations

-4 e a B i Romea Lo a0

3.1)

At this point ‘the problem may be precisely cast into a mathematical form as a

equations for heat and mass balance ara as follows:

Gas Phase

IHed.t. transfer between solid 'surfac’é and air:
g = MglTs = T

Vapor mass flux betwaen solid surface and 3ir.
. ig.v = hgmpg(mv,s -mv,o)

where

hg = NuKk /L

= Nu m‘D'g"/L '

With the assumptions mada in §3.1, the

(3.2)
(3.3)

{3.4)

(3.5).
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with

Nu = Nusselt number

K = thermal conductivity of gas

r, = mole fraction of the vapor

Dy = binary diffusion coefficient between vapor and air
p = density.

Equations «(3.2) and (3.3) are based on lumped parameter modeling of the convective

transport. 'The Nusselt numbers, Nu, and Nu_ depend on the external flow conditions.

The general characteristics of these Nusseit numbers are available in most heat transfer

textbooks (see, e.g., Burmeister 7 )

Solid-Gas Interface

Heat transfer at the interface: .

Qg = q, = G
where
aT, .
qs = -k av IY=0
or
AT,
qq = *+k 'a;‘\"""

and q, is the heat reicase by adsorption.

Mass transfer at the .interface:

. g .
'g.v 'l ® ,!.v

whera
ia

ls.v = mass flux from the sofid

. aFIv
's.v - Y av'- y*0

or

= mass rate of adsorption (g/cm2-sec)

.2

(3.6)

- (38)
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is.v aV y=-L.

and jg'v is given by (3.3).

Adsorption Equilibrium

From (3.31)
9= - - kX o E ' ' | (3.10
(1-x)(1-x +kx) : B ' 10
where
(Q_-a _}/RT
= gla 3 (3.11)
and following (2.37) it can be seén that
a-qQ,=(Q, -Q)1-x} - | C (3.12)

By employing the quasi~equilibrium assumption we may Wrige the adsorption heat flux as

]
' o.
q, = 8a | ‘ | (3.13)
and

o . . ot ' - ‘
= M, =mo o (3.14)

Iy

where N is the Avogadro number, g, is the maximum number of avqﬂabio sites per unit

area, M_ is the molecular weight of vapor, and. m: is the, maé;' of one molecule of the

vapor.

Solid Phase 1

Heat transfer:

13N o, L | | SN
» oo ) - .
a, at 7 aky,z , ' , '

where'u; is the thaermal diffusivity and T‘- is the tempaerature.
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Mass tfansfer:

2
1 acw ) 3_;1‘!

Diy 2+ 3y?

(3.16)

where D,v is the diffusion coefficient, and cy, is the mass concentration in g/cm3.

We assume a linear relatioship between the superficial mass concentration that is

adsorbed at the surface and the vdlumetric‘ concentration adjacent to the surface. This is

the basis of assumption 4in ' § 3.1. Thusaty=0andy = ~L,

mo 8 = ¢c,,

(3.17)

where ¢ is a constant with dimensions of length. This is called the penetration depth.

The relationship (3.17) is used for cases when

mao

4, <<C°

" where ¢ » IS the maximum possible concentration.

Solid Phase 2

Heat transfer:

2 ¢ s
AL (e

- TR -

whera q°°° represants the volumetric heat generation rate in cals/cm3-sec.

Mass traﬁsfer:

136, 3,
DZIV at sz

(3.18)

(3.19)

{3.20)

The boundary condition batween solid 1 and solid 2 at y = -h and y = ~(h+§) are -

T! = 'l’z
aT, aT,
K, - sk,

and

-a3

(321




clv = Loy
.
»
:’Cu 3c,,
1v av 2v ay .

?

The initial conditions are

at t=0

v v

=c,, =0 at t=9

(322}

{3.23)

The equations (3.1-3.23; form a closad set. At this point it is convenient to ideniify

dimensionless groupc and make these equations non-dimensional.

. /"'
3.3 Dimensionless Grouping

The dimensionless parameters are selected as follows:

ht
Nu, = -
t kg
h, L
Nu =
. 9v
mo, ' )
€= - ' ‘
éc,
mag, ¢, R
A.* - - oo~
Le, 9, Cu
ma, : , J :
H = L {dimensioniass adsorption degth)
o .
Q,
% Rr,
Q. % ‘
= )
2 RTe
24
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(3.24)"

(3.25)

(3.26)

(3.27)
- (3.28)
- (3.29)

(3.30)
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50 =v :—D {ratio of saturation' 'densitv at in'ﬁnity to maximum solubility in solid 1)
(3.31)
i = vapor mole fraction at infinity (3.32)
o ;“‘Lz
a = T; (dimensionliess volumetric heating rate) {3.33)
- mag, : :
€= ¢c; (dimensionless penetratién depth) - (3.34)
LI S : (3.35)
dpg = Dg,/Dy, | - | - (3.36)
Le, = a,/D,, | | | | (3.37)
Pas * “z’a_al ' ‘ - (38
bps = D5/0y, o | - (3.39)
Pus = K2/ | | (3.40)
T =17, h (341
T . e
y sy/Lh =L § =8/t = 'u,m.z ' : o (3.43)
By combining (3.2I). (3.6). (3.7) and'(s.ls) we obtain
49 . . . | , ' , '
Nu, ¢,(T, = 1) -Adt;(Qo +Q,-Q )(1-x)] =¢ 3y sty=0Oory=-L | '(3.44)
. Similarly, by combining (3.1), (3.3). (3.9). (3.9) and (3.14) we find
. X an-ur) 3, - -
_'Num%'ao fo -r". °o. ¢ -leHO =2 ay at.,‘v =Dory=-L (3.45)
s
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The adsorption equilibrium given by (3.10) and (3.12). when non-dimensionalized,

gives
. kx
(1-x)(1-x +kx)
with
k‘ . o(o" RN

- The remaining equations may be written as

m
at'  ay'?
! * 2 A
?CA" 1 9 C_!'
' Le, Yy 2

E ‘ 2 &
aT, . .
Rl TR
at as ay’?

[ 2 a
ac2' 1 9 <y,

Tt e .
at Os Le, 3y*2
with boundary conditions

6, €d ot y=0-1
. 9T, T,

T eT, .o, ~. stye-nn'+8

 and

. c'ﬁ 36" ’ ac!v ¢ . ": (hn 6')
[ ‘. - ——; [ ] - N I} Yy = =h - *
1v r ¥4 av o‘ av i .

and initial conditions
T, eT,1 st t'e0

26

{3.46)

(3.47)

(3.48)

(3.49)

(3.50)

(3.51)

(3.52)

- (353)

(3.54)

(358)
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=c,=0 at t'=0
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We next examine the magnitudes of the various dimensionless parameters so as to

identify the relatively important transport mechanisms.




4. IDENTIFICATION OF THE IMPORTANT TRANSPORT MECHANISMS

in this section we #irst state the approximate range of physical properties and

external conditions for typical situations of practical interest. This is followed by an

estimate of the magnitudes of the dimensioniess groups.

4.1 Physical Properties

Plexiglass substrate (Poly Methyl Methacrylate)

Property . ’ : Value Range

' at 378K
Density, Py 1.19 1.0
Specific heat o1 0.37 .5
Thermal conductivity ' k, 5x1074 1-10x1074
Thermal conductivity a, 1.14x10"3 1-10x1073
Mass diffusivity (0,) D,, 1x10°%  1078-107®
Air at 20°C
Thermal cbnductivitv: k, 6.6267x10"
Thermal diffusivity: | a, - 0.2216
Mass Diffusivity (0,.N,) D, 0.2

Electrically Conducting Layor (Indium Oxide + Stannic Oxide) .

Density: » 0, 6.3
Specitic heat: Coz 0.2
Thermat conductM’tv: ‘ k, | , 010136

28

g/cc

cal /g-K
cal/cm-sec-K
cm¥/sec

cm?/sec

cal/cm-sec-K

cmi/sec

cm?/sec

g/cc

cal/g-K

cal/cm-sec-K




Thermal diffusivity: a, 1.08 x 1072 cm?sec

Mass diffusivity: D, Not Available (consider: DZ'V/D“ = 107", 1 and 10)

Thickness of layer: § typically 1000 7\= 103cm, (consider: 1 - 10.x lOf’cm)

Heats of Adsorption

The ambient temperature is taken to be T, = 20°C (293 K). Assuming Q‘ =3

A kcal/g-moie, we obtain:

Q, *Q,/RTq, =52 - (41)

With this as an approximate estimate, a range Q. = 1-25 is codsidered.

Similarly, with ()o = 1 kcal/g-mole, Q; = 1-5 is considered.

Heating Levels

The maximum heating levels quoted in the literature are of the'order of 4

cai/cm?-sac. Therefore, the volumetric heating rating (for §= 10‘3cm) is

g 2 ‘ ' . ‘ ! . M
T e - kq;; ~ 60 . . l;in_mv” | ' (4.2)
2" ® ‘ ]

. We consider " = 1-100,

Solubility Parameter
The solubility parameter ¢ is estimated as folldws:

At the surface we have c;' = €0. As O takes on large values (say, 10) the solid

phase will also approach saturmbn (c;v + 1). Therefore, we take ¢ = 1/10 = 0.1.
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Adsorption Depth

The dimensionless adsorption depth, H = mc:o/'Lco is estimated by examining the

solubility of N, in Poly Ethy! Methaclylate. At 25°C the solubilitv is

s=75x 1O‘Zc-.c.gasSTP/c_.c.substrate ' (4.3)

where s is defined by C,, = sp. Assuming a partial pressure of p = 0.1 atm, we fihd the

volumetric concentraiion c,, to be

¢y, = 7.5 x 1073c.c.(STP)/c.c. | | (4.4)
In units of mass concentrgtion this is |

c,, = 9x10°%/cc. = 10;5§/c.c. , : . (4.5)

We therefore take c 0 10‘5‘g/c.c.. If the gas is more soluble, ¢, may be as large as 1073

g/c.c.. For very low solubilities it may be 10°7 or 1078 g/c.c.

., 4.2 Dimensioniess Groups

The maximum number of available sites is of the order of 0 ~ 10'/cm?  The

parameter H is therefore given by

mag

Ha ot S (4.6)

[+
where L is taken to be 1 cm, and m = 4.67 x 10"2%g for N,.
The diménsidnless parameter 4 is given by
mo R c

° = M oR :1'0'9 - o : . (4.7)

A= .
Loycyy 0151

" From these estimates it is clearly seen that surface 'transtoms (9 terms) would bé

T30




negligibly small. Furthermore, due to the very small mass diffusivity of the' solid (10'6 -

10”7 cm?/sec) compared to that in the gaseous phase (0.1 cm?/sec), the mass transfer

relationship betwen the surface and the ambient reduces to the quasisteady relation

Civ

=0 . ‘ (4.8)
- where 0 is the surface coverage at the adsorptioh»quasi-equilibium.

The above linear reiationship can be generalized by considering saturation

' phenomena within the solid and a Langmuir type absorption isotherm,

€0 _ ' '
cx= - S (4.9)
1+¢€0

can be employed.

The resuits of the estimates of these dimensioniess groups are summarized in Tabie

4.1



Tab]e 4-1. Summary of estimate o'f magnitudes of dimensionless parameters

. Nu

Dimensionless Parameter Range Comments
. 0(100) - Included in the model
Nu_ '0(100) This is large, but irrelevant
: since gas-phase mass transfer
does not affect problem

A 1079 Negligible

a, 1-5 included

Oa 1-25 inciuded

q 1-100 Includad.

H 1076 - 107! Irrelevant

3 <1 Strongfv temperature dependent.’

Consider values 10°¢ - 1
5 0.001 Consider 0.001, 0.01, 0.1
0<h <1 |

Oyq 0.05 - 05 )

¥oq 105 - 108

Le, 102 - 105

das 1-10

O 10 - 100

dps - No dats Mihblo. try 0.1, 1, 10

R



5. RESULTS AND DISCUSSION

The non-dimensional governing differential equations together With the
simplifications discussed in §4 have béen programmed for a finite-difference solution. A
listing of the program is given at the end‘ of this section. The input pararnetefs required
to run the program are also givep in tpe listing. For the sake of clarity these parameters

are listed below in the mathematical notation used in §4.

Program Mathematical
Notation" Notation
| DELTA 8" = S/, thickness of heatiné‘ layer
H h" = hAL, heater location '
HEAT 4" = §"L2AT,, volumetric heating rate
QA (1a = Q,/RT, heats of adsorptioﬁ
Qo ' 0; = Q_/RT, heats of condensation
TINIT To/To = 1. initial temperature = ambient
CINIT 0, initial concentration in the bulk
PVBOT pvw] '_L p:L, dimensioniess partial pressure of
vapor on the “inside” (i.a.. bottom side of substrate.) '
PVTOP p:QI o ™ 9:0' dimen;ionless partial pressure of vapor |
“on the "outside” (i.e., top side of substrate.) |
ANUSTT Nu,,, - thermal Nusseit number on the “outside”
ANUSTB Nu, thermal Nussait number on the “inside”
FIKG '¢kg - kg/k‘, therma conductivity} ratio (gas/plexigiass)
FIKS ¢, = kK, therm’;:i conductix)ity ratio (conductive layer/plexiglass).
FIALFS ‘u " a,/a, thermal diffusi\«ib} ratio conductive laver/plexiglass)
FIDG 4’09 - Dg/D,.. mass diffusivity ratio (gas/plexiglass)
FIDS ';0.3 DZ/D,. mass diffusivity ratio ('conductivo'lg'vsr/piexiglass)

3
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- ALEWT . Ley = a,/D,, Lewis number

EPS € = mo_/éc, solubility parameter

The results from the various runs of the pfogram have been plotted in Figs. 5.1-5.5.

Here we discuss each case in detail.

In Fig. 5.1, the temperature profile at various times is shown. The heater is placed
at y = -0.25. The thermal parameters for this plot are q = 50.0, § = 0.001, ¢, = 500,

Nu,, = 200.0 and Nu, = 10.0. The plot.shows the following important features:

1. The region near y = 0 reaches a steady state faster than the rest of the
substrate. This is because of the higher Nusselt number and the shorter
distance from the heatmg element.

2. More heat leaves through the surface y = 0 than y = -1. This is owing to the
relatively lower thermal resistance of the region -h <y < 0 than
<y < -n .

3. A large Nusseit number causes the corresponding surface to be cooler and, as
a result, leads to higher adsorption. The heating is therefore wasteful. If the
Nu, is controllable, then it should be minimized so that very high heating
Ievels are not needed.

4. The maximum steady temperature in this case is ‘_l'm"/Ta, = 1.5. Assuming

To = 300K, we have Tm" = 450K. At such high temperatures the plexiglass
would deteriorate. ‘ '

In Fig. 5.2 the dimensioniess surface covéraga of the contaminant 'on. the outsids,

(eo) and on the inside (eL) are shown as functidns of time. The parameters for the graph '

are:

H o § | ?us R 4 Nu,, Nu,, $as
Runl 05 00001 10 005 50 200 10 1
Run il 025 0001 50 025 50 200 10 5
RenW 05 . . 0001 © S0 025 50 0 10 5
RunW 05 ' 0001 50 025 w2 2 5

It addition we use Q‘ = 50, O; » 1.0, Po*05andp = 0.01.
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Here we observe the following features:

1. Curves | and li, between which there is no systematic change in the thermal
parametars, both reach the same steady state value for 8, and 8,. This is
because the groups

1+ NU,°¢kg

Q, = R ’ . (5.1)
1+-Nuy, ¢kg(1-h )
and
. ¢ _
Q, - N - S  (52)

%(Num + Nuy Q)

have approximately the same values for these curvus

2. The curve It corresponds to a larger thermal- diffusivity than curve I It

' therefore approaches a steady state faster. For -curve |V the Nusseit number
is lower that curve ill. The eigenvalues determining, the rate of thermal
transport are smaller for curve IV and the transport process lasts longer in
this case.

3. The higher ievel of adsorption on the outside is due to larger ‘partial pressure
of the vapor on the outside.

In Fig. 5.3, the effects of partial pressure of the vapor anu the heats of adsorption
on ‘the fraction covered are shown. The plots c_ori'aspond ‘to fixed values of the
rarameters Q, and Q, (Q, =0.0317; Q, = 11.5556) or fik'eq,\}ames of the parameters

To~ =1+Q,. U ' N ' (5.3)
and

1. We fmd that 8, < 8, because T > T This is due to the convective cooling

which occurs on the outside

2. Each curve shows a steép' linear portion for small pressures, a flat portion for

modarate pressures,- and satdratio:) (8. » ®) as the partial prassure approaches

| saturation. 7 :
i ' 37
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3. At large Q;, the linear and the flat portions are separated around 8 ~'1. this

impties that for large O; (such as in chemisorption) a monolayer is formed
first untit 8 ~ 1. Subsequently, more layers build up. For O; Q;,, all layers

‘nay be formed simultaneously.

4. At iarge Q;, the saturation phenomenon is delayed. This happens because the
Q, -a T

parameter k = e $, which signifies the ratio of adsorption times

between the first and the subsequent layers, decreases.

In Fig. 5.4, the concentration profile within the solid is plotted. The solubility has

been assumed to be the same in both the substrate and the heating element. Also the

ratio of the two diffucivities is taken to be unity.

The parameters are: L =05 & =0.001, ¢4, =50, ¢y, = 1.0. ¢,, = 50.0, Le, = 500,

$,4 =025 &5, = 50x10° Q, = 50,Q, = 10. G =500, Nu,, = 10.0, Nu,_ = 2000, € = 0.1,

p,, ~ 05andq, =001

The plot shows:

' 1 The time taken to reach mass transfer _steadv state is approximately equal to
|.eI x (tima for thermal steady state).

"2 For short times. diffusion occurs from. both ends and the effects from each
end grow-independently until they interact. e

3. As .time increases, the concentration: profile- becomes monotenic and a
straight line is obtainad for constant mass diffusivity. At steady state, a
steady stream of vapor diffuses from the higher concentration side to the
lower concentration side '

4. The surface concentrations are given by
c, ~ €8, /(1 . €8,) aty =0

and

- 39
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¢ =€0/(1+€0) aty =1 ' (5.6)

Here 8  and 8, are functions of the thermal parameters Q, and Q,, the heats
of adsorptnon 0 and Q and the partial pressures P and pv . Thus after the
thermal steady state |s reached. ¢ and c,  remain constant due to thermal
equilibrium. '

L

‘In Fig. 5.5. we have plotted the variation in the steady state bulk concentration

(c = '_’ c'dy ) as a function of the heating rate q . Aiso plotted .in the same graph is
“bulk | D 4 )

man an

T‘ ‘= Tm /T, as a function of q . The important feature incorporated here is that the

solubility parameter € is taken to be temperature dependent. It is given by

Qi1 -1/T) o
€E=¢ge’ s ‘ _ g (5.7)
where Qs - Os/Ri’o is the heat of solution. . Since the solubility changes with changing

tempaerature, the heat of solution plays a role. The program was modified to include this

addition parameter. Thé plot torresponds to the following values of the parameter:

L =08 & =000, 9,, = 500. 6,4 = 025
Nu,, = 2000, Nu, = 100, €, = 0L Q, = 100,
Q, =10 p,, =05 p, =001 Q, = 00-10.

The resuits exhibit the following features.

1. for very low heat of solution, Q. the bulk’ concemration decreases
monotonically with the heating level &', It may be noted that the duration of
heating does not determine the igvel of contamination after the attainment of
thermal and mass transfer steady states for this reason the level of initial
contamination or the initial temperature do not a"act Couik '

2. For a reasonably large heat of sohmon while the surface coverage (8 and BL)
decreases with ncreasing temperature, the dissolved contaminant in the butk
ncreases. Th_ls ‘usually happens when the heatng levels are low and the
change of 60 and 91. are not as rapid as that of the solubihity. if the outside
environmant 1s very cold and if the convective cooling is strong, the interior

- of the substrate may be very hot, but the surtace will remain fairly cool. As a
resuit. the heating may not substantially remove the surface contaminant and
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NOTE: For Q. = 0.1-0.5, an increase in heating level q" from 0 to about
25 ac%ua]ly increases in the contaminant level in the steady state.
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Fig. 5.5-

. Steady state average volumetric concentratfon_cbu k and,
maximum temperature, T.,., as function of heating level q*
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at the same time it will increase the solubility. This will lead to increased
contamination if heating is sustained for long periods.

3. An important ccnsideration for design would be the maximum temperature
reached:

: T, +T,h/(1-h) +@'87h ¢,
Tnax = 1 +n /(1= (5.7)
If T, = 300K, then for a material such as plexiglass, we would require

Toax < 1.5 to avoiding thermal damage.
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6. RECOMMENDATIONS AND CONCLUDING REMARKS

Here we further discuss the feasibility of decontamination by heating and the
limitation of -the effectiveness. We aiso make_ recommendations for experimental
measuremenfs for obtaining the required data in order to run the computer code. In
addition, we make several recommendations so that all of the important physical
phenomena may be incorporated‘_ into the compmer.program, and that concrete design

criteria may be extablished for engineering use.

6.1 Recommendations for Experiments

The required dimensionless parameteis are all given iq §5. Most of the data
needed to calculate these parameters 'are available except for some information on
adsorption/desorption kinetics and thermal permeability of the .solid substrate. In

particular, the following measurements are required:

-a. Adsorption Isotherm: The functional dependence of the heat of adsorption on
the temperature [i.e., Q(T)] is a necessary pafameter. For this measuremernt
we may take a solid sample and heat it up in order to remove all
contaminants. Then at a given partial pressure of the contaminant, expose it
for a short period of time (say, 2-3 minutes) while holding its temperature
fixed at T. By sdbsequentlv reheating the sample and measuring the volume of
gaseous contaminant that desorbs, the surface coverage 6 may be calculated.
Then we could calculate the constant using x = p/p, By using (2.32) and
noting that Q_ is appmximategﬁ to be the latent hest, of condensation, Q.‘ can
be found. Equation (2.37) then vields the value of Q. . :

b. Permeabdility: The mass diffusion coefficient, Dw and the maximum solubility
. €, are the other physical properties that have to be measured at various
temperatures. For this measurement one should take a thin sheet of the
uncontaminated (or decontaminated) substrate and expose it to s contaminant
on one side. By letting the contaminant penetrate to the other side and
maasuring the concentration profile as a function of time one may calculate
the difusion coefficient. When the substrate saturates, the maximum

concentration ¢, may be calculated.

44




6.2 Recommendations for Further Work

The present analysis is based on one-dimensional heat and mass diffusion in the
substrate having constant physical properties. Only a simple variation of the solubility
with temperature has been treated (Fig. 5.5) for thq purpose of examinétion of adverse
effects of heating. Since many of the other properties are heid cbnstant tt;e accuracy is
likely to be poor. In order to establish design .criteria for quantities such as optimal
heating rate or for optimal heatef lbcation furth‘er, work is clearly necessary. We

recommend the following:

i. Complete Variable Property Analysis: The mass diffusivity, vapor solubility and
the heats of adsorption have to be considered as functions of temperture. As
noted earlier, property variations can cause the decontamination system to be
not only ineffective, but counterproductive.

il. Multi_—Element' Optimal Heating: For thick substrates, a great deal of heating
may be necessary in order to achieve the required surface temperature. This

' can cause heat damage as well as contamination due to increased solubility.
The solution to the problem includes the possibility of having two or more
elements in order to have a more even distribution of heat. Optimal
positioning in this case would be quite important especially if the desorption
characteristics are different on each of the two sides of tha substrate.

iti. Multicomponent Adsorption: The current theorv'onlv deals with a single
component of contaminant vapor. In real situations two or more different
species of vapor may be present. A generalization to account for this is
needed. .

iv. Chemisorption and Chemical ‘Reactions: The model developed so far only
takes care of physical adsorption. Various modifications are necessary in
order to deal with chemical adsorption. Also, thefe' may be' some |mportant
effects due to chemucal reaction in the bulk of the substrate.

v. Two-Dimensional Anawsis: © Our one-dimensional analysis utilizes constant
average transport paramaters in the gaseous phase mu,). For practical .
circumstances the momentum and the thermal boundary layer thicknesses
vary along the surface of the substrate. Further modification to allow for tms
is required.
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6.3 Conclusions

With a complete analysis as recommended accurate design criteria can be
established on a sound scientific basis. A higﬁ degree of accuracy may be necessary for
some critical cases for which heating levels may have to be pushed to.tﬁe maximum
limits. As noted in items (i) and (ii) careful design is’ needed‘fbr_'substrate-s exposed ‘to
certain extreme conditions under which heating rhav actually increase the contaminant
level. It is also clear from this study that heating can be used to preclude a éubsltra_te
from being contaminated. Hefe again the optimal heating levels for various external

circumsiances need to be established on the basis of practical considerations.

in closing, we affirm that there is definite merit in conductive film heating for
decontamination or for precluding contamination. With the acquisitiorn of recommended
data and with further generalization of the computer code, workable systems may be

designed with the least possible experimentation.
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GLOSSARY

concentration of absorbed vapor within the solid

maximum vapor concentration that is dissolvable in the

solid (This is refated to the available absorption sites
per unit volume)

specific heat

mass diffusion of vapor (in ambient gas or solid)
heater depth from outside surface

diménsionless adsorption depth [equation (3.28)]

thermal conductivity

thickness of the siab

Lewis number { = a/D)

mole fricﬁon of the contaminant vapor molecules
Nusseit number

partial pressure of vapor

volumetric heating rate

molar heat of adsorption for the first layer of adsorbed molecules

molar heat of condensation

molar heat of solution

- universal gas constant

time,

temperature

a9

-




-

it 3

Greek Letters

0

1

surface temperature
ambient temperature
dimensionless partial pressure (also equal to mole fraction)

coordinate normal to the slab

thermal diftusivity

.. thickness of,hsating aelement

coupling parameter governing the thermal transients of the
slab surface [Equation (3.27)) '
solubility parameataer which links surface coverage and bulk
concontration at the surface (c = €8/(1 + €8)L.

property ratio

denslitv

dimensional surface coverage
asl/ailableaadsorpltion sites per unit ares -

dimensiopless surface coverage ( = 0/0,) |

upper surface
substrate material (plexi~glass)
heater material (Indium=-Tin Oxide)

Ambiont far-straam quantity

of gas~vapor mixture

thermai qond!;t!vitv_ ratio '
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lower surface

mass transfer

at the slaﬁ surface; property ratio between solids 2 and 1
thermal |

contaminant vapor

" tnermal diffusivity ratio
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APPENDIX

PROGRAM TO SILVE FOR THE. DIFFUSION OF HEAT AND

~ CONTAMINANT VAPOR WITHIN A SOLID-SUBSTRATE WITH AN

IMBEDDED CONDUCTIVE LAYER
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Cx
Cx
Cx
Cx
Cx
Cx .
Cx.
Cx
Cx
Cxx
Cxx
Cxx
Cxx
Cxx
Cxx
Cxx
Cxx

- Cxx

Cxx
Cxx
Cxx
Cxx
Cxx
Cxx
Cxx
Cxx
Cxx
Cxx
Cxx
Cxx
Cxx
Cxx
Cxx
Cxx
Cxx
Cxx
Crx .
Cxx
Cxx
Cxx
CExx%

Cxx%

Cxx
Cxx
Cxxx
Cxxx
Cxxx
Cxxx

- CEXXK

Caxx’
Cxxs
Cxxx
Cxax
Cxxx

APPEND I X

THIS FPROGRAM SOLVES FOR THE LIFFUSION OF HEAT ANDI CONTAMINANT
UAFOR WITHIN A SOLID-SUBSTRATE (FLEXI-GLASS) WITH AN EMBREDDED
CONDUCTIVE LAYER ( INDIUM-TIN OXIDE). THE NUMERICAL FROCEDURE

IS BASED ON THE IMFLICIT FINITE DIFFERENCE FROCEDURE. THE
FROGRAM IS CURRENTLY SET FOR A MAXIMUM OF 1000 INTERVALS FOR
SPACIAL DIFFERENCING. IF ‘N’ IS THE NUMBER OF INTERVALS REQUIRED
THE ARRAYS HAVE TO RE DIMENSIONED AS ‘Nt1-.,

THE INPUTS

NR» NW

MAXSTP
JILIST

IGRID1

IGRID2
IGRID3

IPROF

DELTA
H
DT

HEAT

QA

Qo

TINIT

CINIT
" PVBOT

FVTOP

ANUSTT

ANUSTSH

FIKG
FIKS

- FIALFS
FIDG
FIDS
ALEW1
EFS’

TO THE FROGRAM ARE:

DEVICE NUMBERS FOR READING DATA AND WRITING
OUTPUT. THESE ARE SFECIFIED THROUGH THE DATA
STATEMENT IN THE BEGINNING OF THE FROGRAM.
MAXTMUM NUMBER OF TIME STEFS

NUMBER OF TIME STEFS AFTER WHICH SURFACE
TEMFERATURE AND CONCENTRATION AND INTEGRATED
BULK CONCENTRATION WILL BE PRINTED.

NUMBER OF GRID SFACES BETWEEN THE HEATER AND
INSIDE SURFACE

NUMBER OF GRID SFACES IN THE HEATING LAYER .
NUMBER OF GRID SFACES BETWEEN THE OUTSIDE
SURFACE AND THE HEATING LAYER

NUMHER OF TIME STEFS AFTER WHICH TEMPERATURE
AND CONCENTRATION FROFILES ARE REQUIRED
THICKNESS OF HEATING LAYER

DEFTH AT WHICH HEATER IS LOCATED |
TIME STEF; FOK STUDY OF THERMAL TRANSIENTS A
TIME STEF OF 1/MAXSTF 1S RECOMMENDED. FOR THE
STUDY OF MASS TRANSIENTS WITHIN THE SOLID, A
TINE STEP OF (LEWIS #)/MAXSTP.IS RECOMMENDED.
DIMENSIONLESS»VOLUMETRIC HEATING LEVEL
DIMENSIONLESS HEAT OF ADSOKPTION
DIMENSIONLESS HEAT ‘OF CONDENSATION
DIMENSIONLESS INITIAL TEMPERATURE
DIMENSIONLESS INITIAL CONCENTRATION
DIMENSIONLESS FARTIAL PRESSURE OF VAPOR ON
THE INSIDE

DIMENSIONLESS PARTIAL FRESSURE OF VAFOR ON
THE OUTSIDE

THERMAL NUSSELT NUMBER ON OUTSIDE

THERMAL NUSSELT NUMBER ON INSIDE

THERMAL CONDUCTIVITY RATIO (GAS/PL. GLASS)

THERMAL CONDUCTIVITY RATIO (COND. LAYER/PL. GLASS)
THERMAL. DIFFUSIVITY RATIO (COND. LAYER/PL. GLASS)
MASS LIFFUSIVITY RATIO(GAS/FL.. GLASS)

MASS DIFFUSIVITY RATIO(COND. LAYER/FL. GLASS)

LEWIS NUMBER OF FPLEXI-GLASS

SOLUBILITY FARAMETER

— .. 55
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Cx
Cx
Cx

300

301

302
3043

304
305

Cxx
Cxx
Cxx

Cxxx
Cxxx
Cxxx
Chkxx

THE GIVEN INFUT DATA IS PRINTED OUT. HERE' ‘NW‘ RLFERS
TO THE OUTPUT DEVICE NUMBER.,

WRITE(NW»300) IMAXsHsDELTA»DY

WRITE(NW»301) FIALFS,»FIDS»FIKS»ALEW1»FIKG,FIDG.
WRITE(NW»302) QA»Q0syHEAT

WRITE(NW»303) ANUSTBsANUSTT

" WRITE(NW»304) EFS

WRITE(NW»305) TINIT»CINIT»FPVBOT»FVTOF
FORMAT (10X, ‘NUMBER OF GRID FTS = ‘»15/»10X»‘DEPTH OF HEﬁTER =’

.kF8.5/910X» " THICKNESS OF HEATED LAYER = ‘+FB.3/+10X»

X‘TIME STEF = ‘yFB.5//)

FORMAT (10X, ' THERMAL DIFFUSIVITY RATIO (S2/51) = ‘+F10.5/+10Xy
X'MASS DIFFUSIVITY RATIO (S2/81) = ‘9F10.5/910X» “THERMAL '
Xy 'CONDUCTIVITY RﬁTIO (82/51) = “»F10.5/710X» “LEWIS NUMBER
X OF SOLID 1 = “»D12.4/910Xs ' THERMAL CONDUCTIVITY RATIO (G/S1)=
X,012.4/510X» " MASS BIFFUSIUITY RATIO (G/S1) = ‘yD12.4//7)

FORMAT(10Xs "HEAT OF ADSORFTION = ‘"»F10.5,10Xs "HEAT OF’

Xy 'CONUENSATION = ‘»F10.5/»30Xy "HEATING RATE = “»F10.5//)

FORMAT (10X» ‘NUSSELT NUMBER (THERMAL) ON INSIDE = ‘»F10.5/

X9 10X» NUSSELT NUMBER (THERMAL) ON OUTSIDE = ‘»F10.5//)

FORMAT(10X» 'PARAMETER EFSILDN = ‘»D12.4/7)

FORMAT (10X, *INITIAL TEMP = “»F10.5+10X» INITIAL CONC = ‘yF12.8/
X10X» “VAFOR FRACTION INSILE =’,F10. 5'10X|'VAPOR FRACTION'

X’ OUTSIDE = ‘»F10.5//)

INITIAL CONDITIONS ARE SPECIFIED.

N0 1 I=1,IMAX
QTH(I) = 0.0
aner) = 0.0
CcI) = CINIT
(1) = TINITY
no 2 I=ITHLOWs THUF

" QTHC(I) = HEAT

THE COEFFICIENTS FOR THE TRI-DIAGONAL FINITE. DIFFERENCE
EQUATIONS ARE CALCULATED.

FIALF1 = 1.0 .

FIALF2 = FIALFS

F1Db1 = 1,0/ALEW1

FID2 = FIDS/ALEW1

€1 = DT/(DY1%DY1)

22 = DT/(DY2%DY2)

C3 = DT/(DY3%DY3)

BM1 = C1XFID1

BM2 = C2XFI1D2

uM3 c C3&FIDL

FIMK = F1DS

GMH = AMB/FID1 + AMBSAMBEF IMK/FID2

GMT = AMT/FID1 + nnrtanrtrxux/rxnz

ET1 = C1xFIALF1

KT2 = C2&FIALF2

HT3 = C3XFIALF1

FITK = FIKS , - :

GTE = AMB/FIALFY + AMBEAMBAFITK/FIALF2

GIT = AMT/FiALF1l + AMTXAMTRFITK/FIALF2

CALL CUEFH(B”I!B"Z.BNSvFIHKoGH&vPNI-SUSﬂoDIhN-SUPH)
‘CALL .COEFM(BT1,HT2 BT ITK»GTEByGTTySUBT+BIAT»SUPT)
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Cx
Cx
Cx
Cx

99
100
101
102
CHXxX
ChkX
CERX
CXE%
CXXX
CRX
ChXX

 ChEX

Cxxx

Cxkx

Cxxx
Cxxx
Cxxx
Cxxx
Cxxx
Cxxx

Cxxx

Cxxx
Cxxx
Cxxx

CXXkxX

Ckxx

Cx

cx
Cx

Cx
Cx

APPENDI X

IMFLICIT REALX8(A-H»0-2Z)
DIMENSION QTH(1001),QD(1001),T" 1001)vC(1001)vY(1001)

DIMENSION SUBM(1001),DIAM(1001:»SUFPM(1001)sEM(1001)
DIMENSION SUBT(1001)»DIAT(1001),5UPT(1001)»EBT(1001)
DIMENSION DIT(1001),DIM(1001)

DIMENSION TEMC1(1001),TEMC2(1001),TEMC3(1001)
COMMON/AREA2/IMAX» THLOWy IHUF »DYL1» DIY2» IYZ » AMB» AMT » DT
COMMON /AREA1/QA»Q0

DATA NR/S/sNW/6/

INFUT DATA TO BE PROVIDED FOR THE PROGRAM. IN THE READ
STATEMENTS ‘NR’ REFERS TO THE INPUT DEVICE NUMBER.

READ(NRs99) MAXSTFsILIST
READC(NR»99) IGRID1,IGRID2
READN(NR»99) IGRID3,IFROF
READ(NR»100) LELTAsHsDT
READ(NRy100) HEAT»QA»Q0
READ(NR»s101) TINIT,CINIT.PUTOP.PUBDT
READ(NR»101) ANUSTTsANUSTH
READ(NR?»102) FIKGyFIKS»FIALFS
READ(NR»102) FIDGsFIDS»ALEW1
READ(NR»102) EFS

FORMAT(215)

FORMAT (3F20.9)

FORMAT (4F10.5)
FORMAT(3X»D9.2¢3Xe09.2:3X209.2)

SAMFLE DATA - (THE FIRST AND LAST LINES HERE INDICATE THE
COLUMN NUMBERS. THESE ARE TO BE OMITTED IN

THE ACTUAL DATA.)

123456789012345678901234567890123456789012345678901234567890

4000 100
50 10

50 1000 -
0.001 . 0.50 - : 0.0002

' 50.000 S5.00 1.0
1.0 0.0 0.3 0.01

200.0 10.0 :
0.25D4000 5.00D4001 - 0.50D+001
1.00D+007 0.10D4+001 1.0004+004

1.00D-001 _
123454787012345678901234567890123456789012345678901234567890

CREATION OF THE FINITE DIFFERENCE GRID.
CALL thntxskxni.tnaxnz-xsnxns;k-naLrn.v>

57




-
L ]

»

- » 4 ‘; v
3 — AAAAARAL  UNNAN

oy -‘t.-".l-‘

.
s

AN

a2
AR

R T
'l"-.k.,k

[ RORCRRRS DORrkes

Cxx

THE LOOF FOR CALCULTAING QUANTITIES AT NEW TIME LEVEL.

Cxx

Cxx
ITIME = O
TIME = 0.0
TLOLD = TINIT
TUFOLD= TINIT
XLOLD = FVEOT
XUFOLD= FVUTOF
1IFRINT = 0

1000 ITIME = ITIME + 1 _
IF(ITIME .GT. MAXSTF) GO TO 1001
TIME = TIME + DT
TLOW = T(1)

TUF = T(IMAX)

Cx }

Cx NEW VALUE OF THE SURFACE COVERAGE (THETA) IS CALCULATED.

Cx
CALL CALX(TLOLD»TLOW>XLOLD»XLOW)
CALL CALX(TUFOLD» TUP»XUFOLDyXUF) -
CALL CALTHT(TLOW,XLOWs THETLO)

CALL CALTHT(TUF»XUF» THETUP)

cx :

TLOLD = TLOW

TUFOLD= TUF

XLOLD = XLOW

AUFOLD= XUFP

IRPRINT = IPRINT + 1
 ICHEK = IPRINT/ZILIST

IF (IFRINT .NE. (ICHEKXILIST) ) GO TO 555
WRITE(NWy149) TIME

WRITE (NWy140)

160  FORMAT(S5X, TEMP IN’»SXs’THETA IN’/)
WRITE (NWs150) TLOW»THETLO
WRITE(NW»161) '

161 FORMAT(SX» ' TEMF OUT+5X» ' THETA OUT’/)
WRITE(NWs150) TUP, THETUP

Cxx

Cxx THE BULK CONCENTRATION OF VAFOR IN THE SOLID IS ChLCULATED

CXX UaING SIMSON’S RULE. INTEGRATION. -

Cxx ,
10 330 I=1,IHLOW

330 TEMC1(I) = C(I)

DO 331 I=IHLOWsIHUF
331  TEMC2(I-IGRID1) = C(I)
DO 332 I=THUP, IMAX
332  TEMC3(I-IGRID1-IGRID2) = C(I)
- Il = [HLOW
12 = IGRID2 + 1
I3 = IHLOW -
caLL SINRUL (11, TEMC1+DY1»CE1)
CALL SIMRUL(I2»TEMC2+DY2»CB2)
CALL SIMRUL(I3,TEMC3»DY3»CB3)
CBULK = CB1 4 CB2 + CB3
WRITE (NW»163) CBULK
163  FORMAT(/10Xs CBULK = ‘»F14.8¢/7)
Cxx . : . : 1
- APPENDIX B - I
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cx ’
cCx THE CONCENTRATION AND TEMPERATURE FROFILES ARE FRINTED
Cx ALONG WITH THE VALUE OF THE Y- COORDINATE.
Cx
ICHEK = IPRINT/IFROF
IFCIPRINT .NE. (ICHEKXIFPROF) ) GO TO 555
WRITE(NWs162)
162 FORMAT(S5X» CONC.’ 98Xy ' TEMFP.’»10Xs*Y COORD.’/)
WRITE(NW?»200) (C(IDsTC(I)sY(I)s»I=1sIMAX)
149 FORMAT(//10X» ‘ TIME = ‘yF12.877)
150 FORMAT(3F14.6//)
CEXX , ‘
CXXX INCORPORATION OF THE HEAT TRANSFER BOUNDARY CONDITIONS
. CREX AT THE OUTSIDE AND INSIDE SURFACES.
CXXX . ,
555 CALL TBOUND(1,DY1,SUBT»DIAT»SUFT»TLOWsXLOWsANUSTE»FIKGyDEL )
CALL TBOUND(IMAXsDY3»SUEBT+DIAT»SUFT,»TUP»XUP»ANUSTT»FIK 3»DEL)
CALL SOURCE(RT1»BT2+BT3sFITKsGTB»GTT»TsQTH»BT)
BT(1) = T(1) + DIAT{1) - 1 + SUPT(1)
BT(IMAX) = T(IMAX) + DIATC(IMAX) - 1. + SUBT(IMAX)
CXXX
CXXX INCORFORATION OF THE SOLUBILITY CONDITIONS FOR uapon
Cxkk DIFFUSION INTO THE SOLID.
CRXx%
CAL.L SOURcstsnx.an.Busorxnxwena,enr.c.on.sn),
DUM1 = EPSXTHETLO
CBM(1) = DUM1/(1.4 DUM1)
DUM2 = EPSXTHETUF ,
: BM(IMAX) = DUM2/(1.+DUM2)
CxxX ' ' '
Cxx THE TRI-DIAGONAL MATRIX INVERSION PROCEDURE FOR UPDATING
Cxx THE ' TEMPERATURE AND CONCENTRATION SOLUTIONS AT EACH TIME
CxX - LEVEL.
Cxx ,
DO 20 I=1»IMAX -
DITCI) = DIATC(I)
20 DIMCI) = DIAMCI)
CALL TRID(SUBH.DIH.SUPn.BH,Inax)
CALL TRID(SUBT»DIT»SUFT» BT;IHAX)
DO 21 I=1sIMAX
C(I) = BMCI)
: T(I) = BT(I)
21 CONT INUE
' GO TO 1000
200 FORMAT(3F15.8)
1001  STOP . -
END C
CxX :
CXX
Cxx
Ckx
APPENDIX 4 ' ' 59
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THIS SUBROUTINE COMFUTES THE RIGHT-HAND SIDE VECTOR FOR
TRI-DIAGONAL MATRIX INVERSION PROCEDURE. THE TERM
INVOLVES TEMFERATURE (OR CONCENTRATION) AT OLD TIME
LEVEL AND ALSO THE VOLUMETRIC SOURCE FOR HEAT OR MASS.

- SUBROUTINE SOURCE(BHIvBHQ:BM3;FIMArGHBvGHTrC:GUuBH)

IMFLICIT REALX8(A-H,0-2)
COMMON/AREA2/IMAX s IHLOW» THUF»DY1»DY2»DY39sAMB» AMT » DT
DIMENSION QD(1001),BM(1001),C(1001)

D0 10 I=1,IHLOW

BM(I) = €(I) + BM1XxDY1XDY1XQD(I)

CONTINUE :

N0 11 I=IHLOW» IHUF

BM(I) = C(I) + BM2xDY2xDYZ2XxQD(I)

CONTINUE

Do 12 I=1HUF,IMAX

EM(I) = C(I) + BM3xDYIXDY3%xQD(I)

CONTINUE ' :
BM(IHLOW) = C(IHLOW) + DTXAMBXAMBXF IMKXQD(IHLOW)/GME
BM(IHUF) = C(IHUP) <+ DTXAMTXAMTXFIMKXQD{IHUF)/GMT
" RETURN - '

END

THIS SUBROUTfNE INCORFORATES THE HEAT TRANSFER HBOUNDARY
CONDITIONS ON THE QUTSIDE AND INSIDE SURFACES.

SUBROUTINE TBOUND(IrDYvSUBT DIAT:SUPT.TS:XS.ANUSTvFIkaDEL)
IMPLICIT REALXB(A-H»0-2)
COMMON/AREA2/ TMAX» IHLOWs THUF » Y1 » DYZ:DY3.6HBoANTrDT

COMMON /AREA1/QA»Q0

DIMENSION SUBT(1001)vDIAT(1001)18UPT(1001)
CALL THETAP(TSe»XS»DERIV)

F1 ANUST4FIKG

F2 = DELXDERIVX( Q0 + (QA-QO)X(1.-XS) )
DUML= DT/7(0.SxDYXDY -~ F2xDY )

LDUM2= (1.,+F1xDY)XDUM1

DIATC(I) = 1, + DUMZ

SUBTC(I) = -DUMI
GSUFT(TI) = ~-DUuMi
RETURN

ENID
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. THIS SUBROUTINE GENERATES THE SPACIAL GRID FDR THE
FINITE DIFFERENCE FROCEDURE.

SUBROUTINE GRID(IGRID1»IGRID2»IGRID3Is»HsDELTA»Y)
IMFLICIT REALXB(A-H»0-2Z)

LIMENSION Y(1001)
COMMON/AREA2/IMAX s THLOW» THUF» DIY1y Y2, GYZy AME» AMT » DT

IMAX = IGRIDM + IGRID2 + IGRID3 + .1
IMAX1 = IMAX - 1

IHLOW = IGRIDL + 1

THUF = IHLOW + IGRID2

Dyt = (l. - H - DELTAY/DFLOAT(IGRID1)
y? = LELTA/DFLOAT(IGRIDR)

nY3 = H/LOFILLOATCIGRID3)

AMB = DY2/uv1

AMT = DY2/DY3

Yil) = =-1.0

DO 1 I=2, [HLOW

Y(I) = Y(I-1) + DY1

o 2 I=1,IGRID2

VOIHLOW + 1) = Y(IHLOW + I - 1) ¢ DY2
D0 3 I=THUF»IMAX1

YCI41) = Y(I) + DY3

RE TURN

END

TH1S SUBROUTINE CALCULATES THE EXTENT OF SURFACE COVERAGE
(THETA) AS A FUNCTION OF TEHPERATUR& AND DIMENSIONLESS ’
FARTIAL PRESSURE.

SUBROUTINE CALTHT(TSvX'THETﬂ)
IMFLICIT REAL*8(A-H,0-2)
COMMON /AREAL1/QA,QO

nuUML = (QA - QO)/TS
CONS = DEXF'(DUM1) ,
DUM? = (1.-X)%(1. - X + CONSXX)
THE TA= CONSXX/DUM2
RE TURN L
T END

THIS SUBROUTINE CALCULATES THE NEUW DIHENSIONLESS FARTIAL
FRESSURE AT THE NEW TEMPERATURE.

SUBKOUTINE CALX(TSOLD» TSNEWs LOLD» XNEW)

CIMPLICIT REALX8(A-H»0-2)

P AAA
CHEs

COMMON /AREAL/QASRO

FOW = -QO0x( 1./7S0LD ~ 1, /TSNEU)

XNEW = XOLDXDEXF (¥0W)

FFTURN

1 ' :
S 61

“PP‘ENil,"‘ :




* rEEL S & aa

- W ormr et et e e

(9% 8 4
(9 ¥
Cxxk
Cxx

C XX

1K

9% ¥ 3
(B ¥ ¥
(kKX
UARX

LYy

T APPEN. s

THIS SUBROUTINE SOLVES FOR A SYSTEM OF EQUATIONS OF THE
FORM [A1%LX1 = [R] »WHERE THE MATRIX [Al IS TRI-DIAGOMAL,

SUBROUTINE TRID(SUEsDIAGsSUFYEsN)
IMFLICIT REALXBC(A-H,0-2)

DNTMENSION SUB(C1001),DIAG(1001)9SUF(1001)»R(1001)
IF(H LGT. 1) GO TO 10

B¢1) = R(1)/DIAG(1)

FETURN :

Iy 11 K=2»N .

BATIO = -SUB(K)/BIAG(NK-1)

NIAG(K) = DIAG(K) + RATIOXSUF(K-1)
EoED) = E(K) + RATIOXB(K-1)

R(N) = R(N)/IIAG(N)

b = N '

N 12 NFIMK=2yN-

Ko K-1

B(R) = (B(K) - SUF(K)XB(K+1))/DIAG(K)
RETURM -

NI

THLS SURROUTINE CALCULATES THE COEFFICIENT MATRIX [A]
USED IN THE TR1-DIAGONAL FINITE DIFFERENCE FROCEDURE .

SUBROUTINE COEFMCBML» EM2y B3 o F IMK» GMEyGMT » SUEBM s IIAM» SUFM)
IMPLICLT REALXRB(A~Hy0-2)
COMMON/AREAZ2/IMAXy THLOWy THUF yIY1 2 I1Y2»DY3s AMEByAMT s 1Y
DIMENSION SUBM(1001)»0IAM(1001) »SUFM(1001)

CR = DT/(OYLADY1)

CT = DT/(DY3XDYZX)

1MAX1 = IMAX - 1

SUFM(1) = 0.0

niamMe1) = 1.0

SUBM(1L) = 0.0

CUFMCIMAX) = 5.0
DNTAMCIMAX) = 1.0
SUBM(IMAX) = 0.0

g 1 1=2, IHLOW
SUBMCT) ~EBM1

if

CSUFMCT) = ~EM1 ~
DIAMC(I) =

1o+ 2.XHM1
DO 2 I=1HLOWs IHUF
SUBM(I) = -hM2
SUFMCT) = —-(M2
NraMcI) = 1. + 2.8EM2
DO 8 I=1HUF» IMAX1

GSUBMCL) = ~EM3
GUFM(T) = ~BM3

DIAMCL)Y) = 1. 4+ 2.%XHM3 .

SUBMCIHLOW) = ~2.XCBXAMB/GME

SUFMCTHLUW) = -2, %CBXF IMK/GMR

DIAMCIHLOW) = 1. + 2.XCEX(AMEB4+F IMK)/GHB [
SUBMCIHUF) = -2, XCTXF IMK/GMT - '
SUFMCTHUE) 2 -2, kCTXAMT/GMT

NIAMCIHUF) =

1o + 2.XCTX(AMTHFINK) /GMT
RETURN : : ;
END
¥
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END OF

SFECT TO TEMPERATURE .

SUBROUTINE THLTAP(Tb'XavﬂERIU)
IMFLICIT REALXBC(A-Hy0~2)
XOLD = X§
TSOLD= T8
CALTHT(TS ULD;XOLU;IHO[“)

Gl .
THSNEW=
DEL TS

f.all

Cat.l
DERIV =
Ik i LIRN

FNT

1. OOLl*T

THNEW —~ TS0LD

THJH %UHROITINE CALCULATES THE DERIVﬁTIVE OF THETA WITH
RES

(ﬁlX(TSULUv1SNFU;XOLH’XNhN)

DAL THT(TSNEW
(THNEW -

THIS SURKOUTINE CﬁLCULﬁTEo THE INTEGRAL OF A FUNCTION USING

SIMSON’S RULE

IMPLICIT REALX8B(A-H20~-Z)
DIMENSION G(1001)

NK o
NN =
G1 =
G

1O K=2aNK» 2

1t

G2
54

1F (NN
ng o1
SRS
S1ME =
RETURN

CEND
FLLE

APPENDIX.

N1
N2
G(1)y + G(ND
0.0

G2+ G(K)
0.0 ’
ke 1) GO
K=39NNy 2
B3 + G(N)
DXXCG14+4,0X52+42

T0 151

» XNEW» THNEW)
THOLIND /DELTS

SUBROUTINE SIMRUL(NsGsDXrSIMS)

J0XG3)/3.0

63
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