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I IiWRODUCTION 

There has been a oonsiderable increase during the past deoade in the 
quantity of experimental measurements of aerodynamio heat transfer. Unfor- 
tunately, even a oasual inspection of the available results reveals that the 
quality of the measurements does not always reach a high standard, the oonsis- 
tency of the results being much less than is customary in measurements of foroes 
or pressures. This is perhaps understandable beoause heat transfer rates nre 
more diffioult to measure than either foroes or pressures, and the instrumenta- 
tion tends to be more elaborate. Even so, there is no reason why the accuracy 
of measurements could not be improved if the major sources of error are 
thoroughly understood, 

A large number of supersonio wind tunnels are of the intermittent type 
since this type of tunnel is easier and oheaper to build (and to run) than a oon- 
tinuous wind tunnel of the same'siee. The method of heat transfer measurement 
in suoh a tunnel is knovm as the "transient" or "heat-pulse" teohnique and is 
described in this report; the errors involved in the assumptions that have to 
be made if this technique is used are investigated in detail, and methods are 
suggested for correcting or avoiding these errors, 

As this Note is intended to be an introduoticn to the teohnique for those 
meeting it for the first time, a list of definitions of the more important 
quantities is given in Seotion 2 together with oomments upon their physioal 
significance. 

2 DEFINITIONS 

&hen air flows over a body, heat is exchanged between the air and the body 
until thermal equilibrium is established. Rhen this has ooourred, eaoh point on 
the body is at an equilibrium temperature which will vary from point to point. 
In general, a point on the surface of the body that is exposed to the airstream 
will reoeive heat from (or lose it to) the air - the process is known as foroed 
oonveotion or aerodynamic heat transfer. The point will also gain or lose heat 
by conduction from other parts of the body, and by radiation. 

The aeroclynnmioist attempts to foreoast the heat transferred by foroed 
convection, and to express his results as a function of the surface temperature. 
The struotural engineer then uses these results as a boundary oondition in his 
analysis of heat oonduotion within the struoture; he also takes into aocount 
heat transferred by radiation. 

In order to dioouss the subject of nerodynami? heat transfer in general 
terms it is necessary to anticipate one of the definitions given below and to 
oonsider the maximum temperature that each point on the surface of the body would 
reach in the absence of conduction and radiation, This is known as the reoovery 
temperature. It follows that if the temperature of the surface is greater than 
the recovery temperature at any point, heat will be oonveoted to the airstream 
and vice versa. The aerodynamioist, then, has to forecast the reoovery,tempera- 
ture, and the way that the heat transferred by foroed convection varies if the 
surface temperature is different from the reoovery temperature. This he does 
by giving either the heat transfer faotor, or the Stanton number - both of whioh 
are defined below. 
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In the theoretical study of forced convection, it is necessary to define 
e thermal boundary layer. Just as in the familiar boundary layer, the velocity 
grndient normal to the wall is large, so in the thermal boundszy layer the 
temperature gradient normal to the wall is large, The temperature within the 
thermal boundary layer, however, is greeter than that in the external stream, 
and the temperature profile varies considerably with the surfeoe temperature of 
the body. The thickness of the thermsl boundary layer oan be defined, in en 
analogous way to the ordinary boundary layer thickness, as the distance from the 
wall at which the temperature reaches, say, 9% of the value in the external 
stream. The two boundary layers have thicknesses which are of the same order, 
but they are not identioal. 

The following definitions assume that a body is situated in an airstream 
end that heat is being transferred from the air to the body. Alternative names 
for some of the terms are shown in parentheses after the symbols, and where 
possible typicsl values of non-dimensional quantities have been given. It has 
been assumed that temperatures are low enough for the specifio heat of air at 
constant pressure to be constant. If temperatures are greater than about TOO%, 
it is necessary to use enthnlpy instead of temperature in the definitions given 
below. 

2.1 Wall or surface temperature Tw (psrietal temperature) 

is the temperature of the surfaoe of the body in contaat with the airstrenm. 
It is also the temperature of the immediately adjacent air in the boundary layer. 

In general, T, will vary over the surface of the body; its value will 
depend upon the rate at whioh heat is transferred from the air, upon the amount 
of heat conduction within the body, upon the amount of radiation from its 
surface, and upon the history of these quantities from the oommenoement of flow 
over the body. 

2.2 Equilibrium well temperature T_ 

at a point is the value of T, when the body is in thermal equilibrium. 

T, depends upon the same quantities as does Tw. 

2.3 keooverv temperature T, (zero heat transfer wall temperature, adiabatio 
wall temperature) 

is the value of Tw at which there is no eerodynamio heat transfer between 
the body and the air-stream. 

Tr will vary over the surfaoe of the body. It depends only upon the 
aerodynamics and upon the shape of the body. If the wall temperature et any 
point is less than the recovery temperature, heat will flow in from the 
passing air. If a body has been in the sirstream for a long time-and 1s in 
thermal equilibrium, the heat lost by radiation will ensure that Te < Tr, where 
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the hers denote mean values. Locally, Te could exoeed Tr if heet was being 
supplied by conduction from a region with a higher recovery temperature. 

2.4 Recovery factor rT (temperature recovery factor, boundary layer .- 
recovery factor) 

is defined by the equation rT = (Tr - T,)/(To - T,), whore To is the 
stiagnation temperature of the air just outside the local boundary layer. 

T - T, is the temperature rise that would be experienced if the air just 0 
outside the boundary layer were brought to rest isentropioally, whereas Tr - T, 
is the temperature rise that takes plaoe through the boundary layer where the 
air is brought to rest at the surface of the body by a non-isentropio process. 
The recovery faotor is therefore an effioiency factor that takes into aoccunt 
the tissipntion in the boundary layer. It has a value of about 0.85 in laminar 
flow, and 0.9 in turbulent flow. 

By expressing To in terms of the local Mach number (viz.Tc/T, =I+&-?)$ 
an alternative expression for rT can be obtained: T/l!, = 1 t 4 rT(y-1)M,2, 

2.5 Driving temperature T, - TN 

is the differenoe between the recovery temperature at any point on the 
surface of the body and the actual temperature there. It can be positive or 
negative. 

2.6 Heat transfer rate Q 

is the quantity of heat transferred in unit time between the airstream 
and unit area of the body surface by aerodynamio means. It exoludes any heat 
transferred by radiation, and oan be positive or negative. 

2.7 &at transfer factor h (heat transfer coeffiaient) 

at a point on the surface is the heat transfer rate per unit driving 
temperature, It is a dimensional quantity. 

Since Q has the snme sign as Tr - Tw, the heat transfer factor is 
always positive and, paradoxically, can have a finite value even when no heat 
is being transferred sinoe the ratio remains finite as T - T + 0. It is often 
assumed to be independent of T w, although it in fact varies w?th (Tw/Tr)n, where 
n lies between 0 and $-; it also varies slightly with Mach number. The equation 
Q = h (Tr - T,) is in effect a statement of Newton's Cooling Law. 

2.8 Stanton number St (heat transfer ooeffioient, nombre de Margoulis) 

is defined by the equation St = h/p U c 1 1 p' where P,' , u and 0 are 
P 

respeotively the density, velocity, and specific heat of the air just outside 
of the boun&?ry layer passing the point in question. 
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The Stanton number is the non-dimensional form of the heat transfer 
factor. It CM be thought of as the ratio between Q, the amount of heat 
actually transferred to the body, and p, u, op (Tr - Tw), whiah oan be oon- 
sidered as the quantity of heat in the passing airstream that is available for 
transfer. In other words, it is a sort of effioienoy factor. Values are 
typically of the order 10-3. 

2.9 Nusselt number Nu 

is defined by Nu = M/k, where k is the thermal conduotivity of the air, 
and 8 is a oharacteristio length, It is non-dimensional. 

If 4 is taken as the looal boundary layer thiokness 6, we oan obtain 

Q = Nu6 k(T, - Tw)/b. 

Thus the Nusselt number would be unity if the heat transfer across the boundary 
layer were entirely by oonduotion. One oould also say that k(T, - T,)/Q is a 
measure of the local thermal boundary layer thiokness, and that the Nusselt 
number is the characteristic length divided by this thickness. 

3 THE TRANSIENT TXHNIOUE 

Models are made with a thin metallic skin - the insides are usually left 
empty (i.e. filled with air at low pressure during a test). In an experiment, 
a model is exposed suddenly to the tunnel airstream and the skin temperature 
recorded as a funotion of time at several points on the model. 

If the skin is of oonstant thiokness, if the 
it is negligible, if no heat is transferred to the 
If there is no hent conduoted along the surfaoe of 
shown (Appendix 1) that 

dT 
Q = pdc$, 

temperature gradient through 
interior of the model, and 
the model, then it oan be 

(1) 

where p, d, and c are respectively the density, thi,okness and speoifio heat of 
the skin of the model, Of the four assumptions made in deriving (I), two are 
almost invariably justified: the model oan be made with the skin thickness 
controlled to very close tolerances, and air is such a poor heat condurtor 
(especially at low pressure) that heat transfer 530 the interior of the model 
can safely be ignored. The corrections involved if the other assumptions are 
not valid are discussed belaw. 

3.1 Correction for thick skins 

It is difficult to measure the temperature of the model skin except at 
the inner surface, and we will denote by Qt s the heat transfer rate obtained . . 
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from measurements there using the thin skin approximation. If T is the tempera- 
ture at distance x from the inner surface of a thick akin, we have 

Qt.s. = p c d (aT/at),,O . 

The heat transfer rate aoross the outer surfaoe of the skin in 

. 

Q = k (aT/adx,,, 9 (3) 

where k is the thermal conductivity of the model, 

and we oan define a 'thick skin correction fnotor' F, where Q = F.Q, s . From 
(2) and (3) we have . . 

The non-dimensional parameters h(= ha/k) and Kt have been introduoed, where 
K = h/pod, for oonvenienoe in subsequent expressions. 

The temperature distribution through a homogeneous flat slab of thickness 
d that is heated by foroed aonveotion (with constant h and. Tr) is given in 
Ref.1 p.100 

T-T 

Tr -4 = '- 

008 (p, x/d) 

a + p;, 00s p, 
exp (- Pi Kt/a) , (5) 

where Ta ~~,~$,$$$i%~Il tempesattie ofdhe slab and the 'p, are the roots of 
p tan p = a. - %-"' For,very SrnsU'~vs@s'of~K$ this-does not converge very rapidly, 

_ and it is better-to use an npp&i.mate soiu;tion given in Ref.1 p.252 

T-T 
3 = erfo (*)+erfo (J-4&$)-erfo (GiZ+$$$sxp [h(l-x/clj+LKt] 
Tr-T* 

-erfo 
( 
GiZ+J-&+ 

> 
exp [h(l+ x/d) t MR] . (6) 

-e- 



From (4) and (5) we can derive 

(7) 

and for very small values of Kt, using (4) and (6), we have 

F = (erfc GE+ - erfc (vZ% + \/i; t exp 2h exp AKt 
& exp (- A/4Kt)- X exp (h + AKt) erfo (6% + $ \/hKt) ' 

(8) 

Values of F have been computed for a range of values of h and are shown in Fig.1. 
It will be seen that the correction factor can be very large for small values of 
Kt, but that it rapidly decays to a constant value less than unity for large Xt. 
In other words, for a short time after the c6.r has started to flow over the 
model the temperature of the inner surface will not deviate from its initial 
value, and F will be infinitely large, However, onoe the temperature of the 
inner surface has started to rise, the temperature difference between the outer 
and inner surfaces will fall. It follows that the rate of change of temperature 
nith time at any instant will have its maximum value at the inner face, so that 
heat transfer rates derived from temperature-time derivatives at the inner face 
will be over-estimates. 

For each curve in Fig.1 there is a minimum value of Kt, denoted by (Kt)*, 
such that F is constant (= F*) for Kt > (Kt)*. Providing that measurements are 
made for Kt > (Kt)" it is easy to correct values of heat transfer rates obtained 
by the thin skin approximation for the effects of skin thickness, because the 
correction factor is then a function of h only. A graph of (Kt)* as a function 
of Ir is shown in Fig.2, and it will be seen that for all h, h > (Kt)*. The 
method of making measurements whioh immediately suggests itself is to take 
Kt = h, as this ensures that Kt > (Kt)*. If we put t* = h/K it is then possible 
to eliminate h and obtain 
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where IC (= ~/PO) is the thermal diffusivity of the model, and t* is the 
earliest time after flow is established over the model at whioh measurements 
should be made. For a copper model with a skin thiokness of 2 mm t* would be 
0.034 seconds; for a stainless steel model with a skin thiokness of 1 mm t* 
would be 0.24 seoonds. 

If Kt 2 
so small that 

P3 > P, etc.1 

X, the seaond and subsequent terms in th$ two series in (7) are 
they can be negleoted (this is beoause p2 s IO for all A, and 
ma 80 (7) reduoes to 

F* 
sin p, 

=-. 
PI 

(10) 

In order to evaluate the heat transfer faotor h, it is necessary to allow 
for the fact that the temperature measured on the inside of the skin (T ) is not 
the same as the surface temperature T,. If ht s is the heat transfer h- aotor . . 
obtained by measurements on the inside of the skin at time t*, 

Qt.,. 
ht.s, = Tr - T; ' 

We oan now define a correction factor F,, suoh that 

and therefore 

(12) 

(13) 

From (5) and (lj), end taking the first terms only of the series as before, 
we obtain 

Fl 
= se0 p, . (14) 

And from (IO), (12) and (14) we oan obtain 
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h = 
tan 8, 

-  l ht.s. l 
PI 

(45) 

If h is small, p, is small, and tan p, oan be expanded to give 

2 
h = PI l+j+L~4+,..... 

15 1 1 ht.s. 
and we can also mske the approximation p: = ?. and obtain 

h= I+& c 3 + +x2 + . . . . 3 ht.s. * 

(16) 

In Fig.3, a graph of 
tan P, 
-is given as a function of h, with the straight 

line I + h 
91 

3 derived from the first two terms of' (17) shown as well. It will be 
seen that the approximation is sufficiently accurate for all except large values 
of X. If (15) or (17) is used to correct values of h t s it would be possible 

to use the corrected value of h to obtain a new value if*'h (= ha/k) and hence 
an even more correct value for h; 

c 2 
h = I+++++.... 

3 ht,s. (18) 

so that providing X 2 oan be negleoted, this refinement is not necessary. 

3.2 Wfeot of heat conduction 

If the requirement oonoerning no heat conduction along the surface of the 
model is removed, equation (1) no longer applies. 
of revolution (Appendix 1) 

Instead, we have for a body 

Q = pod$-kd (19) 
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where 3 is the distance along the surface from the nose of the model, and r is 
the radius. For models that are not bodies of revolution the equation for Q 
will in general be impossibly aomplicated. 

It i 
evaluate a 4 

obviously easier to use (1) than to u3e (19). In addition, to 
/as* it is necessary to provide several equally 3p0Oa measuring 

points in a straight line. This could be inconvenient, and sinoe (19) does not 
apply when the model is at incidence to the airstream it is best to arrange the 
experiment 30 that heat conduction slang the surfaoe is negligible. This is 
done by ohoosing 8 model material suoh that t* is small. Measurements are made 
at t = t*, and if t* is small enough the model will not have heated up suffi- 
ciently for heat oonduotion to be present to any marked extent. 

An approximate solution of (19) is given by Conti in Ref.2. He oonsiders 
several different bodies, and disousses in particular the problem of high heating 
rates near the noses of bodies. George and Reineohe, in Ref.3, estimate the 
effeot on wall temperature of conduction along a thermally thin skin. 

4 FODS OF TESTING 

There are three ways of exposing the model suddenly to the airflow: the 
tunnel can be started very quickly, the model can be oovered with shield.3 that 
are removed uhen the tunnel flow is established, or the airflow oan be established 
in an otherwise empty tunnel and the model rapidly brought into the working 
seotion. 

If the tunnel can be started quiokly it is usual to make use of this pro- 
perty. There are, however, some disadvantages. The most serious is that just 
after starting the temperature response in the working section is often much 
more sluggish than the pressure response. In partiaular, if the air has to be 
heated in order to avoid liquefaction in the working se&ion then the pipework 
between the heater and the working seation will absorb heat from the airstream. 
This onn mean that for a short time after flow is established the air in the 
working seotion will be below liquefaotion temperature. The resulting heat 
transfer rate, whioh depends upon Reynolds number (whioh in turn varies with 
temperature) will then vary in a way which defies analysis. This difficulty 
has been successfully avoided in some instanoes by having a ohangeover valve 
just upstream of the tunnel throat: the flow run3 through a pipe by-passing the 
working seotion until everything has warmed up, and then the changeover valve is 
operated, The praotioe of making measurements at a time after flow has started 
when the stagnation temperature has risen to a more or less steady value is not 
to be recommended beoause heat conduction will then have to be taken into 
aooount. 

In many tunnels the above difficulties are avoided by enolosing the 
model by a pair of shield3 before a run - often incorporating heating or aooling 
in the shields in order to vary the driving temperature. The shields are 
retraoted very quiokly as soon as the stagnation temperature has oeased to rise. 
This is probably the most widely used method at the present time. 

A variant of this teohnique has been used in the helium hypersonio tunnel 
at Princeton. A small hand-press is used to press powdered solid oarbon dioxide 
into a ooniool shield that fits over the model. While this 0001s the model, a 
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second shield is made. Vtien the first shield has almost disappeared - having 
oooled the model - the second one is plaoed over the model, the working seotion 
OlOSed, Md the tunnel Started. The shield very soon disintegrates, exposing 
the model to the airflow. Although the shield usually disintegrates so suddenly 
that all of the model is exposed to the flow at substantially the same time, 
wires can be embedded in the shield during its manufacture and be subsequently 
pulled to enf'oroe oomplete disintegration. 

The rapid projection of a model into a working section in which flow is 
already established presents some engineering problems; in particular, it is 
neoessary to ensure that the rapid acceleration and deaeleration of the model 
do not damage or dislodge any instruments mounted within it. The disadvantages 
are sufficient for the method to be used oomparatively rarely for heat transfer 
measurements. 

5 ACCURACYOF MELASDRSMENT 

In order to obtain a value for Q, it is neoessary to measure p, o, d, and 
aT/at. Since Q is the product of these quantities, the overall &oouraoy is 
determined by the least accurate of the measurements - an elementary fact that 
is sometimes overlooked. In addition, any variation in d will affect the aoouraoy 
of the results. Since it is neoessary to make measurements as soon as possible 
afterthe start of the flow, t*(= d*/n) has to be small. However, if d is made 
too small, small absolute variations in d can mean large peroentage variations, . 
with corresponding loss of aoouracy. It is therefore advisable to make the 
model from a material with a high value of K - and of the available materials 
copper seems to be the best. If results of high acouraoy are required it may . 
even be advisable to out the model open after the experiments are finished and 
to measure the looal skin thickness at the points where the measuring instru- 
ments are situated. 

The density and specifio heat oan be measured at leisure before the aero- 
dynamic experiment takes place, using samples of the material from whioh the 
model has been made. Previous measurements of these properties are not neoes- 
s‘arily reliable - the aotual values oan vary quite aonsiderably from batch to 
batoh of nominally identical materials. 

It is not necessary to measure thermal oonduotivity to the same aCoUraoy 
beoause it only affects the correotion terms, which are (or should be) only a 
few percent of the total. Indeed, published values are probably sufficiently 
aoourate for most experiments. 

Sinoe aT/dt has to be obtained from numerioal differentiation, which leads ' 
to a decrease in the aocuraoy of the results - the error in aT/at is about 
double that in either T or t - the temperature and the time have to be recorded 
more accurately than the other quantities, 

6 INSTRUMENPATIOM OF MODELS 

Skin temperature is easily measured with thermocouples attaohed to the 
inside of the model. Sinoe effects of skin thickness oan be allowed for, there 
is no need to attempt to place the thermocouple bead near the outer surface by 
drilling through from the back. In fact, the disturbanae to the model skin could 
cause the local temperature to deviate from its undisturbed value. 
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In the author's experience, spot welding of the thermocouples on to the 
skin produces the most consistent results because the model skin is almost un- 
disturbed. Providing the work is done with ooze, the mechanical strength of 
the weld will be sufficient to avoid accidental disturbanoe. A circuit of a 
spot vielder is shol-in in Fig.4 and the method of operation described in 
Appendix 2. I 

It is always advisable to oalibrcte the thermocouples after they have been 
fixed to the model. This oan conveniently be done by immersing the model in a 
heated oil bath and using either a oalibrated mercury-in-glass thermometer or a 
platinum resistance thermometer as referenoe. 

It is beyond the soope of this report to disouss methods of recording the 
millivolt output of the thermocouples. 

6.1 Size of thermooouole wires 

If the diameter of a thermocouple wire is large, or if it is a good heat 
conductor, it will measure a lower temperature than would have existed in its 
absence. On the other hand, small diameter wires are difficult to attach to 
the model and are easily broken, It is therefore desirable to use a tire with 
as large a diameter ns possible without causing a surface temperature depression 
of more than (say) I$. As far as the author is aware, no systematio investiga- 
tion of this problem has been published. A rough and ready rule, based on an 
incomplete experimental investigation, is to use wires of diameter less than 
2% of the model skin thickness, and to avoid copper as a thermooouple material 
because of its high thermal conductivity. 

7 MEASUREMEW OF RECOVERY TEMPFIUTURE 

Sinoe the m.aximum running time of an intermittent wind tunnel is rarely 
long enough for a normal model to reach reoovery temperature, this quantity has 
to be measured separately from the other temperatures. One method is to make a 
seoond model having the same shape as the first, but with an extremely thin 
metallic skin sometimes mounted on an insulator. The temperature of the skin is 
recorded as a function of time, and should reaoh equilibrium before the tunnel 
flow has to be stopped. If the reoovery temperature is high it will be neaessary 
to take radiation losses into aooount. If the emissivity of the model is E, and 
u is the Stefan-Boltsmann Constant, 

Q net = h(T, - Tw, - sbT; 

wtme Qnet is the total inward heat flow. If the model is in thermal equili- 
brium for T, = Te, Q,, = 0 and we oan obtnin from (20) 

Tr = Te + y Tt . (21) 
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The value of h used In (21) will have to be obtained by assuming that Tr = Te 
in its derivation, which should be sufficiently aocurate in nearly all 
experiments. 

No allowanoe has been made for radiant heating of the model from the hot 
walls of the tunnel, because the amount of heat received in this way is likely 
to be small - the working section walls in most wind tunnels heat up so slowly 
in comparison with the model that the heat radiated from them is negligible. 
Conduction errors and their corrections are discussed in detail in Ref.3. 

8 CONCLUSIONS 

A detailed analysis of the transient technique for measurement of aero- 
dynamic heat transfer has shown that effects of skin thickness can be taken into 
acoount if measurements are made after a short time determined by the skin 
thiokness and the properties of the material from whioh the model is made. 

In order to obtain accurate results and to minimise errors due to oonduo- 
tion within the model, it is recommended that the model be made from a material 
with a high value of thermal diff'usivity, and of the available materials copper 
seems to be the best. 

Measurements of recovery temperature present the most diffioulty, but the 
use of a separate model is usually sufficient to ensure accurate measurements. 
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LIST OF SYh53OLS 

speoifio heat 

thickness of model skin 

correction factor defined in 3.1 

value of F when Kt 3 (Kt)* 

defined by (12) in 3.1 

heat transfer factor (see 2.7) 

defined by (II) in 3.1 

h/p od 

value of Kt defined in 3.1 

thermal conductivity of model (except in 2.9) 

Maoh number just outside of the boundary layer 

Nusselt number (see 2.9) 
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SYMBOLS (Contd) 

Q 

Qt.,. 
r 
rT 
St 
8 

Ta 
T* 
Ti 
Tr 
Tr 
Tw 
TG 
T 0 

T1 

t 

t* 

x 

4l 
Y 

E 

K 

'h 

P 

u 

heat transfer rate (see 2.6) 

defined by (2) in 3.1 

rad.ius of the model 

recovery factor (see 2.4) 

Stanton number (see 2.8) 

distanoe from nose of model, measured along the surfaoe 

model temperature before air flow starts 

equilibrium temperature (see 2.2) 

temperature of the inside of the model skin 

value of Ti when t = t* 

recovery temperature (see 2.3) 

w,all temperature (see 2.1) 

vnlue of Tw when t = t* 

stagnation temperature just outside the boundary layer 

temperature of air just outside the boundary layer 

time, measured from the start of flow over the model 

d'/x 

distance through the mcdel skin, measured from the inner surface 

positive roots of p tan p = X 

ratio of the speoifio heats of air 

emissivity of model surfaoe 

thermal diffusivity of model = k/pr 

hd/k 

density of model skin 

Stefan-Boltamann constant 

. 
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AFTENDLX 1 

(i) Consider a small element of skin area 
A with heat being transferred to it. 
In time 6t the heat input is QA 6t. 
If the temperature rise is 6T, then 

QA bt = Adpc6Tw 

where d is the thiokness, o the specifio heat, 

dT 
As & .+ 0, we get Q = pod -$ . 

end p the density of the skin. 

(ii) Consider a thin-walled body of revolution at zero in3idenae to an air- 
stream, so that there is no heat flow round a section normal to the axis. 

Distanoe s is measured along the surfnoe 
from the nose, and we consider a smali 
element ds bounded by normals to the 
surface. 
The heat flow into the element from the 
air per unit time is Q 2nr&. 
The heat oonduoted into the element per 
unit time is -k2xr d . aT/as, where k 
is the the:mal oonduotivity of the wall 
and d its thiokness. 
The heat oonduoted away from the element is -k2x(r+ 6r) d. g/as (T, + 6Tw), 
where (Tw + S'p,,) is the temperature of the right hand end of the element, and r 
the radius of the cross-section normal to the axis. 

If the element experiences a temperature rise of AT in time At, 

2xr.6s.pdo.AT = Q.2xr6s.At-2xdk 
c 

(r+br)$(T+6T)-rg At, 
3 

where p and o are the density and speoifio heat of the wall material. 

In the limit, as At + 0 and &s, 6r, and 6T + 0 we get 

Q = pod +$ - M + $3 .g] . 
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APPENDIX2 

OPERATION OF A THERMOCOUPLE WELDW. 

The oirouit of a thermooouple welder, used in the R.A.E. for welding 
thermooouples to wind-tunnel models is shown in Fig.4. In use, the instrument 
is switohed on, whereupon the oapaoitor C2 beoomes charged. The model is oon- 
neoted to one of the output terminals and the other terminal is connected to a 
thermooouple wire. The wire is held with its end touohing the model, and the 
foot switch operated. The oapaoitor C2 disoharges, welding the wire to the 
model, A thermooouple is formed by welding two wires on to the model as oloss 
together as possible. 

The oorreot operating voltage is ohosen by trial and error by altering the 
variable resistor R 4, and if neoessary the ourrent oante oontrolled by means 

of R6. If the wires to be welded are small, it has been found that the stronges, 
welds were obtained when the oonneoting lea5 from the welder was attaohed to the 
thermocouple wire close to the end to be welded. An easy way to attach the lead 
to the tire is to fit a spring olip (orooodile olip) to the end of the lead and 
to hold the wire with it. It is advisable to oover the jaws of the olip with 
solder, which is soft and so the d.re is not damaged when it is gripped by the 
clip. 
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Printed in Gnglrmd for Her Majesty’s Statmery Offrce by 
the Royal Aircraft Esstabldmnt, Pwnbomu~h. U.P.BO.KU. 





FIG. I. VARIATION OF THICK SKIN CORRECTION FACTOR 
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FIG4. THERMOCOUPLE WELDER CIRCUIT. 
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