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ABSTRACT 

An analysis is presented of the problem of heat transmission through dry 

opaque or diathermancus cloth and an air space into underlying skin, follow¬ 

ing exposure to thermal radiation* The problem is solved numerically by finite 

difference approximations, the method being given in detail« It is shown that 

a technique requiring only the appropriate weighting of temperature-rise data 

obtained from three curves yields results within 1 to 2% of those obtained by 

extensive machine calculations in vhich allowance is made for energy absorp¬ 

tion at each of several increments into which the diathermancus cloth is con¬ 

ceptually divided. The analytical work is verified by good agreement with ex¬ 

perimental results. 



I. INTRODUCTION 

An experimental research program carried on in the Fuels Research Laboratory 

during the past two years has focussed on development of skin simulants and 

their use to obtain temperature-time-depth data in complet multi.-layer systems, 

such as skin behind various dry or moisture-bearing fabrics. A parallel theo¬ 

retical program was a study of the unsteady-state heat conduction through such 

multi-layer systems. The role played by the fabrics in heat and mass transfer 

when exposed to high intensity thermal radiation is probably very complex due 

both to the inherent heterogeneity of the structure of all fabrics and to the 

interaction of energy and mass transfer due to moisture in the cloth. However, 

it is quite possible that, based on the experimental temper ature-time-depth data 

obtained from skin simulant studies, a set of simplifying assumptions might be 

made to describe adequately the complex model, so that a mathematical analysis 

can be carried out. This report is concerned only with the problem of heat 

transfer through dry cloth to skin. The additional complexity due to moisture 

in the cloth is presently under active study, 

A previous attempt at this type of mathematical analysis was made by Ho and 

Williams (1) in connection with study of an air-spaced cloth-polyethylene sys¬ 

tem, They tried to correlate experimentally-determined temperatures of the top 

cloth surface, the bottom cloth surface, and the polyethylene surface with the 

respective calculated temperatures. Unfortunately, due to slight errors in their 

theoretical equations, use of erroneous values of cloth conductivity and effects 

of uncontrolled moisture and chemical reaction in the experiments, their results 

were far from expectation, and for a time discouraged further attempts at analy¬ 

sis. Their mathematical analysis was based on the assumption that the cloth 

layer could be treated as a homogeneous solid, which might be a fair approxima¬ 

tion for the underlying polyethylene or other skin simulant, tut not for the 
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cloth layer itself. Therefore the analysis could hardly be expected to predict 

temperature profiles in the cloth layer. Furthermore, the complexity of the 

cloth structure makes it impossible to identify accurately the cloth "surface'*, 

and consequently the significance of experimentally measured temperatures was 

ambiguous at best. 

Since the main interest is to obtain temperature-time patterns at various 

depths of skin, and since now it is possible to obtain these data experimentally 
(2) 

by the use of skin simulants with depth magnifieation,7it seems logical that 

the theoretical analysis should be directed toward calculating temperature-time 

data within the simulated skin rather than in the overlying cloth layer. With 

this purpose in mind, the present work was initiated. The study consists of the 

correction and modifiçation of Ho and Williams* work, the extension of the 

analysis to cover both opaque and diathermanous cloths, a proposed modification 

of the Schmidt technique for calculating un steady-state heat conduction through 

heterogeneous systems, the use of a "three-curve** method in solving diather¬ 

manous cloth problems, and the use of an IBM-704 computer in calculating the 

numerical data over the range of interest. 

II ANALYSIS OF HEAT TRANSFER IN CLOTH-AIR-SKIN SYSTBAS 

A, General Assumptions, 

The system under consideration is sketched below. 

Cloth 

Air 

Space 

Skin 
Simulant 

->* œ 

Figure 1 
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The following assumptions are made in the analysist 

1. Heat flow is uni-dimensional » occurring in the x-direction, from the 

cloth through the air space into the skin simulant. The surface of the cloth 

is irradiated by square wave radiation of uniform intensity. 

2. The cloth layer, of thickness L is considered to be a homogeneous 

opaque solid for cloth for tfiich no measurable transmittance has been reported, 

and for cloth of finite transmittance the radiant energy is assumed to pene¬ 

trate into the interior of the cloth layer in accordance with the Beer-Lambert 

Law: 
I .Ie“TXc 

X o 

where I = intensity of radiation at a plane distant xc cm. from the irradiated 

surface, 

I = intensity of radiation entering the cloth layer, cal/cm2 sec., 
o 

Y' = extinction coefficient, cm’1, a characteristic constant of the cloth 

for the particular source of radiation in question. 

This assumption is made with reference to the particular series of cloths under 

study in the experimental program at this laboratory. These cloths, ranging 

in shade iron white to deep black, are made from the same rfiite 9-ounce cotton 

sateen stock, and have measured transmittance values ranging from 0 to 14.1%. 

Since it is unlikely that a simple dyeing process would change the geometry of 

the fibers, it is reasonable to assume that the cloth construction provides 

complete geometrical blockage of incident light and that the transmittance de¬ 

pends on the degree of opacity of the individual cloth fibers. These trans¬ 

mittance values are therefore regarded not as direct transmittance but as dia¬ 

thermancy, as stated in the assumption. 

In section V of this report a general method for solving problems of heat 

transmission through cloth, an air space, and underlying skin is proposed; it 
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can be applied to either diathermanous cloth samples or to those liiich allow 

direct transmission of radiant energy, 

3. The physical properties of the cloth layer remain constant throughout 

the exposure, 

4. Any effects due to moisture and/or chemical reaction are negligible. 

5. Heat losses from the front surface of the cloth layer, by convection 

and re-radiation, are characterized by a single overall heat transfer coeffic¬ 

ient U . 
0 

6. Heat transfer from the cloth layer through the air gap to the simulant 

is similarly characterized by an overall heat transfer coefficient 

7. The skin simulant is considered to be a homogeneous opaque solid, of 

infinite extent in its x-directi©n. 

B. Derivation of Equations for an Opaque-Cloth, Air, Skin-Simulant System. 

Consider the element dx£ in the cloth layer. 

Per unit area, the rate of heat input at xc is 

-k ¿1. 
c ÒX' 

(2) 

the rate of heat output at x ♦ dx is:: c c 

-k il- + _ ¿ Í - k 
à * T3T \ c 

è T 

¿V 
dx- (3) 
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The heat accumulation in dx is: 
c 

(cp;), dx 
c c Tô 

(4) 

c 

Since input mitn» output equals accumulation, we haver 

è T 
lc ff ■ 

°*c ‘ 

(5) 

Similarly, for the skin simulant, vriiich is an opaque solid, the heat accumU«* 

lation is: 
. o 

ò T (6) k k—1_ e (Cp ) 

S ÒX2 5 Tô s 

The boundary conditions are: 

1. At the front surface of the cloth, 

I - U (T - T ) * -k -àL 
o o x = o surr. c (7) 

X * 0 c 

2. In the air gap between the cloth and the skin simulant, neglecting the 

heat capacity of the air, 

These nonlinear boundary conditions make the exact solutions of the partial 

differential equations (5) and (6) unobtainable. Hence the method of finite 

difference approximations commonly known as the Schmidt method is used. Some 

modifications of the original Schmidt technique have been made to give answers 

closer to the exact solution, as will be explained in the next section. 

III. FINITE DIFFERENCE APPROXIMATION METHOD 

Expressing the above-mentioned differential equations and boundary equa¬ 

tions in finite increment terms, we have: 
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4(4T> 
« A 2 

Aj,c 

4<4.T) 
C5 2 

(cp)# 
AaT 
"ZT 

(5) 
• • 

(V), 41 
AÖ. 

(6) 

[ - U /' 
o o \ 

T - T 
X * 0 surr c .)■ - kc 

à T 
A X 

(7) 

X = 0 c 

-k A*T c A * 
'x = L 

c c 

Multiplying equation (5) 

aA"c 

U. (T T T \ ■ A. 1 l x ~ L - x =o)*-k —; 
v c e s y s ^ 

by 1 //i_\ » 
I L L / 

O C C ' 

(8) 

x «*0 s 
we obtain 

I L o <r 

kc V 
I L 
0 c (9) 

C-J 

A, General equations in dimensionless forms« 

To make the solution applicable to problems involving the same system 

but having different physical constants, the basic equations derived in Sec¬ 

tion II are transformed into dimensionless forms. 

It is convenient to define the dimensionless groups as followsr 

r° _ _Tkc 

a ^ 
X? - —! 

c L 
c 

&î. 

Lq, 

, the dimensionless temperature group; 

» * 
, the dimensionless distance group, measured 1 * 

from the front surface of the cloth; and 

, the dimensionless time group 



Thus, equation (9) can be rewritten as: 

¿ÂT°) V 
. A«) 

t 

Equation (6) multiplied by the term 

(9) 

1 L i L y o e \ c/ 
yields : 

1 c 
I L o c 

'ft 

(10) 

The dimensionless skin-depth group is defined as: 

and consequentlyt from equation (10) 
X k 

S _c 

“VT 

0° a 
S fti' 7 '(ft) 

c 

is the definition of the dimensionless 

time group for the *]cin layer. 

When both sides of equation (10) are multiplied by 
(k A )2 c s 

written as ) „ V 
it can be re¬ 

do) 

¿0 

t f 

Boundary equation (7) can be rearranged as 

A*. 
X *0 c 

I U 
JL + _£ [ T 
k_ k c c 

- T X sr 0 surr, e 

Multiplying both sides by 
rr~ ) '{r-} • 0 c ' c ' 

we obtain 
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A T k ci 

• -1 * 
U L / kc Tx *0 

• o c / c _ 
I L 

o c 

k T c sort, 
I K 0 c 

(11) 

c c 
U L 

If a dimensionless sur face-heat-los s group, U°, is defined as —S—£— , 
c 

equation (11) can be rewritten ast 
S- fr* -rxe=0 surr.j 

AT 

A Xo 
CJx° -Û 

u 
t 

(11) 

tJ 
o 

u* L~ i c 
Similarly, if the air gap group U? is defined in dimensionless terms as 

1 c 

boundary equation (8) can be converted tot 

Io » 
x° = 1 X = Q’ 

c s_ (12) 

In summarizing the above general equations, it is found that seven dimension¬ 

less groups govern the temper ature-time-depth pattern of the system, namely 

1. Temperature group, 

2, Time group for cloth 

3. Time group for skin 

4. Depth group for cloth 

5. Depth group for skin 

k T 
c 

I L 
0 c 

s f*") — 
t 

ï0 - xc 
c r— 

i° 
s 

-* 

a»* ' r ,a 
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6. Surface heat losses group U » 0 ..c- 

kc 

n° U- Lr 
7. Air gap group, 

c 

A relationship between the thermal properties of the cloth and skin would 

make it possible to eliminate the time and deptti groups for skin. In establish¬ 

ing this relationship, the following rules are observed in order to simplify 

the mathematical manipulât ion r 

1. The modulus, M, defined as A(i°)! is to be the same in both the skin 

¿9° 
and the cloth, and 

2. The actual time Ö (in seconds) is to be the same in both the skin and 

the cloth, i.e., 0c = 

(13) 

and by substitution 

¿X0 
^ s 

From equation (14) it is seen that by using cloth as the reftrence ma¬ 

terial, the cooresponding size of each increment in the skin simulant is in¬ 

versely proportional to the square root of the kcp ratio of skin and cloth. 

The reason for defining X° as instead of simply can be 

best explained by making a heat balance at the interface of a composite slab, 

sketched in Figure 3. 
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The boundary condition requires the 

heat fluxes to be equal at the inter¬ 

face, orr 

k k 
_£- (T -T.) » , (T.-T ) 
A* c 1 18 

(15) 

Letting R * ^Xc 

T. = i 
1_ 

1-«R 

A*. 

T ♦ 
c 

s , we have. 

c 

R \ T 
1*R 

(16) 

If the dimensionless depth groups are defined in such a way that 

^X° /AX° * R, then T. in equation (16) can be evaluated graphically by draw- 
C S 1 

ing a straight line connecting T and T as shown in Fig0 4. Therefore, when 
c s 

X° is defined as X /L , it follows that X° should be * c instead of 
c c c* s 

Figure 4. 

B. Numerical Solution - Modified Schmidt Technique. 
i » 

The solution of equations (9) and (10) with the boundary conditions set 
V t 

by equations (11) and (12) can best be illustrated by working out an actual 

case. 

1. The independent variables U°, U°, and the ratio R (equivalent to 

or 
c s 

/(kcpr) 

(kcp) 
s must be assigned for each particular case. For the 

example, let us say U° = 0.1; U? = 1.0; R * 5.0. 

-- i 
I 
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2. With the cloth layer as the reference material, it is convenient to 

• 0 
divide the cloth layer into two increments or slices* Each doth slice, 

is therefore 0.5 dimensionless units thick and each skin slice, is accord- 
. 

ingly 0.1 unit. 

In the Schmidt technique reference planes for température are located 

at the center of the slices and also half a slice beyond die surfaces of cloth 

and skin as shown in Figure 5. This procedure, devised by Schmidt and discussed 

by McAdams (3) yields an improved approximation of the true solution, over that 

which would be obtained without the concept of half-slices beyond the surfaces. 

B 
1 

ff. 

i 

■A * 

xP * o c 

J 
0.5 

> 

1.0 
0 0.1 0.2 

oo 

Figure 5. 
1 

3. The solution is started by considering boundary equation (11) 

At0 

A*? c 

U' 

- T 0 surr. I 

(11) 

X° « 0 c U 

Referring to Figure 5, 

T° ^ 
Eet A B A) A T 

a * 0; surr, c 
o? 

and . K - i) 
A xc 
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Equation (11) can be re-written as: 

_o _o 
Vf¡ 2/U° - T® - T® o A & 

2/U° 
(17) 

Rearranging equation (17), we obtain 

£- T? B (18) 

u 

or in another form, 

U 
- T„ 

À* 

T° - T° u 

u 

¥ fl 

- t: 

(18) 

Equation (18) is shown gr^hically in Fig, 6 by connecting the point 0 of the 

cloth surface with plane B at the point where T° * 0, This line crosses plane 
D 

A and establishes the starting T? at 9° s 0, 
A C 

After T° ^ (the first subscript denotes the temperature plane, and the 

second a dimensionless time unit) is obtained, the temperature distribution 

pattern inside the cloth layer is calculated by the use of equation (9) , 

M 
■«i 

(9) 



r 
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For plane B, at time unit 1, equation (8) can be written as 

(T° _ Xo ) - (T° - T° ) 
V C,0 B,0 Bf0 A,0 

Ae 
/t° - T° VB.l %( ,) (19) 

Both the dimensionless depth group and the dimensionless time group are in- 
n * 

dependent variables, the choice of their values being entirely arbitrary. But 

considerable simplification in the arithmetic manipulation is possible if 

Aijt c^osen to be 2 as recommended by Schmidt because this causes 

T® terms to be cancelled in equation (18), leavings 
B90 

Xo + T° 
t° ► Af0 Ct0 

B,1 -2 

Equation (20) is represented on Figure 6 as a straight line drawn from 

(20) 

jo on plane A to the datum point on plane C; the line crosses plane B, and 
Ta,0 

establishes 

Equation (20) can be written in the general formt: 

„o T° i * T°*i T” s n-l,m n*l, m 
ntm-**l 2 

(21) 

This equation can be used alone until heat reaches the back surface of the 

doth, i.e., when in this example T becomes finite. Then the heat transfer 
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i 

through the air gap would begin and boundary equation (12) must be considered. 

Summarizing, the equations used in the calculation of this example can be ex- 

pressed by the following algebraic forms, from equations (18) and (21)t 

T? « 0.04878 <10-T° ) * T® and A,m B,m B,m 

T° , * 0.5 (T° * T° , ) n,m*l n-l,Bi n-a-l.rn 

It is to be noted here that the foregoing starting technique is different 

from that suggested by Schmidt. The main difference between the methods lies 
« 

in the way of fulfilling boundary equation (11) t 

Schmidt pointed out that at time 0, T^o _ 0 ^ » 50 that 
c 

(11)’ 

(22) 

This is represented graphically in Figure 7 by the line which connects the 

starting point with the point where Xo = 0 and T° = T®. This line establishes 
c o 

T° for the starting time 0° = 0 at the point where it crosses plane A. Schmidt’s 
A 

procedure for continuation to determine T®, etc., has been used in the present 

work. Comparing the starting procedures shown in Figures 6 aud 7, however, it 

is clear that our method gives a higher value than Schmidt's for T^ It is 

also somewhat closer to the true solution, due to a partial balance of compen- 

sating errors. In our approximation of the surface boundary condition, equation 

(11) , the heat capacity of the half slice of cloth from plane B to the surface 

4 
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is neglected, which is the same as assuming for the moment that it equals that 

of air» The error is partially compensated in the next step, determination of 

To ,, in which the air between plane A and the surface is in effect assigned 

a heat capacity equal to that of cloth» In the Schmidt starting procedure 

there is no error in the first step but in the second step all the space be¬ 

tween planes A and B is implicitly assumed to have the heat capacity of cloth, 

an error for which no compensation is made. 

A_B C U 

* 4» Temperature Rise in Air Gap and Skin Simulant, 

From boundary equation (12) and Figure 5, 

Letting and ¿T°~] 

AX° / 
sJx° 
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it follows that 

i-TD . ,,0(^‘"D 
- 1 \ 2 2 

T° _ t° 
rB F 

A< 

Ffom equation ¢23)t 

T0 T° T° 
T° f C ,. P , -i 

B s I 7»® a „o 
A*. Ax' 

s 

and TÜ ^ T* B F 
T° - T° 

C D 
2 T, 

Substituting equation (25) back to equation (23) and eliminating T^, we 

tb 
* V 
à*. 

"T° - T° 
X D 

2 T, 

AX 

¿K 

By rearranging (26), _o 
aD 

jr -4xc 

u° 
i 

A Xo ^Ax° 
s c 

♦ T. 

or 
T° - T° 
AD F 

AX AX. 

T° - T° 
X F 

AX 

o 
Ui 

AK 

The last equation can also be obtained graphically by proportioning two 

lar triangles, as shown in Fig. 8. Similarly, can be calculated by 

(23) 

(?4) 

(25) 

obtain 

(26) 

(27) 

(28) ) 

simi- 
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R F Tb - Tî B F 
T° - T° C F (29) 

¿r 
S 

r.O O . 
X 

2 

Figure 8. 

or *■ T, (30) 

U? 1 

¿Xs 
2 

definition fitf 
The advantage of the/used/¿jX is revealed in the simplicity of the cal- 

culation of heat transfer through the air gap. The calculation can also be 

made graphically, for as can be seen in Figure 8, if the planes » 1 and 

X? = 0 are separated by a distance corresponding to -JL , equation (12) can be 
s o 

Ui 
satisfied by a straight line joining plane C and plane F making the heat fluxes 

^ I - ~yV J equal to each other. The straight 
) 

at X° = 1, X° = 0 and uVt£o - T°o 
\ c * 1 s * 0 

line crosses planes D and £ and establishes T^ and T° respectively. 

Summarizing, the general equations for the two temperature planes inside 
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the air gap at any tine aret 
1 

!i£ 
- T? 

I**. 
T° - 1* 
C,n P,n 

41 * 41 e 

u 

or T, 
D,n ♦ T P,mj (31) 

similarly 

T° - T° 
Btm P.m 

T° - T° 
Cfm F,a 

V, 

aK 

or 

In the example, 

(T C,m -if ) ax°) 
s 

U° 
l 

ÄX0 + /IXo 
» s c 

'F.m, 

I0 ® .6154 (T° -T° ) *T° 
U,ra r ,m 

TM * -07692 <TC,», - ‘F,m - T° ) ♦ T° 

F,m 

,o 
F,m 

(32> 

The final step is conduction of the heat into the interior of the skin simu- 

o 2 lant. Using equation (10) and setting ZUX°) / A 0° » 2 as in the case of con- 
s s 

duction through the cloth layer, the same equation is of course found, 

n,m*l 
• T° . * T° . 

* n-l.m n»l.» 
2 

(21) 
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It is plain that equation (21) can be used throughout the skin simulant, 
% 

which is treated as a semi-infinite solid«- 

Accuracy of Solution 

It has been well established for this particular type of problem that the 

solution will converge as long as the modulus M « A (x°! /A ¿s equal to 2 

or more, and the only question remaining is the accuracy of the solution. It 

is generally true that an increase in either the modulus or the fineness of the 

increment would increase the accuracy of the solution. However, any modulus 

other than 2 would complicate the arithmetic of the problem; therefore vary¬ 

ing the number of slices into which the cloth is conceptually divided is a bet¬ 

ter way to check on the accuracy of the solution. 

It is also obvious that the more slices into which the cloth layer is di¬ 

vided, the closer will be the solution to the true solution. However, the num¬ 

ber of dimensionless time increments required to arrive at a given correspond¬ 

ing time in seconds is proportional to the square of the number of slices into 

which the cloth is divided. There is therefore an optimum point in the divi¬ 

sion of the cloth into small increments, beyond which the precision gained 

will be small in comparison with the amount of effort required. Experience in 

performing the calculations with a dwsk calculator shows that the work becomes 

extremely long and tedious if one tries to divide the cloth into more than two 

slices. Thus, it is important to find out how good a two-slice cloth model is 

as compared with models using more than 2 slices. 

With the aid of the IBM-704 digital computer at the MIT Computation Center, 

it has been possible to check a two-slice solution with a six-slice solution. 

The results are shown in Tables I and II, From this it is seen that at 0° - 2.50, 

the difference between the two solutions is less than 1%, while at shorter 

times, such as 0° = 0.5, the error is over 10%. Using a method commonly given 
c 
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for estimating the true .solution from approximate solutions, and specifically 

determining from the 2-slice solution, and the six-slice solution, 

T°t V 

± 0 

Tw "Tj 
when T° is 10% higher than T°, then z o 

^ * 9.(1,0) - 1,.1 '9375' so that the im- 
8 

e 

provement to be expected from an infinite-slice model is less than 1.3%j in 

other words, very little improvement can be expected if one chooses to use a 

model having more than 6 doth increments. 

Since 0° * 0,5 corresponds to a little over one second for the 9-ounce 
c 

cotton sateen being studied in the experimental program here, use of a two- 

slice model would introduce a serious uncertainty in the short-time region, 

A compromise solution which can achieve the accuracy of a 6-slice model while 

requiring only approximately a quarter of the computation time is a combination 

of the six-slice and the two-slice models., i,ea, the computation is started 

with a 6-slice model and continued until a relatively stable temperature pro¬ 

file prevails inside the skin layer, followed by a shift to a two-slice model 

using this pre-established temperature profile as the starting condition. 

The data in Table I and Table II are *lso plotted in Fig. 9, and the esti¬ 

mated true solution (Bq. 33) is shown as a dotted line. It is to be noted that 

the true solution lies above the approximation at shorter times and below the 

approximation at longer times. 

Finally, to test our modification of the Schmidt technique, mentioned in 

Section III, a calculation was made in which the cloth layer was assumed to be 

a sani-infinite solid (this would be valid for a short time after the irradi¬ 

ation is started, i.e., before appreciable heat reaches the back side of the 
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Figure 9. Comparison of Solutions of 2-Slice and 6-Slice Models with 
.. Estimated True Solution. 

X. = 0.15 S 
R = 5.0 

U = 0.04 
o 

' U° = 0.5 

t 
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cloth.) Prom the analytical solution given by Gardon (4) for such a case, the 

temperature at the time-position values corresponding to the data points of 

the finite-difference approximation were determined. These data are compared 

in Table III with the results obtained from the new starting technique and the 

original Schmidt technique. It is clearly evident the new starting technique 

is a better approximation of the true solution. 

IT. APPLICATION TO DIATHERMANOUS-CLOTH-AIR-SKIN SYSTEMS. 
• • 

As stated in the general assumptions (Section II, Ai.), the radiant ener¬ 

gy received by a diathermanous cloth layer is assumed to penetrate into the 

interior of the cloth according to the Beer-Lambert Law. Strictly speaking, 

this law is applicable to monochromatic radiation only and for most materials, 

the extinction coefficient, t, varies with the wave length of the incident 

radiation. Hence the use of a single extinction coefficient in the present 

study is merely a first approximation. It is of interest, however, to see how 

this approximation compares with the experimental results. 

With radiation absorbed inside the cloth layer, the differential equation 

(5) for heat accumulation in the cloth now becomesr 

and the boundary condition at the front surface of the cloth becomes 

= 0 
- T surr ) 

« 0 

(7) 

Due to the absorption of part of the incident radiation at the surface of 

the skin simulant, equations for the boundary conditions in the air gap between 

the cloth and skin simulant have to be rewritten as follows: 
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(a) Between the back sutface of the cloth and the air gaps 

à T -k G èX 
X *L 

c c 

UifTx = L 
\ c e M,m0J 

<8) 

(b) Between the air gap and the surface of the skin simulante 

-Ti. 
I e o 

(8) 

Before proceeding to solve the above system, it is useful to examine the 
© 

Beer-Lambert Law graphicallyt 
-T*. 

and From eq. (1) I “ I e 
2C O 

In * - tL. 

Figure 10. 

Therefore, udien In Ix/Io is plotted on 

semi- log paper against x A » a straight 

line should result, with Ix/I0 * 1 at 

X A * 0, and I /1 = e“YLc at x A » 1, c C 1 X 0 c c 

as shown in Fig, 10. It should also be 

noted that e”^c is equal to the fraction 

of the incident radiation absorbed at the 

surface of the skin, i.e., the measured «transmittance” value divided by one 

minus the measured reflectance of the cloth or e =7/(1-^), 

In using the finite-difference approximation method to solve this problem, 

it is assumed that the amount of radiation absorbed in the center of each 

finite increment or slice of cloth is distributed according to the above law. 

For cloth of high diathermancy, the incident radiation intensity as it travels 

through the cloth decreases nearly linearly with distance and thus justifies 
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this assumption; but for cloth of low diathermancy, the intensity of radiation 

drops sharply to a low value at the front part of the doth. For the latter, 

it would be a better approximation to assume that the fraction of incident 

radiation that is absorbed in the first increment of the cloth layer is ab¬ 

sorbed at the surface of the cloth (as in the case of an opaque cloth) rather 
© 

than at the center of that increment. 

With the above understanding, Equations (5) , (7) , (8) and (8) can be 

re-written in dimensionless finite-increment terms, using the procedures out¬ 

lined in Section III, to yield the following equations:: 

1. For the cloth layer: 

(34) 

2. For the skin simulant: 

(10) 

3, For the boundary condition at the front cloth surfacer 

(a) High diathermancy 

(35) 

o 

(36) 

c 
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and consequently, lhe equation for the first increment differs from equation 

(35) by the absence of the radiation term, i*e«, 

¿(K)2 
A ö° 

c 

4. Boundary conditions in the air gap: 

(a) Between the back surface of the cloth and the air gap* 

U? (T°o , -T°o -, 
11 r - ! xs * 0/ 

(b) Between the air gap and the surface of the skin simulant 

„0 

MTKo' 

or A¿ 

At 
X = 0 s 

-tK 

(9) 

(12) 

(37) 

The numerical solution for this problem is exactly the same as that of an 

opaque cloth system, except that in the present case, the independent variable 

yL must also be fixed for each particular case. Using the same example as in 
w 

_yL Section III B, and assigning a value of 2.82 to tL (equivalent to e c * ,06, 
c 

as for 9-ounce Medium Gray Cotton Sateen), the above equations become: 

_To ) 

A, 0 +- T 
Ax B,0 (38) 



To summarize, the algebraic equations used in numerical examples for both 

the opaque cloth and diathermanous cloth systems are as follows: 

1. Size of cloth incrementing » 0.5 

2. Size of skin incremait, LX s 0.1 

3. U° * 0.1, U° » 1.0, 

4. The ratio * 5.0 
y (kcp)c 

5# e"TlLc*0CJ for opaque cloth; e“1*^» 0.06, for diathermanous medium 

grey cloth. 
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6* Opaque Cloth System 

TT ■ .04878(10-1“ ) * Tp m A,m B,in o,m 

Tr *1 Ä °«5(TÎ « ^ Tr B,m+1 A,m C,!» 

C.m+l 

D,m 

“•5 <tm * V 
.6154 (T°jm - T»im) *T“(B 

r° „ : .0769 (T.° T° ) ♦ ï“ 
Ljn . C,m l ii11 1 i m 

Diathermanous Cloth System 

T° * .04878(7.55-1° > * T° 
A, m B*® 

T° , * 0.5 (T° T° ) B, n5l A,m C,m 

t2 . = 0.5(T° ^ * T° ) * .04625 
0,111^1 Bfm Dtm 

T° » .3846 (T° - T° ) * T° * .001154 
D,m * F,® C,m C*m 

© 

= 6154 (T° - T° ) + T° + .001154 
*0AM '•T.m F,m F,m 

T° = .9231 at - T° > * T° *.005769 
E, ra F, m C, m > ni 

.0769(1° ni - T° ) * .005769 
C,m r,m r,in 

T° , = 0.5 (T° m + T° J 
Ftm+1 v m E,m G,m 

r° 
F,m+1 

TT . = 0.5 (!„ _ +• _) 
E,m G,m 

(43 a, b, c, d, e, f) 

V. SIMPLIFIED GEMIR AL SOLUTION FOR SYSTEMS HAVING DIATHERMANOUS CIOTH 

From the foregoing discussion, it is seen that the method just introduced 

would require a complete set of calculations for each value of yL.. A closer 

comparison of the equations for the diathermanous cloth with that for the 

opaque cloth shows that the differences between these two sets of equations 

involve only the constant terms. Therefore, a general solution for any dia¬ 

thermanous cloth should be possible, if in each of a number of calculations 

it is assumed that a unit of incident radiant energy is absorbed in one par¬ 

ticular increment of the cloth layer. Thus, if the cloth is divided into two 

increments, only three sets of calculations, and if the cloth is divided into 

six increments, a total of seven sets of calculations would be necessary. To 

• 
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get the solution foe t cloth having a particular ti.c value, it is only neces¬ 

sary to sun up with proper weighting the solutions of each set of calculations! 
» 

the weighting is determined by absorption distribution given by the Beer- 

Lambert Law. 

The proposed "three curve" method is an example of this techniQue. The 

method requires three sets of solutions, called curves I, II, and III, idiich 

differ only in the assumption regarding the location of radiant-energy absorp¬ 

tion, Curve I represents the case of a unit of incident radiant energy ab- 
0 

sorbed at the cloth surface. This is equivalent to the opaque-cloth solution. 

Curve II represents the case of incident radiant energy absorbed at XT * 0,75. 

Curve III represents the case of incident radiant energy absorbed at the sur¬ 

face of the skin simulant, t 

Thus it is seen that together with the solution for the opaque cloth sys- 

tm, only two additional sets of solutions are necessary for the general solu¬ 

tion of all diathermanous doth systans. The last two curves are calculated 

in exactly the same fashion as the first curve, except that in Curve II, the. 

radiant energy is absorbed in the increment whose mid-plane lies on dimension¬ 

less depth Xo * 0.75. c 
The basic equations in finite difference form become: 

1. For the cloth layer. 

(a) Any increment other than the increment associated with X° » 0.75, 

c 

(9) 



T 
f 

(b) Por the cloth increment iriiose centerline is at Xo * 0, 
c 

4oT 

ao; 

2. For the skin simulant 

i£ 
A 9° 

3. Boundary conditions in the air gap, 

“i ( T*l ■ 1 - Tx“ 

Similarly in curve III, the radiant energy is absorbed at the 

the skin simulant, and the basic equations ares 

1« For the cloth layer, 

aAt°; , ¿£_ 

A(ty2 A«' 

2. For the skin simulant, 

¿x<4cT0) A/ 
0\2 

9 

A9Í 

3. Boundary conditions at the front cloth surface, 

surr.i 

29, 

75, 

(44) 

(10) 

(12) 

! * 0 

surface of 

(9) 

(10) 

(35) 
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4, Boundary conditions in the air gap. 

(a) Between the back surface of the cloth and the air gap, 

d*T 

4*! c X ■ 1 
ui fTSr-'i “ TX° » 0) 

s 
(12) 

(h) Between the air gap and the surface of the Ain simulant 

1 ”ui (¾-0 - ❖.I, 
à'I /1» - 0 

or 

A*1 

At Xo * 0 

1 ÍTCo - T°o 
uyixs'° xc 

u. 

(45) 

Using the same material as before and comparing with equations (43a) to (43 f) 
V 

inclusive, the equations for curve II are as followst 

tm ■ -95121,. 

r° * 0.5 (T? ♦ T° ) B,m A,m, C,m 

T° , * 0.5 (T° ) * .2500 
C,m ♦ 1 Bfm ¢,10 (46 a, b, c, d, e, f) 

T° * »6154 (T° M - T° ) ♦ T° 
D,m C,m rfm r,m 

^.--0769 <Tc.. - tp.»> * TP.. 

r° - 0.5 (T° *• T ) 
F#m *• 1 B,m Gtm 

SI 
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S' 

© 

Similarly for curve III, the radiant energy 
« 

skin simulant, and the equations arel 

r° 
01 

x: * .9512 T 
,o 
A,m 

is absorbed at the surface of the 

■ °-S (TM * IS,.) 

T° - * 0.5 CT° T° ) C,m-Hl B,m D,m (47 a, b, c, d, e, f) 

T° = .6154 (T° - t2 m) * T° * .01923 
D,m C,m F,m F,m 

T° = .0769 (T° r T° m) * .09615 '* t2 b 
S,m C,m r,m r,m 

T° . * 0.5 (T° m ♦ T° ) 
F,m-^1 , E,m b,m 

Finally, the solution for any diathermanous-cloth problem can be obtained 

by suramirç up these three curves in their proper proportion. These proportion¬ 

ality constants can be obtained either graphically as shown in Fig. 10t or 
» yL 

directly fron the Beer-Lambert Law. Using the numerical example in which e *.06, 

we have 

T0 06 “ °*755 * °*185 *■ °*06 (TIII) (48) 

It can be shown that the solution obtained by this method is exactly the 

same as that calculated by the method described in Section IV. 

For highly diathermanous cloth, as mentioned in Section IV, a better ap¬ 

proximation would be based on the assumption that radiation is absorbed in the 

center of each cloth increment. This would seem to necessitate a new curve 

which can be called Curve I, in place of curve I, which represents surface 

absorption. However, a closer examination of the two approximations shows that 
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Curve I and Curve I* are really interrelated, and can be converted fren one to 

the other. The converaion can be beat explained by reviewing Hie basic equa¬ 

tions used, as followst 

Figure 11 shows the three tanperature planes being considered at the front 

part of the clotht 
For curve I, we have: 

A B 
I 

Xo = 0 c 
Figure 11. 

jo 

\o * Tc,o 

A.0 

u 

A* 

ii 
u . u° 

o 

At 

u 

c_ 
2 

*B,1 2 

Combining these two equations, we obtain: 

U 

Jt° 
2^/ B»° 

C.O A< 
B»1 

\U° 

B,0 

U T° 
2 J B,0 

2 ♦ AX° U° c o 

(49) 

(50) 

(51) 
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T° * 
B,1 

T° ♦ T° 
A.O C.O 

I 

Combining these two equations, we obtain,, 

Btl 
, ^0.. ^ 

2 2 
(52) 

The factor for converting Curve I into Curve I is thus simply the term 

2*¿Xr ¿ vt C O , by i<«hich the last term of equation (50) must be multiplied to 

yield the last term of equation (52), From this it is seen that the two ap¬ 

proximation methods would be identical if U° were zero, as in the case of no 
o * 

heat losses from the cloth surface; furthermore, the smaller the cloth incre¬ 

ment, the smaller the conversion factor. 

VI PRESENTATION AND DISCUSSION OF RESULTS 

A. Analytical Results. 

With tiie aid of the IBM 704 computer the complete "S-curve” solutions 

covering the following values of the independent variables have been deter¬ 

mined ; 

U° » 0.5, 1.0, 2.0, and 5.0 

U° = 0, 0.04, 0.1, and 0,2. 



Bach U? value was matched successively with each U° value for each of the three 

curves which represent energy absorption at different planes in the system hav* 

ing diathermanous cloth; thus 48 sets of calculations were required. Tha re^ 

suits are presented in Figures 12 to 26, inclusive, as plots of dimensionless 

temperature rise.^T0 vs. dimensionless tii>e,AQ°, with the third parameter on 

each curve being a particular combination of U® and 0°. Ihe curves extend up 

to 21.25 dimensionless time units and 1.05 dimensionless skin-depth units, 
0 

which should make it possible with these data to solve problems of heat transfer 

through dry cloth to skin for radiation times ranging frcm 1 to 30 seconds. 

Of the 15 final plots each of the first 14 represents the temperature rise 

at one of seven planes beneath the skin (or skin simulant) surface, for absorp¬ 

tion of the radiant energy impulse at one of the first two arbitrarily chosen 

planes in the cloth-air-skin system. Because the curves for different combina¬ 

tions of U° and U? lie so close together some of them have not been drawn in 
o i 

but are instead represented by interpolation points. For Curve III the lines for 

varions U° - U° combinations for different planes are sufficiently separated 

to permit piot+:^ the data for all seven skin-simulant planes or one sheet, 

which is Figure 26. The solution of any given problem, as described in Section 

V, is obtained by weighting the temperature-rise values given by the three 

curves, in accordance with the Beer-Lambert Law and tne known diathermancy of 

the cloth. 

The chief advantage of using the "3-cuive method" in obtaining a genet al 

solution for any diathermanous cloth systan is its simplicity. It is granted 

that better accuracy could be obtained if the garerai solution were made up by 

use of a larger number of curves, each of which would represent absorption of 

radiant energy in a particular increment. However, the small gain in accuracy 

would not justify the large increase in effort required, and the purpose of get 



ting a relatively simple general solution would be defeated* 

Thus the justification of such a method depends almost entirely on the 

accuracy of the solution as against those calculated by the more complicated 

method discussed in Section IV, Test solutions have therefore been obtained, 

using the 6-slice model which was shown in Section III, above, to be close to 

the "true" solution, 
» 

The test consists of the following calculations: 

(1) "Rigorous" solutions were obtained for two specific yL values. One 

corresponds to the low diathermancy, medium-grey cloth with e ' c ^ 6%, and one 

„yL 
to the high diathermancy, white cloth with e » 42,8%, A 6-slice cloth model 

was used, and the procedure outlined in Section V was followed, assuming approp¬ 

riate fractions of the radiation energy are absorbed in each of the six cloth 

slices and at the skin surface in accordance with the Beer-Lambert Law, The 

solution was carried out in 180 time increments correspondit^ to a dimensionless 

time value of 2,5, 

(2) Solutions by the 3-curve method were then obtained, again using a six- 

slice model, with the radiation absorbed at the surface, at Xc *0,75, and at 

the skin surface, respectively. Proper proportioning of these three curves gave 

„yl 
the final solutions for the two types of cloth, (When e 1 *- ,06, the propor- 

—yL 
tioning of the 3 curves is, I:IItill = 0,7555::0,185r0,06f and when e * ,428, 

1:11:111 = ,347:,225:,428,) 

Results obtained by the two procedures are given in Tables IV and V for the 

cases of low and high diathermancy, respectively. It was not considered neces¬ 

sary to carry the solution beyond a dimensionless time of 2,50, since the per¬ 

centage difference between the two results decreases with increasing time. It is 

evident from the tabulation that the use of the three-curve method is amply jus¬ 

tified by the good results it gives. 
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B, Experimental Verification of Analytical Work« 

If the physical and thermal properties of the cloth samples used in ejiperi- 

ments were accurately known, comparison of experimental and theoretical results 

would be relatively straightforward. However, the properties are not all well 

known. As pointed out in Quarterly Status Report No, 14 of this program, liter¬ 

ary values for thermal conductivity of cotton fabrics vary considerably and none 
» 

are presently available for the 9-ounce cotton sateen samples which have been 

supplied by the Quartermaster R & D Command for the experimental work. Even if 

the conductivity values as usually determined were available, however, it is 

questionable that they could properly be applied for experiments involving radi¬ 

ant as well as conductive heat transmission. This difficulty arises from the 

non-homogeneity of cloth; the measured thickness used in Ihe conventional con¬ 

ductivity determination would not be the proper effective thickness for a case 

involving radiation. Because of the ambiguity in the determination of an effec¬ 

tive thickness, L , it has been found necessary to combine this property with 
c 

other properties in the correlations. It is believed that the thermal conduc¬ 

tance, kA, should be the same for all six of the cotton sateen samples, re- 
c c 

gardless of their optical properties, and the comparison of experimental with 

theoretical data has become, in effect, a procedure for determining this property 

by trial and error. 

Since the density of the cloth also depends upon how the thickness, L^, is 

measured or defined, the specification of thickness has been avoided by use of 

the product (p>L) , the value of which can be nicely determined under the same 
c 

conditions as those prevailing when the cloth is used in thermal radiation ex¬ 

periments, To determine the density-thickness product duplicate samples were 

stretched over 5-inch embroidery rings and then cut out along the inside rim of 

the rings with a razor blade, The discs were then dried and weighed. The area 
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included by the rii«s (which are not perfect circles) was determined by measur¬ 

ing with a planimeter the area of paper samples similarly stretched over the 

rings ani cut out. The (pcL) product so determined for four cloth samples (of 
0 

2 
different colors) was 0.0273 - 2% gm/cm . Literature values for the heat ca¬ 

pacity of cotton fabrics vary between about 0.32 (5) and 0.35 CL)} a value of 

0.335 cal/gm°C has been used in this work. Thus the volumetric heat capacity 

(qxD , of the cloth is between 0.0088 and 0.0095, or 0.0092 - 8.7% cal/sq. cm C. 
c 

The physical and thermal properties of human skin are of course also vari¬ 

able. For the design of skin simulants used in experiments here the properties 

of average white skin agreed upon at an AFSWP conference (6) have been used. 

The agreed value for k is 1.065 x 10 cal/cm sec. C, and that of (kcp)s is 
s 

8.5 x 10”4 cal2/cm4 sec (°C)2. While these values were used in its design, the 

performance of simulant No. 10 showed (by procedures previously reported (2), 

-3 -4 
that for this simulant the actual k is 1,035 x 10 and (kcp)s is 8,65 x 10 . 

v> 

We consider next the heat transfer coefficients Uq and tL for surface heat 

loss and for transmission through the gap between cloth and simulant, respec¬ 

tively. These appear in Figures 12 to 26 in the non-dimensional forms, 

U° * U L A and U° * U. L A . The value of U can be fairly well estimated 
ooc c 1 ICC 0 

from knowledge of heat transmission by natural convection. The value of Ih is 

more difficult to determine, especially for the experiments in which the cloth 

a«i skin simulant are in contact, so that the effective gap width is not measur¬ 

able. In the procedure to be followed for comparing experimental and analytical 

results,(the determination of (k/L)c by trial), two courses are possible in the 

handliig of these two heat transfer coefficients. The simpler way is to let Uo 

and U? reaain constant with each selection of (k/L)^® Since this implies, un¬ 

realistically, that the coefficients UQ and IL are variables, the more rigorous 
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• 0 0 
procedure of keeping U and ü, fixed idtile letting U and U, vary will be fol- 

oi o * 

lowed. This requires interpolation to new values on the T° vs. 0° charts with 
O 

each new selection of (kA) • c 

As an example of the proceduret a comparison will be made between experi¬ 

mental and theoretical temperature-time-depth data within skin simulant No. 10 

upon its exposure to thermal radiation through an overlying and contacting layer 

of 9-ounce.cotton sateen designated as light gray, or QMS. The intensity of 

test exposures ranged from 0,5 to 4.0 cal/sq.cm.sec. and the duration from 12 

to 4 seconds. As measured by the Naval Material Laboratory (.7), the trans¬ 

mittance,Tt and reflectance, determined by integration over the solar 

spectral range of 0.41* to 2.4p, were 7.4% and 56,0%, respectively, for the 

light gray sateen. Thus the fraction of unreflected radiant energy tdiich 

passes through the back surface of the cloth, due to its diathermancy, is 

e-rL * 0.1682. This latter value requires that T° values read 

from Figures 12 through 26 must be weighted in the ratio 0.5899r0,2419r0,1682 

for Curve I, Curve II and Curve III data. While the T° values can be read 

from the charts for any cloth-simulant systems, for the Q.M. cloth samples 

specifically, these values have been IBM-calculated with the weighting factors 

for diathermancy included. Copies of these tabulated data can be obtained by 

interested parties by arrangement with the M.I.T. Fuels Research Laboratory. 

The simplest approach to comparing experimental and theoretical data is 

to make the first choice of (kA) be 1/266, the value which corresponds to a 
c 

value of 5.0 for R, the square root of the ratio (kcp) / (kept) . Having made s c 

this choice, the first step is to plot values of T° vs. for several values 

of dimensionless time, 0°. The second step is to determine values of X° cor- 

responding to die thermocouple locations in Skin Simulant No. 10. 
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Since XT t this transformation is simply as tabulated belowt 

Thermocouple 
Number 

s X 
s 

1 
* 266 

1 

2 

« 

5 

0.029 cm 

0.037 

0.068 

0.130 

28.0 

35.7 

65.7 

125.6 

0.1053 

0.1342 

0.2470 

0.4720 

For the X? locations listed above, values ©f T° are read and tabulated 
s 

with the corresponding 0® values. 
s 

The third step is to transform T° and 0° values into the form 
S 

¿TU /1 and dO U / (kcp) which eliminates (kA) • The transformation for 
0 0 o s c 

temperature is simply 

Ù TU Û TK U L 
c o c 

I L • 
0 c 
,0 

and in our present example Uo (0,l)d T°# 

dT0U° 

The conversion for time is: 

dO U2 

(kept) 

dO k 
c 

(cff,eLe 

which in this case is 

c nsi 
i 

.j^O.Olj* 0. 

(kcp.)( 

(kep) 

00040 

rü L 
o c 

•9° r110' 

St^ four of the procedure is to plot the new values of dTUQ/Io vs. 

AOU^ / (kep) , for comparison with the experimental data. This comparison 
o s ., 

is conveniently made by plotting the experimental data as dT/I^, C sq cm sec/cal, 

vs. 0, seconds, on a sheet of transparent vellum which can be laid over the 
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theoretical curves. Alignment of the two Curves along the y-axis is marie by 

matchir« ^T/Io equal to unity for the experimental data with the point vfeere 

the theoretical ^TU /1 is equal to U , or 0,1/266 a 3,76 x 10 * Alignment 
oo o 

along the x-axis is made bÿ matching the experimental time of l.G second with 
»> «4 -4 

the theoretical-data value of U /(kcp) , or (3,76 x 10 ) /8,65 x 10 = 1,631x10 , 
0 s 

A plot of ¿T U /1 vs. ¿QU2/(kcp> is shown in Fig, 27, for the four ¿her- 

mocouples of Simulant No, 10. Superimposed on or near the curves are short ver¬ 

tical lines which represent the experimental data, the length of each of these 

lines indicating the estimated precision of the measurement. In order to test 

the assumption regarding (k/L) and to determine how sensitive the correlation 

may be to this parameter, it is necessary to go through the procedure with 

another value of (k/L) . 
& 

For this secord trial, (k/L) is arbitrarily chosen as 1/240, consequently, 
c 

(kcp>c ■■ (qriV (-r)c 

<= (0.0092 t 8,7%) ( , .L- ) = 3.836 x 10"5 - 8.7%, 
240 

and R =J(kCp)s/ (kcp) = /8.65 x 10"4/3.836 x 10“5 

= 4,75 ! 2,95% 

Since the theoretical curves are based on R = 5.0, values of T° read therefrom 

should be increased by a factor, 
0.89 

, which has been found empirically to be a satis¬ 

factory way to correlate calculations based on different "RM values, (This 

transformation makes it possible to use a single value of R for all theoretical 

curves, rather than a number of values, as are required for the parameters U° 

and U?,) Also from the new value of (k/L) , we find X c 
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öo * °*1 * 0.Ö902 

and U® ■ 2.0 * 1.802. 

To make up a new plot of T° ws. corresponding to these new heat transfer 
s 

parameters, it is necessary to perform a double interpolation, using T data 

for tJ° values of 0*04 and 0.10 and U? values of 1.0 and 2,0. The 10% reduction 
o a 

in U® makes a small upward change in T*5 values for dimensionless times of 2.0 
o 

and more) for shorter times the effect is nearly negligible. The decrease in 

T° caused by a 10% decrease in U? is significant ft* ail the dimensionless times 

of this example (i.e. to 6.0). Finally, the effect of the correction for 

change in the ratio R against increases T°, so that the net effect of all three 

factors is an increase in T° which is negligible for short time intervals and 

increasingly important for longer times. 

The depth parameter, X°, is also affected by changes in (k/L)c and the con¬ 

sequent change in R. Since 

à XT 

4¾ N 

(kept), 

TEFT* R» 

and is fixed at 0.5, a change of R from 5.0 to 4.75 causes dX° to be 

changed to 0.1053. For this new case, therefore, the positions of planes F, G, 

H, etc. in the skin simulant are made deeper by the ratio, 0.1053/0.1. In 

other words, the dimensionless temperature values calculated and plotted for 

the case of R « 5, now apply foe greater depths, because R * 4.75. 

Again, the position of skin-simulant thermocouples in terms of X® are also 

changed when (k/L)^ is changed. The new depths are as follovs: 

Thermocouple 

■ X A 
s s 

X® 1 
s * k 240 

s 

1 

28.0 

0.1167 

2 

35.7 

0.1487 

4 

65.7 

0.274 

5 

125.6 

0.523 
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Tht «ext $tep is to scad values of T° froa the new T° vs* X# plot, tabulate 

then and make a Conversion of the dimensionless time values to those from which 

<kA> is eliminated. The conversion this time ist 
c 2 

f** \ \ Ucfl,c 

' (CP). L? ^ l ''p 

Finally, a plot can be made of the theoretical data, corrected and converted 

as required by the choice of (k/pc «1/240* The results are represented by the 

dashed-line curves of Figure 27* In the example chosen the dependence of results 

on (kA) is so small as to be barely perceptible when this parameter is changed 
c 

by 10%. The reason that thermal conductance of the cloth is of so little impor¬ 

tance is that a sizable fraction of the incident radiant energy passes through 

without dependence on conductance. Thus the temperature rise in skin behind a 

diathermanous cloth covering is rapid regardless of the conductance of the cloth. 

In this comparison of the experimental and theoretical data, the light gray cloth 

was chosen simply because the case of a diathermanous cloth is a more exacting 

test of the theoretical analysis. The comparison procedure is, of course, the 

same regardless of cloth type. The results shown in Figure 27 indicate that 

agreement between the experimental and theoretical Work is remakably good. The 

agreement for relatively large values of dimensionless time, however, is not as 

good as desired, but could be improved by choice of a somewhat higher value for 

U . It is inevitable that a single comparison is not adequate for showing both 
o 

(a) the applicability of the theory to cases involving use of diathermanouse cloth 



and (b) • nie« determination of (lt/L)c* Determination of (kA)c was not the 

original purpose of this work. Rather the aim was simply to learn whether heat 

transfer in such a complex multi-component system could be adequately treated 

by theoretical analysis of a simplified model* This has been conclusively demon¬ 

strated, not only for opaque cloth systems but also for diathermanous cloth 

systems. In addition, appUcation of the analysis to opaque cloth systems offers 

a good way of determining the effective value of thermal conductance of cloth 

(kA) t whefl th® h®** source is radiant thermal energy. Results to date show 
c 

that values of 1/260 to 1/270 are good for the cotton sateen samples, 

VIII CONCLUSICNS 

1* An analytical study has been made of heat transmission through dry 

Cloth and air space to underlying skin, following exposure of the system to 

radiant thermal energy* 

2, Both die simple case involving absorption of all the radiant energy 

at die radiated surface of opaque cloth and the more complicated case in which 

some of the energy is transmitted through diathermanous cloth can be satisfac¬ 

torily solved numerically by finite-difference approximation. 

3. For systems involving cloth of known diathermancy a technique which 

requires the use of only three curves, each representing absorption at a dif¬ 

ferent plane In the system, gives results (in terms of temperature rise) within 

1 to 2% of those obtained by machine computation for two specific cases vherein 

allowance was made for energy absorption at each of six slices in the cloth* 

These two cases represented cloths of very high and very low diathermancy, thus 

permitting the conclusion that use of the 3-curve method is a satisfactory sub¬ 

stitute for machine computation of specific problems. 



4# The curves necessary fer súiut ion oí any proMem involving heat trans* 

mission through dry cloth and an air space to skin have been determined by 

machine computation for the range of exposure times up to about 30 seconds« 

5, Adequacy of the analysis and computation procedures have been verified 

by good agreement with the experimental results obtained by exposure of cloth* 

air-skin simulant systems to thermaJL radiation. 
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e 

ï 

k 

L 

M 

R 

T 

U 

xf X 

Greek 

T 

A 

0 

P> 

<T 

Subscripts 

c 

i 

0 

s 

A. B, ... 
n, n+1 

Oj 1.... 
m, m*l 

Superscript 

IX NOMENCLATURE 

Heat capacity t cal/gm -°C 

Intensity of incident radiation, cal/cm -see. 

2 
Intensity of unref lected radiation, cal/cm ^sec. 

■r * 

Thermal conductivity, cal/cm-sec.-°C 

Thickness of cloth, cm 

Modulus, ^/À ô° 

Ratio « Xo / A Xo » / (kcp ) / (kcp) 
c s V s c 

Reflectance of cloth 

Temperature, °C 

Overall heat transfer coefficient, cal/sq, cm.“sec.°C 

Depth, cm 

Extinction coefficient, cm”* 

Finite increment 

Time, sec. 

3 
Density, gm/cm 

Transmittance of cloth 

Cloth 

Air gap between cloth and skin simulant 

Cloth surface 

Skin simulant 

Depth planes 

Time increments 

o Dimensionless groip. 
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TABLE IV 
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DIMENSIONLESS THMP Ht ATURE RISE IN LOW-DIAIHERMAWCY 

CLOTH (e~Ti « 0.06) AND UNDHlLYING SKIN: COMPARIS_ON 
OF SIX-SLXCB “EXACT” AH? "THREE-CMVE" SOLUTIONS, 

U° = 0.04, U® « 0,5, R • 5.0 
0 1 
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TABLE V. 

niMRNSTONLESS TEMPERATURE RISE IN HIGH-DIATHERMANCY CLOTH * 0t42» 
mmsBT.VTNn SITTNt COMPARISON OF SIX-SLICE "EXACT* AND "THREE-CUTVIT SOIOTOI«. 



Í IC. -TEMPERATURE HISTORY WITHIN AN OPAQUE SEMI-INFINITE SOLID 
THERMAL IRRADIATION THROUGH AN OVERLYING CLOTH LAYER. 
(Curve I-All radiation absorbed at Xq-O) 

(SKIN) FOLLOWING 
X¡ *0.05 



I 

FIG.13- 
yPFRATURE HISTORY WITHIN AN OPAQUE SEMI-INFINITE SOLID j^KIN) 
IERMAL IRRADIATION THROUGH AN OVERLYING CLOTH LAYER. X$ = 0. 
urve I- All radiation absorbed at r 0) 

FOLLOWING 
15 



FIG. 14 
TEMPERATURE HISTORY WITHIN AN OPAQUE SEMI-INFINITE SOLID (SKIN) FOLLOWING 

--— - ■ —am / r- m VI MO r*! f\ T U I AY THERMAL IRRADIATION THROUGH AN OVERLYING CLOTH LAYER 
(Curve I- All radiation absorbed at *0 } 



FIG 15- TtMPERATURE HISTORY WITHIN AN OPAQUE SEMI - INFINITE SOLID (SKIN) FOLLOWING 
THERMAL IRRADIATION THROUGH AN OVERLYING CLOTH LAYER1. *0.35 
(Curve I - All radiation absorbed at X°c = 0 



T 

100.0 

FIG.16- TEMPERATURE HISTORY WITHIN AN OPAQUE SEMI-INFINITE SOLID (SKIN) FOLLOWING 
THERMAL IRRADIATION THROUGH AN OVERLYING CLOTH LAYER. Xs =0.55 

(Curve I- ûlf rûài9fton oüsorbed o/ -O) 
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FIG 17- TEMPERATURE HISTORY WITHIN AN OPAQUE SEMI-INFINITE SOLID (SKIN) FOLLOWING 
THERMAL IRRADIATION THROUGH AN OVERLYING CLOTH LAYER Xs =0.75 

(Curve I- All radiation absorbed at -0) 



FIG 18- TEMPERATURE HISTORY WITHIN AN OPAQUE SEMI-INFINITE SOLID (SKIN) FOLLOWING 
THERMAL IRRADIATION THROUGH AN OVERLYING CLOTH LAYER. Xs = I .05 

(Curve I- AH radiation absorbed or *0) 
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AT* 

COt 

0.0001 

0.001 

100.0 

FIG. 19- TEMPERATURE HISTORY WITHIN AN OPAQUE SEMI - INFINITE SOLID (SKIN) FOLLOWING 
THERMAL IRRADIATION THROUGH AN OVERLYING CLOTH LAYER. Xj = 0.05 
(Curve II - All radiatiun absorbed at X® - 0.75) 
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0.0001 100.0 

FIG 20-TEMPERATURE HISTORY WITHIN AN OPAQUE SEMI-INFINITE SOLID (SKIN) FOLLOWING 
THERMAL IRRADIATION THROUGH AN OVERLYING CLOTH LAYER. X°s = 0.15 

(Curve II - All radiation absorbed at X° = 0.75) 



Ae* 

FIG.21- TEMPERATURE HISTORY WITHIN AN OPAQUE SEMI - IN FINITE SOLID (SKIN) FOLLOWING 
THERMAL I RRADIATION THROUGH AN OVERLYING CLOTH LAYER. Xs - 0.25 
(Curve II- All radiation absorbed at X°c = 0.75) 

! 



f 

' 

I 

FIG.22- TEMPERATURE HISTORY WITHIN AN OPAQUE SEMI-IN FI NITE SOLID (SKIN) FOLLOWING 
THERMAL IRRADIATION THROUGH AN OVERLYING CLOTH LAYER. Xs = 0.35 

(Curve II- All radiation absorbed at = 0.75) 



FIG.23-TEMPERATURE HISTORY WITHIN AN OPAQUE SEMI-INFIN ITE SOLID (SKIN) FOLLOWING 
THERMAL IRRADIATION THROUGH AN OVERLYING CLOTH LAYER. Xs = 0.55 

(Curve II- All radiation absorbed at X* -0.15) 



! 

AT' 

0.001 

0.0001 100.0 

FIG 24-TEMPERATURE HISTORY WITHIN AN OPAQUE SEMI-INFINITE SOLID (SKIN) FOLLOWING 
THERMAL IRRADIATION THROUGH AN OVERLYING CLOTH LAYER. Xs =0.75 
(Curve II- All radiation absorbed at X° =0.75) 
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AT0 

0.01 

0.0001 

0'00IJ!;P • lili 

100.0 

FIG. 25 - TEMPERATURE HISTORY WITHIN AN OPAQUE SEMI 
THERMAL IRRADIATION THROUGH AN OVERLYING 
(Curve II- All radiation absorbed at Xc = 0.75) 

-INFINITE SOLID (SKIN) FOLLOWING 
CLOTH LAYER. X°s = 1.05 
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AT0 

0.01 

0.001 

0.0001. 
100.0 

FIG.26- TEMPERATURE HISTORY WITHIN AN OPAQUE SEMI-INFINITE SOLID (SKIN) FOLLOWING 
THERMAL IRRADIATION THROUGH AN OVERLYING CLOTH LAYER. 
(Curve UI- All radiation absorbed at skin surface) 



Fig, 27. Comparison of Theoretical and Experimental Temperature Histories 
Within a Skin Simulant Following Thermal Irradiation through 
Overlying Diathermanous Cloth. 
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