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Experimental Verification of a Technique for
A. J. White Use in Hostile EnvironmentsSenior Blade Cooling Research Engineer

Rolls-Royce Ltd.,
Derby, England 	 A method of determining local convective heat transfer coefficients around in-

ternally cooled components in a hostile flow environment is described. The method
involves the measurement of the response of the wall temperature to perturbations
in the coolant flow. A companion paper includes results obtained in cascades of
turbine aerofoils using refined versions of the method.

NOMENCLATURE 	 n co-ordinate along outward facing
normal to outer surface of test aero-

A amplitude ratio between wall and input foil, Fig. 	 1
temperature modulation, Eqs. 	 (6),(10)

P function of local geometry and condi-

A w , B 	 , C 0 	constants in temperature profile tions, 	 Eq. 	 (19)
through wall, both approximated,
Eq. 	 (18) and analytic, Eqs. 	 (21), 	 (22)	 p index in Eqs. (13)

Cp specific heat of test aerofoil mater- 	 Q function of local geometry and condi-
ial tions, 	 Eq.	 (19)

D thickness of test aerofoil wall 	 R radius of curvature of outer surface
of aerofoil

e unit vector normal to inner surface
n

	

of aerofoil wall, Eq. 	 Fig. 1	 Re

	

q. 	 (3)^ 	 g• cylinderReynolds number based on cy	 y
diameter

F local (complex) amplitude of wall
temperature within wall, Eqs. (16), 	 S co-ordinate measured along outer sur-
(18), 	 (21), 	 (22) face, Fig.	 1

f scaling factor on A, Eqs. 	 (11), 	 (12) 	 T temperature
c,g

h convective heat transfer coefficient 	 t time

i Zm complex amplitude of m th harmonic of
wall 	 temperature, 	 Eqs. 	 (13), 	 (14), 	 (15)

k thermal conductivity of wall material
Po = 1, 	 p	 0; = 0 , 	 p = 0, 	 Eq. 	( 1 3)

m index in Eqs. 	 (13), 	 (14), 	 (15)
s po Kronecker delta, = 1, p = 0; = 0

Nu Nus:relt number based on cylinder otherwise, Eq. 	 (13)
diameter

e angular distance from stagnation point,
Figs. 	 6, 7

density of aerofoil material

phase lag between wall and input
temperature modulation
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V	 phase shift between coolant (gas)
c, g	 temperature and heat transfer coef-

ficient

angular frequency of component of wall
temperature, Eq. (15)

fundamental angular frequency of input
coolant or gas temperature modulation

SUBSCRIPTS

denotes conditions at break-point
frequency of first order response,
Eq. (9)

coolant side, i.e. interior of aero-
foil

-D	 evaluated at n = -D, i.e. on inner
surface. See Eq. (4) for example

gas side, i.e. exterior to aerofoil

SUPERSCRIPTS/OVERBARS

/'. 	 averaged over wall thickness

time averaged value

time dependent part amplitude

INTRODUCTION

Problem Considered
The high pressure turbine in the core of a modern

turbofan aero engine is powered by a gas stream having
a relative total temperature in the region of 1,500K.
Though the blades are manufactured from high strength
superalloys, this temperature is substantially above
the blade metal melting point. It is essential that
the blades be designed to survive this environment
without appreciable creep, corrosion, or thermal
fatigue for several thousand flight cycles, if the
stringent requirements of the airline operator are to
be met. One of the fundamental requirements for the
design of cooling systems to achieve these objectives
is a knowledge of the heat transfer coefficient dis-
tribution about the aerofoil in the engine environment.
An accurate measure of the heat transfer coefficient
distribution, early in the design stage of a blade is
a valuable means of getting the design right first
time and so reducing costly and time consuming develop-
ment.

The objective of the work presented in this paper
is the development of a simple means of determining
the external heat transfer coefficient on a turbine
aerofoil at a stage in the design process at which
the basic aerodynamic features have been determined
but the cooling geometry remains unspecified.

Previous Work
Previous studies of the measurement of heat

transfer in hostile environments include those of
Michard (1), Lander et al (2), and Huff (). In all
of these studies the influence of a perturbation in
the experimental conditions on the temperature of a
thin wall is used to deduce the heat flux through the
wall. Michard (fl studied heat transfer to turbine
aerofoils in cascade, perturbing conditions by a step
change in the mainstream gas temperature. Difficulties
were encountered in the interpretation of the results
since the change in condition resulted in the movement

of the location of laminar - turbulent transition on
the aerofoils. In the work of Lander et al (2) the
perturbation was achieved by shuttling a cascade of
aerofoils from a cold environment into the hot gas
stream. At the temperatures and pressures of interest
in the present work such a technique poses consider-
able difficulties in sealing to isolate the hot and
cold environments. Huff (j) studied the heat trans-
fer to a rocket nozzle by imposing a simple harmonic
perturbation on the gas stream temperature. A similar
approach has been used in the present study, the tech-
nique being extended and modified in its application
to the measurement of heat flux to turbine aerofoils.

Outline of the Paper
In the following section the basic theory of the

method is developed, together with analyses of the
effects of departures from the assumptions underlying
the basic principle. The paper concludes by an illus-
tration of the application of the technique to the
measurement of the heat transfer to a cylinder in
cross flow and discussion of the results obtained in
comparison with other published data.

PRINCIPLE OF METHOD AND THEORETICAL CONSIDERATIONS

The method of measuring heat transfer coefficients
described here requires the manufacture of a special
test aerofoil in the form of a thin hollow shell
having the correct external profile. The aerofoil is
made from a suitable high temperature alloy in order
to withstand temperatures and pressures near to those
of the engine environment. It is set up in cascade
in a tunnel used normally for the development testing
of engine components, and is provided with an indepen-
dent cooling air feed to its hollow interior. Thermo-
couples record the gas temperature (Tg) external to
the test aerofoil and the coolant temperature (To ) at
several points inside it. The temperatures in the wall
of the test piece are recorded by buried thermocouples
at various locations around the perimeter.

The essential aim of the experiment is then to
determine the time response of the wall temperature to
a controlled variation of Tc (or possibly T g) from
which the external convective heat transfer coefficient
(hg) and the internal coefficient (hc ) may be deduced.

We shall consider only periodic imposed tempera-
ture variations, in particular simple sinusoidal
variation containing a single harmonic (SH) and a
periodically repeated train of random square pulses
(HP) containing many harmonics. In order to explain
how the response of the test component wall temperature
to these modulations can be used to deduce hg, ho , and
furthermore to elucidate the various limitations of
the method a considerable amount of theoretical analy-
sis has been done in parallel with the experimental
development. We now present certain salient features
of these analyses.

To begin with we define a suitable co-ordinate
system, Fig. 1, such that 'S' is directed along the
external surface of the aerofoil and 'n' along the
outward facing normal to the surface.

If we neglect, for simplicity, the variation with
temperature of the properties of the aerofoil wall, then
the equatibn of heat conduction within the wall may be
written;

^^^ ^) ea + ^ (Ca•.') ate'  	 (R+) c (1)

the solution of which is subject to convective boundary
conditions at n = 0 and n = -D, thus
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Fig. 1 Schematic of test aerofoil and co-ordinate
system.

h9 (-r— r) = k
	 ; all S, t; n = 0 (2)

an.
.L—r-_-^> 	 kOT.e,. ; all S,t,n=-D (3)

where en is a unit vector normal to the interior sur-
face oTthe aerofoil as shown in Fig. 1. A heat
balance equation may be derived by integrating Eq. (1)
between n = -D and n = 0, making use of the boundary
conditions.

In the general case the result is very cumbersome
because of lengthy terms involving the S-derivatives
of R and D. Rather than obscure the essentials we
state only a simplified version of the heat balance
equation appropriate to slow variations of R,D along
the wall. Thus we have

 0

y P ^P a 	- (R r ) d.h

(4)

We shall return to Eq.(4)later. For the moment,
however, we shall make further simplifications in
order to facilitate illustration of the basic princi-
ples. If we suppose the wall to be very thin, so that
D«R, and furthermore neglect the temperature varia-
tion through the wall so that T, To , T_D , in Eq. (4)
may all be replaced by a mean value T then Eq. (4)
reduces to;

IcD a' i (k g1—(Ic pCPW-r
a s t (5)

Let us now consider the case where the variation
with 'S' of hg, he is sufficiently slow that, in con-
junction with the previously assumed thin wall, we
are justified in neglecting S-wise conduction and thus
the first term in Eq. (5). Suppose now that the cool-
ant temperature To is modulated sinusoidally with time
at an angular frequency 'ca'. For mathematical conve-
nience we express this in complex notation as

T. = T +Te

The solution for the mean wall temperature will
be of the form;

^/V

T-T+ RTT e-
Substituting in Eq. (5), we find that the amplitude
ratio A is given by;

A:: (6)
(k + yx ^ P p 	(6)

^ h + w c D

and the phase lag 0 by;

ta►^ - 	
k + t^D 	

(7)

Furthermore the steady component T is given by;

The essence of the experimental meth od is thus to
measure the unmodulated wall temperature T and then
the amplitude ratio A and phase lag 0 over a range of
frequencies. The frequency response of A, 0 should be
fitted to the standard first-order response suggested
by Eqs. (6) and (7) as shown in Fig. 2. The so-called
'break-point' frequency at which 0 = 45 o and the amp-
litude is 3 db down on the low frequency limit is then

0.1 	 1.0 	 w/W b --► 	 100.0

AMPLI
(dB

0	0.1	 w^wb	 10.0 	 100.0

PHASE LAG
(DEG)

Fig. 2 Wall temperature frequency response defined by
the simple theory.
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related to hg, he by;

wb =	 h^ + ►, 	 (9)
pcD

Measurement thus gives us two values of t..)b (from
amplitude or phase data) either of which may be used
to set up Eq. (9) which is solved together with Eq.
(8) to yield the required h , hc , the other quantities
appearing being straightforwardly determined.

In reality not all the simplifications made in
arriving at equations (5) to (9) will be justified in
every experiment, so that we must now examine these
approximations to see which are essential to the
method and which can be calibrated out or rendered
inessential by sophisticating the procedure for analy-
sing the experimental frequency response to yield hg,
hc .

To begin with, it is difficult to imagine any
practical method of modulating the coolant (or gas)
temperature without simultaneously modulating the
corresponding heat transfer coefficient. Varying the
fluid temperature varies the Reynolds number charac-
terising the flow. In addition practical methods of
modulating the temperature may involve more gross flow
modifications - for example, in the experiments to be
described in this and a companion paper, coolant temp-
erature is modulated by the controlled addition of a
cold gas to the primary coolant flow thereby affecting
the mass flow rate. A simple estimate of the effect
of this modulation may be obtained by a slight elabor-
ation of the treatment leading to equations (6), (7).
If we supplement the assumed imposed modulation of Tc
with a concomitant variation of hc we set

quency 'W' and close to an exact multiple of t, that
is to say the heat transfer coefficient modulation will
be approximately in phase or antiphase with the temp-
erature. Elementary analysis based on standard turbu-
lent pipe flow correlations and power law fluid proper-
ty temperature dependences show that for the coolant
flow modulated by controlled addition of cold gas
Oc = iT. Since T 7 Tc we see that fc given by Eq.
(11) is always real and greater than unity. This
implies that the effect of the modulation of h e in this
case is to enhance the measured wall temperature ampli-
tude but to leave the frequency dependence given by
Eqs. (6) and (7) unaffected. At frequencies character-
istic of the wall thermal response, the gas and coolant
flows may safely be assumed to respond in a quasi-
steady manner, so we need not postulate any frequency
dependence for hg or c. It is essential, however,
that the coolant feed pipework be kept short, other-
wise its thermal response introduces spurious phase
lags and frequency dependences. In case of hot gas
modulation the dominant effect is the variation of
Reynolds number with temperature, which affects h g
somewhat differently depending on the local flow regime.
Again a simple analysis indicates that modulation of
Tg in laminar flow leads to

T4i9 .2 p. 15 	 . with øg = 0

y^ 	 T

whilst in fully turbulent flow

N	 N

0- 2 . Ta with 0g =m
h 	 T

p1-) 	 i (,.z	 16

n
Substituting this and the previously assumed T c , T
variations into the simplified heat balance Eq. (5)
(again neglecting S-derivatives) and retaining only
first order terms in To , h we find the complex ampli-
tude ratio of the wall to coolant temperatures to be:

N

^

h^ ^- 

—
	 +^ 	 h_c- e^^ T̂ --r (10)

Ae ¢ -L< <	T

Thus the effect of modulating the coolant heat trans-
fer coefficient is to multiply the complex amplitude
by the factor in square brackets in Eq. (10) i.e.

k.	 -i—
An exactly parallel treatment for the case when

Tg, hg are modulated rather than Tc, he leads to a
first order multiplication factor;

+ 9 e . T —T (12)

To first order the steady wall temperature T is unaf-
fected in both cases and is given by Eq. (8). Now the
modulations of he or hg are produced by the same agen-
cies as those modulating the corresponding temperatures,
so we may expect the relative phases of the modulations
Oc, Og to be reasonably independent of the basic fre-

In transitional regions the amplitude of modulation
of hg may be very large (200-400%) and certainly 0g =
-r . Thus we see from Eq. (12) that away from the
(usually small) region where laminar flow prevails, we
may expect fg to be less than unity so that the measur-
ed wall temperature amplitude will be depressed, per-
haps very strongly in the region of laminar-turbulent
transition.

So far we have considered only first-order effects
of modulating the heat transfer coefficients. It is
clear from Eq. (5) however that, for example, the com-
bined effects of h , Tc will provide a second order
term at twice the tasic frequency in the coolant side
wall heat flux. This must produce a corresponding
harmonic in the wall temperature oscillation - itself
combining with the modulated hc to produce yet higher
harmonics. Thus even a single harmonic (SH) input
modulation will produce all higher harmonics in the
measured wall temperature variation. This matters
little for SH input, since all harmonics other than
the fundamental are filtered out in the analysis pro-
cedure.

Unfortunately, the use of SH modulation to build
up the wall temperature frequency response involves
separate runs of the tunnel for each of a range of
frequencies and is thus costly in time and resources.

For this reason use is increasingly made of ran-
dom pulse (RP) modulation in which the input modulation
contains a whole range of harmonics simultaneously, so
that a single tunnel run only is required to establish
a frequency response. Analysis is carried out by com-
paring Fourier transforms of the coolant and wall ther-
mocouple signals. The advantage of this approach in
reducing testing time is slightly countered by having
to measure smaller amplitudes in each harmonic since
the available total temperature variation is no longer
concentrated in a single harmonic. A further complexity
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arises from the higher harmonics generated by the mod-
ulated heat transfer coefficients as described above,
which cannot be filtered out in the RP method and, if
significant, would swamp the basic first-order fre-
quency response on which the method depends.

The latter possibility has been investigated by
generalising the thin-wall analysis based on the trun-
cated equation (5) still further to include a general
periodic input modulation. We summarise below the
theory for a general coolant flow modulation.

The case of modulated gas temperature can, of
course, be obtained simply by reversing the subscripts
c, g in the expressions which follow. We proceed by
writing Tc , he and T as Fourier series of complex har-
monics of some fundamental angular frequency t.3
Thus:

P= ^

P= - °c

R c —

1pt
R p C.

A
co

= Z	 , p
 `mot

P

where for any physically significant real variation
Tp = Zf and so on. Substituting the Fourier series
in Eq. (5) and rearranging, the complex amplitude of
the wall temperature mth harmonic is obtained as

po.o

z	 I,%TQ Orno + 	 k CTw,-p— ^p--Z

in which ho is the steady component of hc. 	
(13)

In the special case where he is unvarying, then
only ho is non-zero and Eq. (13) specialises to;

-z = 	k	 4- h.0 T.,,
+ •n 0pCb

The steady state wall temperature is then given by;

numerically to simulate an application of the RP method,
so that the possible effects of the modulation in he
could be estimated. The numerical method was set up
for the following conditions:

p = 8500 kg/m 3

Cp = 0.622 KJ/kg/K

D	 = 0.001 m

hg = 6 KW/m 2/K, ho = 2 KW/m2/K

Tg = 1500 K, To = 678 K

The input modulation was taken as a series of pulses
repeated with a fundamental frequency of 0.05 Hz. The
basic input coolant temperature variation is shown as
the solid line in Fig. 3. This is approximated in the
simulation by the sum of the first 20 Fourier harmonics,
shown dotted on Fig. 3. The corresponding modulation
of he is taken as identical in form. Because of the
limited number of pulses in the train the frequency
spectrum shown on Fig. 4 is rather peaky. A true RP
signal would consist of a much larger and more random
series of pulses and consequently have a smoother
frequency spectrum.

The computer program then calculated the ampli-
tudes and phases of the first 25 harmonics of the wall
temperature. Of course, the output amplitudes in har-
monics higher than the 20th are produced entirely by
the coupling terms since there is no input at these
frequencies to contribute directly. The amplitude and

WO

Fig. 3 Assumed form of input temperature variation.
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zo — h9 T + hoT 	
(14)

h 9 + do 	
20

and the amplitude ratio and relative phase lag of the
harmonic at frequencyJL =rn(D is given by;

10

Z ,,,^ 	 _	 Ito 	 5

T^^	 ( b -- ►, 0̂ 2 +CQ p ^r "J 	 Tc (K)

/ 	 (15)

= tan / f P CP b
\\ k9 ^- ho/f

which are essentially Eqs. (6) and (7).
In the general case when h e is modulated, the 	 Fig. 4

system of equations given by Eq. (13) were solved

S

0	 0.2 	 0.4	 0.6	 0.8 	 1.0

FREQUENCY (H.)

Frequency spectrum given by the temperature
variation of Fig. 3.
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A(dB)
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FREQUENCY (Hz)

Fig. 5 Effect of modulation of hc on the wall temp-
erature frequency response.

-14 L
0

10

20

PHASE LAG
30

40

50

60

70

80
.0

relationship.
The effects of the inevitable modulation of heat

transfer coefficients as well as temperatures are,
therefore, beneficial to a well designed experiment
and potentially fatal to an ill-conceived one. It
would certainly appear preferable to modulate the cool-
ant rather than the gas temperature, and to do this by
controlled addition of gas which is cooler than the
mean coolant temperature to ensure that the temperature
and heat transfer coefficient vary in antiphase.

This has been done in all the experimental appli-
cations of the method.

So far we have looked at an effect on the experi-
ment which is unavoidable even if care has been taken
to satisfy the other main approximation made that the
shell aerofoil should be of small and uniform thick-
ness. Clearly, however, the thickness of the aerofoil
wall must be adequate to withstand the pressure diff-
erences across it at the near engine conditions in the
rig. The effects of finite wall thickness are two-
fold; first of all the importance of conduction along
the wall in regions of varying hg, hc is enhanced,
secondly there will be conductive damping of the wall
temperature response at the location of the buried
thermocouples. We illustrate the influence of both
these effects by an approximate calculation of the
steady and modulated temperature field in the region
of the stagnation point on a turbine aerofoil. The
leading edge is modelled locally as a cylinder of
constant R,D. For simplicity hc was assumed indepen-
dent of 'S', while h g was taken as piecewise constant
with angular distance 'e' from the stagnation line
(see Fig. 7).

We return to Eq. (4) and seek solutions of the
form

'Itot 	 (16)- r- = F^w S, ^) e

so that F is given by:

phase of the wall temperature harmonics (up to the
20th) were then compared with the corresponding input
coolant temperature harmonics to generate the frequen-
cy responses of the amplitude ratio and phase lag
shown compared to simple theory (e.g. Eq. (15)) in
Fig. 5. Both sets of results shown were computed
assuming a relative amplitude of modulation of he of
5%. When the internal heat transfer coefficient (h c )
varied in antiphase with T c (i.e. he increases as Tc
falls) the predicted frequency response of both ampli-
tude ratio and phase lag is in excellent agreement
with the prediction of simple theory, beginning to
deviate only towards the upper end of the usable fre-
quency range. The absolute amplitude ratio is, how-
ever, some 15 db higher than predicted in Eq. (15) so
that the effect of the oscillating heat transfer coef-
ficient appears to be a simple scaling of the amplitude
by a factor in close agreement with Eq. (11).

A different picture emerges when h e is made to
vary in phase with T c , but with the same amplitude as
before. The amplitude ratio is now typically about
15 db less than predicted by simple theory and both
amplitude ratio and phase lag frequency responses
deviate erratically and widely from expectation. In
fact, the deviations mirror the peakiness of the fre-
quency spectrum of the input. A true RP signal would
produce a smoother response but this would not neces-
sarily reproduce the simple theory and the amplitude
would still be too small for reliable measurement.
Note that the result would be similar if the gas tem-
peratures were modulated due to the unfavourable phase

(' 0

^ S2 J-F(w,S,n̂  CRi-n)d^ +
D	k L	 1

— 	 ,S7^D)— Tc

+' C- f _F'(w,,S,n)riQ+n)dn
k J D

(17)
where, as before, T c is the amplitude of the coolant
temperature variation at angular frequency 'W '. Eq.
(17) is also applicable to the steay solution for
w = 0 provided Tc is replaced by T c . To make prog-
ress we approximate Eq. (17) further by assuming a
form for the temperature profile through the wall so
that the integrals may be approximated.

We set:

-

(18)

The boundary conditions Eqs. (2) and (3) enable B w (S)
and Cca(S) to be written in terms of inner wall temp-
erature A,D (S). Substitution of Eq. (18) into Eq. (17)
then leadh to an equation of the form;

	

f QiJ 	 (19)a ss
where P,,,, Q,,,o are complex (and complicated) functions

6

D
ow

nloaded from
 http://offshorem

echanics.asm
edigitalcollection.asm

e.org/G
T/proceedings-pdf/G

T1982/79597/V004T09A014/2394288/v004t09a014-82-gt-174.pdf by guest on 20 O
ctober 2020



I

I,/L 	 -
ANGUTAR DISTANCE FROM LEADING EDGE

(DEG)

VE 	 ANGULAR DISTANCE FROM LEADING EDGE
(DEG)

Fig. 6 Effect of S-wise conduction on the steady wall
temperature distribution.

of geometry and local heat transfer coefficients.
Because we have taken h g to be piecewise constant,
P W and ^,,,, are constants within each region where h g
is constant. Eq. (19) thus has elementary solutions,
which are chosen to satisfy symmetry and continuity
boundary conditions at the stagnation line S = 0 and
at the discontinuity in h .

The solution for A a ^S) thus enables the complex
amplitude of the wall temperature measured halfway
through the wall to be found from Eq. (18) by setting
n = --D, hence the wall temperature frequency response
may be computed. A numerical evaluation was made to
simulate the severe case of the sharp leading edge of
a turbine rotor. The input parameters were;

R 	 = 0.0015 m

D 	 = 0.0007 m

^Y = 2.2 x 10 5 	s/m2

k	 = 0.024 kW/m/K

h 	 = 8.4 kW/m2/K	 8 < 200

= 1.7 kW/m2/K	 6 7j 20°
he = 2.0 kW/m2/K

Tg = 1320K, T° = 620K

The large effect of conduction can be seen on
Fig. 6, where the calculated mid-wall steady temper-
ature is compared with that calculated by ignoring
the S-wise conduction. In order to clarify the effect
on the heat transfer coefficients which would be de-
duced from the measured frequency response, the compu-
ted wall temperature response was treated as measured
data and analysed using the simple theory embodied in
Eqs. (6), (7) and (8). Only the low frequency results
were used to avoid direct thickness effects. The
apparent hg, he values thus obtained are compared with
the 'true' values input to the calculation on Fig. 7.
The effect on hg is particularly large and suggests
that the method as proposed is likely to be seriously
in error in regions like leading edges where conduc-
tion along the wall is likely to be significant. Some
smearing of the hg distribution in the vicinity of
transition may also occur. There would seem to be no
way of overcoming this difficulty except to provide

Fig. 7 Effect of S-wise conduction on the heat trans-
fer coefficient measurements.

such density of thermocouples as to define accurately
the second derivatives of the components of tempera-
ture.

The second, direct, effect of wall thickness is
easier to allow for. The crude theoretical model used
above to estimate longitudinal effects has some allow-
ance for this and exhibits the trends of the departure
from the simple first order response at high frequen-
cies. Briefly, these are that the amplitude ratio
falls progressively more below the first order 6 db/
octave decay, and the phase lag increases above the
first-order asymptote of 90 0 as the frequency increases.

Provided we may neglect chordwise conduction and
retain the assumption that D,R vary slowly with 'S',
then the wall thickness and curvature may be taken into
account exactly. If we return to equation (1) then
the complex amplitude defined in Eq. (16) can be seen
to satisfy

13P Cp ^R+n^F ( 20 )
an	 an	 Fr

which has solutions;

	F(Q n) = Ao -+- Bo Ln ( Qt-A 	c0=0

	l2-D 	 (21)

in). A,,(berx+lbe1

± $W(Irer x+ike^x)

(22)
where ber, bei, ker, kei are real Kelvin functions and

= (Q+)F^cp,
F

The constants A0 , A,a , B , B,. are determined by
the boundary conditions Eqs. 2) and (3). The method
used for detailed analysis of experimental results is
based on this solution. In general it is not possible
to invert the solution to give a direct relationship
between hg, he and some overall feature of the ampli-
tude or phase response, as could be done for the simple
thin wall solution. Instead h g is treated as a para-
meter (hc being determined to fit the steady component
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Fig. 8 Schematic diagram of cooling air supply system.

of wall temperature in conjunction with the assumed
hg) and varied to give the best least squares fit to
the measured wall temperature amplitude and, indepen-
dently, the measured phase lags as a function of fre-
quency. Thus two values of hg are determined at each
point, whose consistency is some measure of the accu-
racy of the experiment and analysis.

In fitting the amplitude ratio data an arbitrary
scaling factor is permitted to remove the first order
effect of the modulated heat transfer coefficient in
the coolant passage. The analysis of the first order
effect of this given earlier (e.g. equation (11))
remains valid even for the thick, curved wall, since
it applies only to the boundary condition, and has the
same result of scaling the coolant temperature ampli-
tude. The coupling effects analysed with special ref-
erence to the RP modulation system (via equation (13))
should be similar in the thick wall case, except that
the higher harmonics generat -ed by second order effects
should be still further damped by conduction.

EXPERIMENTAL TRIAL

In order to validate the heat transfer measure-
ment technique the method was employed for the deter-
mination of the heat transfer coefficient distribution
around a cylinder in cross-flow. This models many
aspects of the application of the technique to turbine
aerofoils and is also a well documented test case.

The experimental arrangement for the trial is
shown schematically in figure 8. The cylinder was of
12.7 mm diameter and 0.51 mm wall thickness and was
constructed of stainless steel. It was mounted in a
wind tunnel providing a stream of air at the following
conditions:

Total Temperature 	 = 700 K

Total Pressure 	 = 118.2 kN/m2

Approach Mach No. 	 = 0.21

Turbulence Intensity 	 = 1.8'%

These conditions give a Reynolds numbgr based on the
diameter of the cylinder of 2.25 x 10 4 .

A single thermocouple buried in the cylinder was
used to monitor the wall temperature, the cylinder
being rotated to obtain results at different locations
around the circumference.

The cylinder was cooled by an internal airflow at
a mean temperature of 340K (measured by a thermocouple

+ EXPERIMENTAL POINTS

1.0	 \

f

le HARMONIC
APLIADE (°K)	 ♦	 (FUNDAMENTAL)

♦♦ SIMPLE

♦ THEORY

0.1

3d HARMONIC 	 \

3rd HARMONIC 	 ♦♦♦
X100

a1
0.01 	 0.1 	 I.0

FREQUENCY (Hz)

Fig. 9 Effect of modulation of he on the wall temper-
ature amplitude.

located at the same spanwise position as the wall
thermocouple). The temperature of the internal gas
flow was varied by injecting controlled quantities of
colder gas to give a sinusoidal temperature variation.

Ideally the perturbation of the temperature of
the internal flow should be measured at the same span-
wise location as the wall temperature. In the appli-
cation of the technique to turbine aerofoils however,
this will not, in general, be possible. This is
because of the difficulty of constructing a fast res-
ponse thermocouple which is sufficiently robust to
withstand the turbine environment and yet small enough
to be fitted within the cooling air passage. In most
cases therefore it is necessary to monitor the coolant
temperature perturbation upstream (or downstream) of
the test component. To retain the relevance of the
experiment to turbine aerofoils this arrangement was
also employed here.

A typical wall temperature frequency response
obtained during the course of the experimental trial
is shown in Fig. 9. The figure also shows , e fre-
quency response which would be obtained if h e = 0. A
marked amplification of the amplitude of the wall temp-
erature arising from the coupling between ''c and 'c
may be observed.

The experimental results are shown in Figs. 10 and
11. The external heat transfer coefficient distribu-
tion shown in Fig. 10 is compared with the measurements
of Winding and Cheney, Schmidt and Wenner (^), Lorisch
(6), and Petrie and Simpson (7), at similar Reynolds
number conditions. The accuracy of the present measure-
ments appears to be at least as good as that of the
other methods, however, some flattening of the distri-
bution may be observed in the region of the boundary
layer separation. Petrie and Simpson (j), observe a
flattening in their measurements at higher turbulence
levels so that the present measurements with a main-
stream turbulence level of 1.8% may be expected to be
flatter than the other measured data obtained at low
turbulence levels. The flattening of the heat trans-
fer coefficient distribution will be further enhanced
by the influence of heat conduction along the circum-
ference of the cylinder.

Figure 11 is a comparison between the present
measurements and the pipe flow correlation of
with which the measurements agree to within ± 7%. The
discrepancies between the present measurements and the

- -------►FEEDBACK SIGNAL
FROM FAST

:ING	 RESPONSE
1AMBER 	 THERMOCOUPLE

CONTROL
SIGNAL
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Fig. 10 Heat transfer coefficient distribution around Fig. 11 Comparison between the internal heat transfer
a cylinder in crossflow. 	 coefficient measurements and the correlation

of () .
correlation are largely consistent with the effect of
circumferential heat conduction. This is in accor-
dance with the theoretical analysis of the previous
section which has shown that appreciable errors may
arise in regions where circumferential heat conduc-
tion is significant.

CONCLUSIONS

1 The external heat transfer coefficient distri-
bution on a hollow shell turbine aerofoil may be de-
duced in principle from measurement of the frequency
response of the wall temperature to periodic modula-
tion of either the gas or coolant temperature.

2 Theoretical analysis shows the best approach
to be modulation of the coolant temperature by the
controlled addition of cold gas.

3 The application of the present method to the
determination of the gas and coolant side heat trans-
fer coefficients on a cooled circular cylinder in
crossflow has yielded results in good agreement with
published data. The principal source of error in the
measurements results from circumferential heat conduc-
tion variations. This causes some. flattening of the
external heat transfer coefficient distribution and
discrepancies of up to ± 7% in the measured coolant
side heat transfer coefficients.

4 The use of the technique for the determination
of heat transfer rates to turbine aerofoils should
provide accurate results over the major part of the
aerofoil surface, apart from some smearing of the
distribution in the region of laminar to turbulent
transition. In the vicinity of the leading edge stag-
nation point, however, accurate results cannot be ob-
tained as a result of the chordwise heat conduction
caused by the rapid chordwise variations of heat trans-
fer rates in this region.
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