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YHE THERWAL FROPERLIES OF SKIN

by

D. I, Lawson, P. H. Thbmas_qnd“D. i. Simms .

. Introduction

'.'During recent yeafs it‘has become necessdry to simulate the thermalv
performance of human tissue by physical systems in order to know the

degree’ of protection afforded by clothing in fire fighting.
also involves the determination of
burns occur and though a considera.le amount of work has bee
the degiee of burns caused by different levels of

and also by different sliin temperatures
lack of knowledge of the interacl

This work has been undertaken with the Surns Research Unit of

Tatics

The work:
the threshold condiiion under which
done. on
gadlatlon ’ y &;
( 10, 11, 12, 20) tue

> of heat flux and tenperature has
llnlted the use to which the 1nuormat10n could be put. ‘ : .

the

Medical Research Council who made available apparatus by which-the fidw‘
of heat into humar tissue could be related to the temperaturs at the.

skin 1nter‘ace.

at which pain' commences,

Ekperimentdi method

The apparatus is shown in Figure 1 and Plate 1,
- predetermined temperature is pum
disk of tellurium-silver alloy

(13, 14),

Measurenents Have so far been con;lned to the tempe ratures

i/ater at.a.known
d round a closed circuit and heats a
The heat flow through the

disk is measured by recording the difference in temperature of two

thermocouples attached to the two faces of the disk,

An additional

thermocouple was attached.to uhe edge of the outer OT. contact face .of
tne dlsk for measurlng the skin temperature - - SN

The water was flrst raised to ‘the temperature fedplred for a’'set
of experiments, 55 - 65°C, and the skin was pressed firmly on the disk

(Plate 1).

recorded automatically,
people using the inside of the lower forearm and repeated with the blood
flow in the arm arrested by application of pressure, in a: snhrnonometer.

The Pplan of the experlments is shown below in Table 1, T

'ABLE 4

Plan of experiments  :

The output of the heat flow disk and the thermocouple were
Similar experiments were carried. out by four
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, 7 Tablé 1 (contd.)
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The record of- any experiment enables thp heat *"‘1ow and sk:m
temperature at any time to be found, Some typical results for heat
flow are shown in Tigures (2a, b, c) and-for skin temperatures in
Figures (3a, b, c),

3. Re;sponse. of appax‘a'ﬁus '

3.1. Instanta.neous constant temperatures

r

, ‘Yhen- the heated dlsk is appl:Led to the ‘skin there is a temperaturc
change at both swrfaces since initially they are at different temperatures,
At all times continuity of heat :flux must exist at. the boundery between
the heat flow disk and the skin, At the moment of contact and just a.fter

. the two bodies may be regarded as semi-infinitg in depth, so that, if X
is the conductivity, k the diffusivity and A B the :|.nstanto.neous
temperature change on the surfoce ,the heat flux @ across the interface
is given by (the sufflcee S and D referrlnf to skin and disk
respectlvely) st e

K L Oy KDAB;,

C;J jﬁ;;fzf=%g=* \!71_ ;T]F"h e (1)

Hence 1f B D and gs are the dlsk and skin temperatures before |
contact and 9 is: the’ instantaneous contact temperature it follows

“'f;' S (:357~.f - | ’ = N e
(R - A

L)
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| Although the heat flux is noverned by the above equatlons, the -
heat Tlow disk does not .give mhe actual flow because there is riot atb
this time ‘a lineer gradient whthin it. = ibreover, the theruocouple
used to measure the contact temperature has a time lag, so that little
quantltatlve use can be made of these Formulae to determine the skin
properties, ' However, the equation does-demonstrate that if the skin
teriperature is to rise raeldly to the value of the disk temperature the

ratio (KPCl3 must be as large. as possible,

4 ) L.
3[;.P Disk response tlme constant

The time of half response of the centre of a disk to a sudden rise
in temperature of its two faces is approximately O-1 12/lp where 1 is
_the thiclméss and k the diffusivity. If the conductivity of the disk
is assumed fo be that of tellurium, (0.0144 ¢,g.s. units), the above

-time constant 'is. 0°2 seconds, Llearlv , .even if the conductivity of the.

disk in these experlments is several times creater than that of pure
tellurium the disk may be assumed to be in a quasi-stationary state
after the first few seconds, The response time for the boundaxy layer

in the water is’ negleoted Subsequent experlments showed that the tlme

constant 'was of the order of 2 seconds

5.3. Disk area time constant

There is alsoc a.second time constant associated with the assembly,
namely the time after which heat is lost laterally and the uemperature

and heat flux cnarwcterlstlcs of the small disk heaters are no longer
sensibly equal to that of a large heater. This time is greater than (1

S 23 e .
T = ‘;,g;"’ - e 2)
where r is the disk radius

¥or the disk used in these experlments, T, is of the’ order
100 seconds so that thls is "the maximum permltted duration of any test.

Y. Equations ;or tugperature and heat flow

Within the ‘above limits, it is p0851ble to develop theoretical -
- expressions for the rise in surface temperature and for ‘the heat flux,

In 2ddition to the above notation 1e£
Q.W'
s -

R

circulation of water temperature.

surface temperafure of skin at time t

: comblned thermal re31stance of dlSk und water, '

- In the smln . ,... ' oo . ) - é'x:,

%6 | _??__ 40"”2
xR 'FQ ot (t- s.......(.‘i)

| The above expre531on assumes that uile themmal characterletlca f) and
¢ of skin remaln constant .with temperature, distance and tlme

7)
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The surface boundary condltion is glven by the heat flux .Q across
the int rf'ace

A
Q. = =K R DA 1)
=T s bx}? R

(,>O xL =0

AL t:r.me zero the dlstrlbution of. temoeratur° in the skin is
assumed to be repreSPnted by (Appendlx 1)

‘. i . . ’ c¥x . .
= - < + Q (, - ) sesaaen
@x 9. . RN ()
where 69 1 is the dlfLerence between the sldn and bodv temperature

37°b and CK is a consteant,

The effect of the instantaneous rise in surface temperature on
contact is neglected, as this is only importent at very short times.-

Applying the Laplace Transformation to equatibns (3) and (4),-

dig ‘%SQ (l *e b "QZ@S (6)

1 O
Q= \9(11) e (D)

o,

s(&-a)

v

€
E N X =
“The solution to e@u&tions (¢ ) and (7) is’
_ O 9. +6.)

g
e 'P(H-%K@ +< P (+

. : B E; Vf R ' 'ﬂf'f',ge).
/F\’ (q)-'-O{(l‘l"%K Q)

ste
LBK

| ége héa% flow Q is obtaineq.f?om equat;;ns.(?>~and (8)
Q_i .:__‘ - (9 +93 K¢ C/ o o
T 3 J:.Hl K R) raven (9)
K, B,
/ﬁ (i-‘-d (I +Z
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Inverting;the_treﬁsform in equation (9)' -

.Ejﬂi %7}63 ?: EZ-E%ﬁj%:fjir o L(. o f;- . ......(10)'
- . _ I 0{ s u'l-{ .
ey [ Do

and 0 e t—f'_ .
‘ :?r.ﬂ_, G EL
LT h‘ §j s o - ,
Teh henve tbe reslsuance of the apparatus controls the time response

of skln temperature at short tlmes

: The correctlon for the ;&Ct that the bulk of the Skln is not at
the skin surface temperature depends on the. values or.CX s an
approximate value ‘for -which is 30 which gives a.value ;OT ® KR
of 05 (Appendlx I). - PR .

5 'rpp.r:.ozemefc..ee.eﬂseﬁ.l.gzle, '

If the second term in equation (9) is assumed negligible, i,e,,
the times considered are small enough for heating not- to have penetrated
to a region where the skin temperature is sensibly greater: than the’
normal surface temperature, then from equation (10)

QR LT P i e

foq)l :> :> 1 equatlon (11) reduces to _

i,e, a graph of é agalnst t tends to linearity wrth a slope of’

©0. Actiblly a graph of % sgatnst [t will
Clehavc a.; the functlon (exzer“c x)~ =1 behavee as a Punction of x, and -
this is: nearly llnear 1n uhe range consldered (Figure L).

, U51ng a value “of CK RX equal to’ 0‘5, ‘$he value of L as a functlon
of'J_E_ls also .shown in Figure 4, In equatlon (10 thchoefflclents
of'the correctlon term involve: 6; . , and ; . The corrected
cuixve -shown in Figure 4 strictly refers to a water temperature of 60°C
only, the middle velue of the experimental range, but this is considered
to:be sufficient in view of .the approximate derivation of the correctlon.
ihe ‘best . approxlmatlon to equatlon (11) for the range o; values

0,- 65
. 2-'< eu<
- Q¢

. Gk.rFl

#

AL Zf_ 1n Ploure 4 is -

= 0-75‘-_‘!—'
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factor 1, 85 repla.cesm!'rr for the slope o8 glven by

The
equation (12) and therefore gives vglues o;.ugo /hich are & per cent
higher. Equation (13) is also shown in Figuré (47,
6, Determination of'I‘CS c ’R and effective water temperature Q

Te experimental data are plotted as i:against t (Figure 5a-c),
This curwu'.pproxjmatéS‘to a.straighﬁ line in the.ragnge 2-4 times the
intercept and ita clope, if volues for & w and & s are known, enables
the values ol i, to be calculated, These are shovm in Table 2. It

does not ags3Ume ééa% R is %ho seme for

different experimental runs but
only that R is constant during any one ' .-

run,

R could be found by extrapolating the line to the exis of ! and

O

using the seme wvalues of e v and B 8, but 2 wmethod making uge of
equaticn (4)-is more direct and thus'preferable, The neasured heat
flow and the corresponding measured skin temperature at any time are - .
plotied against one ancther (Figures Ga-c) and the slope of the line is

& meacure of R, . The results for R obtained by this method are also shown .
- in Table 2., In addition to giving values of R, equatlon (4) enables the |
applied water temperature.- to be calculated,
on the temperature axis ;or 2Eeroc heat flow, "These values are also listed
in Table 2. ' ‘

TABLE 2

Values o‘(h

som e T .

R and e*;ectlve water tenperatures calculated

LY AP PR 2 et PN .-.-..—-.....-,.—,-;..‘.‘--..‘....,-.... -..---..--......m--...

*rom experlments

A

This is given by the intercept -

-

|

ey (1) by heat £16w method (equatlon (4) )
13) using nominal applied temperature for

- e ——— e I e e e - ey
Actual Calculated (1) (2). -
water water e ¢
temperature | temperature "
Run ‘ R’ ipe Circulation
» oegs [, Ggs, S
o oC units | units
‘ x 10-3
G > © 540 158 L1 " 2.03
' H 53¢7 168 0+95 U/0
I 55 51+9 162 1.38
J '52-4 168 1:35 H/o
X S50y 129 281
L 51.1 153 0496 1/0
A 60°5 . 189 1.70 ¥
3 . 575, 156 1.6 ENR 1/
C 60 567 148 175 W
D- : - §6:0. | 140 123 rf/o, "
E .. 55.7 1127 1-77 e
P i 560 . 128, 4920 L lr/o
a e R ,-'-..‘.'........1}‘. ...__..:._.L... -,‘-.. .;.:. f"'."”'*,""" wle Cime e e e e
P B85 126 1.06. |~ .. o0
¢ . 58.2 1l 133 1.63 - :.w:f/o
R 65 575 133 As52 ’
S 558 121 1.50° | ‘f/o
T 58+5: . {137 2136 1.
U 57.5 i 130’ '1'-50 | ; f/O

(%3 by equatlon



7. Discussion of results

'7”1 Dlscu831on 0; reeults for R .

v
P

e Typloal raphs of heat flow agalnst skin temperature are-slown in
J_Flgures {Ga~ % They are straipght lines curving at the extremeties.

- The reasons for this have already been discussed’ (Sectlons 3,2, ‘and
3,3.). Analysis shows that the value of R, the combined thermal -
resistance of disk and water, obtained from the slope of ‘the line may
depend upon the. applied femperature but that the varlatlon is much -
greater ‘than the minimum,value predlcted for the variation 1n water
resistance (4ppenditx II) S . oo S

: 7.2:' Discussion cn efrectlve wate;;tenperature
The vrlues of the ef ective water temperature are seen to be . as
much as 79C lower than the nominal values, This implies thet the heat
capable of being absarbed by the 'skin, is greater than’ the source can
supply, and thqt the actual applied tenperature varlee in the inltlal
Staﬁe" of %he ofperlhent

7.5, * Didoussion of. zesults for ipe

In Table 2 values of Kpc are given using only the nominal values:
of é) W, The scatter amongst ‘individual resulis is too large to
permit satlsractory analysis, but a partial analysis of the results
obtained ‘using the nominal water température suggest that there might
. be a reduction in NDc when- the circulation is restricted. . The magnitude

_of the reduction, if real, would be from 1.6 x 103 C.G. 8. units to.
1.3 x 10=3 C,G. S units, Us1ng the calculated values of water temperature -
gives somewhat higher values.of Kpe, but since tliese may be shown to be
correlated with R it follows that errors in estimating R eflect the values
of Kpc and this! method is therefore to- be. rejected ‘Assuming that
is unity, gives’a mean value for K for -all results of 15 x 1073 C. .S
units c?mg?red w1th a value of 0-6 -1x 10“3 C.G. 8, units glven by
Reader

A probable reason- for thls dlfference is the variation 1n the = .
pressure with which the arm is brought into ‘contact with the dlSk. o
This has been noted by morltz and henrloues (9). =

8. General dlsou581on

The results using the apparatus in its present form are not llLely
to be accurate since;-

(a) the thermal resistance. between the: water the disk and the
skin means. that the: heat flow to the skin is not neceesarlly
characteristié of the nominal water temperature (Appendix II), This
raises some doubt as to the correct value of the effective: water
temperature, = This phenomena has been reported by other 1nve3u15ators (9)

(v) the Skln temperature may be belng measured et a dif erent
point from where the heat flow is beirg meaeured (Appendmx*III)

(c) the preesure with whlch the ‘skin was pressed agalnst the
disk was uncontrolled and this seems z- likXely cause of variation in
the value obtained for Kpc, -Although iioritz and Henriques (9) do not
claim that there is an effect due %o compression of .the skin, they
tried to avoid it dunlng ‘their: experiments &hey do not report -any..
increase in burn severity with compression, .



9. Design of new_apparatus

Since the damage to the skin varles markedly with temperature in
this range of experiments, it is necessary to lmow thp skin temperature
with some accuracy. Both.the heat {low and skin temperature vary during
the course of an experiment with the present apparatus ‘and some
modbfﬁeatlon would appear toc be. necessary ’

¥or periods of heatlng longer than 100 seconds a disk of largexr
area will be necessary, Two important constants of the disk are
unknown, thermal conductivity,. and thermo-electric output of the
Junctlon a slight modification of the electrical system introducing
extra thermocouples would -enable vhese quantities to be measured, and
check the accuracy ol the system. The pressure with which the skln is
applied to the heat disk is applied needs to be controlled, A check
on the accuracy of the method can be obtained by using a material of
known Xpe,” This would also enable the 1mportance of the term due to
heat ”10W from the blood out to. the skifn. to be estimated, It should
8lso be possiblé to use the apparatus in reverse to examine low
temperuture velues of X, ~and ¢, If cold water flows through the
tube and extract heat from the skin, the effect of the initial conditions
will have vanished by equilibriuwn, and the difficulties in interpreting
the reeults will be correspondingly reduced.’ -

e o aa m g T e
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APPRWDIX I

The temperature dlatrlbutlon wlthln the skin iz assumed to toke -
the form e . :

. . | '._(’/_)('. C ' ‘ ,
g Q Q + Q (/ - 2 ) S, (1) ' .
- This express:on w0uld glve {) 6)"$(3‘ (the body feﬁperature) when

the exponent term is sma]l i.e. at large depths. The value of O{ mist
be determined from the bounde.ry COHdl‘L.LOIlS Co :

. The heat flux across the surface x =io.ls

AN - R
' = -Vt F- = K LQ veeves (24)- ’
@‘ T V ( ?1— o i et | _ :
Q is also given by. o ‘ .

Q\ -"—"-‘ /—1 (95 o .. - . seaves (3}\) .. ’

*

where M is the heat transfer cocfficient at the skin surfoce
to the surrounding air,

lience from (24 and 34) - : : R C _ ' .

. O( : _{__—‘-f.' GS i o ' .coio-on (M) : )
For & blacl body at 30°C H is approximately 0.00046 C.G.S. units, ' -

Since the correction term is small approximate values for nFC
snd R may be assumed

viz., X $1x 10’5'C.G,S. units

Tt Cc.q9. s _wvv-j-_

-2
oite

. C=1 c..SB-S, LLﬂJZ{T i
04 231.5%
64 2 37-31.5 = 5.5%

pr}
t

170 C.G. 8, units,

& is then found to be approximately 3 em-1,

A value of 3 for ‘i implies that the skin temperature et 8 mm
depth is 36 500 within %9C of the bulk body temperature,
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APPEIDIX II

EL ; ct_of thermal resista.nce of digk and water

The amount of heat belng tal»en from the: water - system is comparatively
large and the resistance in the boundsry layer is high, so that the amount
of heot passing through the disk mey not be characterisiic of the
vemperature of the main stream of water, An approximete calculation of
the” comparative resmtance ©o. heul; f‘low of dlSI\. and water nay be nede as
follows, : :

.”\‘ :

=4
a

Water{ stream

Boundary .1ayer

the heat £lwx G through the boundary layer is

where o, is the heat transfer coefi‘icié_n_t across the water boundary
layer end JAYR & W is the tempercture drdp in this layer.
he heat flow through disk is glven by

) R i Ws. ﬂ . .'

where | A 1s the temperature drov across the disk
and ,e is 1ts th:.cl’ness

‘B‘rom (1) and (2) : - ‘ R
H AQ /g /371 o

. " The value of ' depends upon the local v'=loc.1ty of the water e.nd
ey geometry of the apparatus,” If it“can be assumed that the local.
vnlocn.ty ‘vl is the same as in the' mein stream, i,e, 100 cm/sec, & - -,
_ maxa.mum value for H‘ mey ‘be. calculated ‘which'is appropriate to a short’
'ipl'xte of the same 1ength "I_" as ‘the dlsk, T e’ 1n a-free stream of weter

PIEEI SR P
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The Reynolds number is B
. 'j|
: r: S L fo?l;_ :
Re =« - VW
- where f\J is the kinematic viscosity of water at €0°C, -
Fence /\/Qf&_ = 203000‘. |
Yor this value of the Reyno?ﬁé number the boundary layer is laminar,
The heat trunsfer coefficient is then obtained from (19)

4., L | VN YIRS
N =~ 066 N.q> ( \
- K N C._ < I“J/

’

vhere K 1s the thermal conductivity of water
and k; is its thermal diffusivity,

At 60°C ‘ B
H, = 02 c.g.s. units,

. The ‘disk is 1 mm thick and if thé thermal conductivity of the disk
is essumed to be 0-0144 cel/cm/sec/OC equation (3) gives

? -KIVI = 0- 144 c?l/cm/seq/oc
A B

Zj qlfD =‘0-72

The boundary layer resistance is therefore importanty since the
temperature drop acrosa it is comparable with the temperdture’ drop-
across the disk, .

El” is of the order 8°C and 6; ‘w will then be of the order
6°C K, nn; by less then the valuwe caleulated sbove end Ky may bo

larger than the value for pure tellurium, this would increase the
. estimate of _A . . The Reynolds number and the Prandtl number

\ \ickigr) are temperature dependent and since they COntrQl.Hw::the

resistance to heat flow is temperature dependent, From the data on these
physical properties of water, &, should decrease by abput 8 pér cent in
the range 559-65% and this would alter the resistance of thﬂ water and
disk by at least 4 per cent o : :

Leach, Fbters and Hossiter (10) describe experiments using a metal
chamber_the base of whlch_waf ?eld in contact with the skin of guinea
pigs. ' Hloritz and Henriques have examined the water flow in a similar
.chamber "and have discovered that the temperature-of the stream of. hot
water fldwing through the upper and midportions of the metal chamber. was
significantly and variably higher than that of the underlying: skin, They
rcomment that there are two hindrances .to the conduction. of heat between.
‘the site of the measured temperature and the surface of the skin, the
metallic base of the chamber and the layer of quiet fluid above it,
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lMoritz and Henriques (9) do not give details of the thickness of \
the chamber or state the metal they or lLeach, rticrs, :ad wossiter L10)
used for it. Assuming it to be copper and to be 1 mm thick,

' the' thermal vonluciics is p;‘_gl ‘= 943 C.G.S. units

o A 1{»3 s FE s

_ " The thermal-reslstance of “he water boundary layer 1s thus much
nore Luposfias bhea i Whernel resistouce of the metal. .

iforitz and Henriques claim to have eliminated tho siutic luyer of
water by the use of a brass cup, the base of which was open so that
water in direct contact with the skin, In fact, their system and the
earlier system could only remove the laminar boundary leyer if eddies
were deliberately introduced, The fact that their thermocouple did
measure the same temperature as the water may have been due to its |
creating eddies in the water,

So far as the experiments described in this paper are concerned,
the high resistance of the boundary layer will not affect the results
obtained provided that the resistance is linear-with temperature and
that sufficient heat. can be obtained from the. water,
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e’ . APPRIDIX ITE

Uheven temperature of dlsk ,

The temperature rise at the edge of a uniformly heated disk in
equ librium on a semi-infinite. ?ol}d mey-be L0 per cent below the
temperature rise at" ‘theé"centre -The @ifference between the .
central and ‘the edge disk temperatures has been measured for different
water temperatures (Figure 7); . since the temperatures are less than
40 per aent different the heat J':‘lux must. be ‘greater towards the edge
of the size than at the. centre but this difference may very with the
conductivity of the object in contacu with the disk, The different
form of the time-temperature curve near the beginning of the experiment
is due to the dlf‘ erent time constants of the thermocouples,

1
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.—— - — Corrected equation (11}

© "Res=<€1’ &’.rfcj'l’_)“_l

~— — — Uncorrected equation (10)

Approximate equation {13)

e:sovsﬂas 't

0-4 O-8 {-2 16 20 2-2
T

FIG.4. THEORETICAL RELATION BETWEEN HEAT FLOW AND TIME, UNCORRECTED AND CORRECTED
FOR - INITIAL TEMPERATURE GRADIENT IN SKIN
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