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HEAT TRANSFER TO TURBINE BLADING IN THE 

PRESENCE OF SECONDARY FLOW 

L. A. WALKER* and E. MARKLANDt 

The Universities of Newcastle and Nottingham 

Abstract-As part of a study of heat transfer to gas turbine blading, local heat-transfer coefficients 
were measured round chordwise profiles of one blade of a cascade when heated to a few degrees above 
the air stream temperature, each measuring profile being made isothermal in turn. The flow at inlet had 
boundary layers artificially thickened by spoilers to about one third of the blade span, so that strong 
secondary flows were set up in the deflecting stream. 

Over the uniform-how region at the centre of the span results are shown to be virtualty two- 
dimensional. Comparison with the earlier work of Wilson and Pope [l] shows some differences, 
particularly at zero incidence. One important mechanism by which variation of total pressure along 
the span may increase the heat transfer is by forward movement of the boundary-layer transition 
to the site of a local pressure reversal near the leading edge of the section, under conditions when, with 
two-dimensional flow, the layer would remain laminar after the pressure reversal. A further effect is the 
contribution of the spanwise velocities at the blade surface, produced by secondary flows, which 
increase heat transfer and skin friction. The resulting increase in mean heat-transfer rate due to the 
severe non-uniformity of upstream conditions was 6 per cent at design incidence. 

Measurements of secondary flow made in the blade passages were compared with calculations of 
various degrees of refinement based on methods due to Hawthorne [2] and to Squire and Winter [3]. 

The correlation is reasonably good in all cases. 
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LNTRODUCTION 

THERE HAS been no dearth of literature to 
recommend the use of turbine inlet tempera- 
tures higher than those at present possible with 
gas turbine installations. Brown [4] showed, for 
instance, that the effect of raising the operating 
temperature from 1250°F to 2200°F in a 
typical two shaft set with intercooling and heat 
exchanger but no reheat would raise the 
efficiency from 33.5 to 46 per cent and reduce 
the specific mass flow from 62 to 22 lb/h.p. h. 
Ainley [5] has stated the case for the jet turbine, 
where in one example for an aircraft flying at 
Mach number 0.75 an increase in specific 
thrust of 40 per cent was calculated with a 
360 degF rise in turbine inlet temperature 
above 1340°F for a slight reduction in the 
specific fuel consumption. The improvements 
in compactness are clearly substantial. 

The practical limitation on turbine inlet 
temperature is placed by the physical proper- 
ties of the blade material, particularly the 
requirements of low creep and high strength 
at elevated temperature, and resistance to 
thermal shock. Cooling the blades raises the 
permissible gas temperature for a given materi- 
al; Ainley [6] reports full-scale tests on an 
experimental turbine operating at over 2000°F 
with air-cooled blades. Whether or not the 
blades are cooled, knowledge of local heat- 
transfer coefbcients is desirable to determine 
thermal gradients within the blade as well as 
the total heat input to a cooled blade. 

Wilson and Pope [l] investigated the distri- 
bution of heat-transfer coeihcient round the 
profile of a blade in cascade using surface 
heating strips. Ainley [6], however, showed 
that heat transfer to a blade of an operating 
turbine is substantially higher than for a blade 
in a stationary cascade. There are a number of 
factors which may contribute to this increase. 
The stream turbulence following combustion, 
the centrifugal effect on the boundary layer, 
and the secondary Aow engendered by non- 
uniform conditions in the flow approaching the 
turbine bIades may all contribute. The present 
tests were aimed at investigating the last of 
these factors, and involved detailed measure- 
ments of secondary flow and of heat-transfer 
coefficients at the surface of a stationary blade 

in cascade, when the approaching stream had 
a considerable velocity gradient in the spanwise 
direction. 

AIRFLOW AND CASCADE ARRANGEMENT 

The blower tunnel and cascade was that 
used by Wilson and Pope [l] with suitable 
modification made to the airstream, cascade 
and instrumentation. 

Blower power limitations to 40 h.p, resulted 
in a five blade cascade of 10 in span made to the 
profile given in Fig. l-effectively a six-fold 
scale increase of a l-in chord prototype. The 
blades were cast in plaster, apart from the 
heated one mounted in the centre, and were 
set in cascade at the outlet of the blower tunnel. 
Cascade rotation allowed a range of stream 
incidence from --30 to f20 degrees about the 
zero design value. 

The stream approaching the cascade was 
confined between fixed side walls at the ends of 

f 

I- 
I 

FIG. 1. Cascade geometry and blade profile. 
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frqm 

FIG. 2. Nature of stream deffexion. 

the blade span and upper and lower walls 
shaped to contract the airflow from the exit 
of the main tunnel contraction to the height of 
the cascade, different shapes being used for the 
different incidences chosen. The four walls 
continued for one chord length downstream of 
the trailing edges, the upper and lower walls 
being adjustable in direction. By adjusting the 
exit direction and by applying suction over a 
zone of holes 6 in upstream of the leading edges, 
uniform conditions were produced in the direc- 
tion of the cascade, as shown by static pressure 
measurements over the upstream traverse 
plane and by static pressure tappings on the 
plane side walls 1 in upstream of the leading 
edges. The upstream traverse plane was 2 chord 
length ahead of the plane of the leading edges; 
a pitot-static pair and claw type yawmeter 
could be traversed to any point in the plane. 

~~~~~T WITHIN THE BLADE SPACES 

The direction of flow at points within the 
space between blades was found using the 

special yawmeter shown dia~a~atic~ly in 
Fig. 3. Rotation of the ~nst~ent in a bearing 
at the side wall provided measurement of 
angle in the (xv) planes. This rotation is about 
an axis parallel to lines of leading edges. 
Rotation of the instrument in the (xz) plane 
(i.e. measurement of yaw angle) was effected by 
a parallelo~am linkage similar to that used by 
Todd [7]; movement of a link outside the 
cascade produced displacement of the two 
instrument stems which were linked to the 
instrument head in the airstream. This move- 
ment did not displace the point of measurement. 
The head could be traversed to any spanwise 
station by a lead screw, and could be traversed 
on a slide in the Y direction in any of the 5 
planes shown in Fig. 4. 

A correction to recorded angles was made to 
allow for the error introduced by the total 
pressure gradient of the stream, the total 
pressure distribution being obtained from a 
Pitot tube mounted centrally in the yawmeter 
tube assembly. The instrument was calibrated 
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FIG. 3. Diagram of special yawmeter. 

at the exit of a long duct having a square 
section of 3 in side mounted with its axis parallel 
to the tunnel airstream. 

BLADE FORM 

Figure 1 gives the blade profile and cascade 
geometry. This is the same cascade as that used 
by Wilson and Pope [l], and conveniently 
provides pressure gradients favourable to the 
growth of laminar boundary layers at some 
incidences. The profile is known as T.6, having 
a camber and setting typical of a 50 per cent 
reaction blade. At zero incidence, inlet and 
and outlet angles are 30 and 60 degrees re- 
spectively. The data relevant to its aerodynamic 
testing at N.G.T.E. are given by Bridle [8]. 

WIND TUNNEL DEVELOPMENTS 

Some preliminary changes were made to the 
wind tunnel, as originally used, to improve the 
regularity of the flow at entry to the cascade. 
Substantial variations in angle and velocity 
over planes C and D (Fig. 5) were traced to 
boundary-layer separation at the diffuser entry 
plane A, which was cured by installing # in cell 
bakelized paper honeycomb in the diffuser 
neck B; further smoothing was achieved by 
using similar honeycomb in the settling section 
at Cr. Coarse and fine wire gauzes were fitted 
at planes Ca and Cs. The resulting velocity 
profile at plane D was uniform in magnitude 
to 40.7 per cent and variations in flow angle 
were within the limits +2” and -4”. 

rrangement for huerx 
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/low rotation n XY plsw 
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FIG. 4. Co-ordinate systems and traverse planes between 

PRODUCTION OF TOTAL PRESSURE PROFILE 

Artificial thickening of the wall boundary 
layer downstream of plane D was made by 
flow spoilers of ) in cell honeycomb mounted 
at D, some 5-6 chords upstream of the blades. 
The cell axes ran parallel to the stream and the 
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honeycomb section was cut with a taper to- 
wards the mid-span of the blades. Overlapping 
strips of wire gauze mounted on the upstream 
face of the honeycomb added further ob- 
struction nearer to the wall, and after some 
trials the conditions of Fig. 6 at the inlet plane 
E were produced. Velocity gradations were 
regular, but changes in the angle of incidence 
(or pitch) inevitably occurred owing to the 
variation of bound blade circulation along the 
span. This variation was detected at the 
upstream traversing plane, which was not 
sufficiently far upstream of the leading edges to 
be uninfluenced by conditions which are in- 
separable from any lifting surface in a non- 
uniform stream. 

THE PRESSURE BLADE 

Measurements of static pressure around 
the profile were made at the centre blade of 
the cascade at 26 orifice tappings around the 
contour. The tappings were made in semi-stiff 
nylon tubes sealed at their inoperative ends and 
cast in the blade. A single metal spar held the 
tubes in correct relationship to the blade 
surface, to define a single chordwise profile of 
holes, which were quite flush with the blade 
profile. The system was leakproof and gave a 
rapid response. 

FIG. 5. Arrangement of cascade wind tunnel. 
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FIG. 6. Velocity and angle traverses at inlet plane. 

THE HEATER BLADE 

Heat-transfer measurements were made 
using a special heated blade which could be 
inserted in lieu of the pressure-measuring blade 
at the central position of the cascade. This 
blade was an accurately made model in spruce 
wood (chosen for its low thermal conductivity). 
The surface was shellaced and covered with 
metal foil strips. The first two layers to be 
bonded, in order, were narrow flat thermo- 
element strips of copper and of constantan of 
0.002 in thickness. The strips ran spanwise, and 
were separated by the resin insulator base of 
the outer foils. Thermojunctions were made at 
desired spanwise locations by removing this 
resin and soldering the adjacent copper and 
constantan foils together. Finally the heater 
surfaces in 0.004 in constantan were mounted 

with each strip lying centrally over a thcrmo- 
element. Electrical insulation between layers 
was of the order of 2 MI& indicating also a low, 
thermal conductivity between surface and blade 
interior. The 32 heater foils were of variable 
width to provide concentration of data in 
regions of rapidly varying heat-transfer t-ate. 
e.g. at the leading edge and convex surface 
transition region. 

Great care was taken to achieve aerodynamic 
smoothness, particularly near the leading edge, 
which was covered by a single strip. The gaps 
between strips were filled by a mixture of filler 
and bonding agent, smoothed off with solvent. 
The positions of the thermoelements determined 
the locations of local heat-transfer measure- 
ments round the profile, and by sliding the 
blade across the tunnel through sealed aper- 
tures in the side walls, successive measurements 
could be made to cover the whole blade sur- 
face. The air seal at the points where the blade 
passed through the walls was effected by shaped 
clamps with rubber cushions. Local overheating 
of the heating elements where they passed 
through the wall was prevented by thermal 
shunts. 

There was in fact a limitation to the extent 
of the travel, imposed by the available lengths 
of etched foils, which necessitated two rows of 
thermocouples around the blade, so that heat- 
transfer readings could be obtained over the 
blade semi-span with a travel of only i-span. 
It was fortunately possible to check the con- 
sistency of readings obtained from the two sets 
of thermoelements by traversing each of them 
in turn to the same spanwise position (station 4); 
under all conditions good agreement was found. 

The heaters were supplied from a stabilized 
2 V d.c. source, with individual currents con- 
trolled by slide wire resistors and measured by 
recording the potential across a resistance in 
series with the heater. Blade thermocouples 
were connected in turn via a telephone uni- 
selector to a reference junction and the e.m.f. 
measured by potentiometer. Reference junc- 
tions were provided at the ice point, at the 
upstream total temperature. in the wake, and 
in the blade interior. 

Figure 7 illustrates the heater and pressure 
blades. 



H.M. 

FIG. 7. Heater and pressure blades. 
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AIRFLOW MEASUREMENTS 

Over the inlet plane the velocity distribution 
is roughly trapezoidal in the spanwise direction, 
being uniform over the middle third, and vary- 
ing linearly from the walls over the outer 
thirds. A description of the secondary flows 
generated, as indicated on Fig. 2, has been 
given by Carter [9]. They have an influence on 
surface static-pressure coefficients which is con- 
sidered below in two parts, viz: (a) over the 
uniform region near the centre and (h) over 
the outer one-third spans. 

(a) Over the central region the differences are 
slight between pressure coefficients measured 
with the trapezoidal inlet profile and with those 

measured under conditions of two-dimensional 
flow, (which, incidentally, agree well with a 
potential flow solution for the cascade). The 
differences arise from the fact that the 
measured static pressure drop is slightly smaller 
when the inlet velocity profile is non-uniform, 
an effect which is due to the reduction of stream 
deflection through the cascade caused by 
secondary flow. This exceeds the tendency 
towards an increased pressure drop caused by 
a contraction of the uniform stream width seen 
from consideration of continuity and mo- 
mentum. A converse net stream contraction 
effect has been noticed by Stuart [IO] where 
a superimposed acceleration occurred in a 

- 6.06 
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-I- 3.59 
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Convex surface x/c Concave surfoce Convex surface xlc Concave wrfoce 

FIG. 8. Two-dimensional static-pressure and heat-transfer FIG. 9. Two-dimensional static-pressure and heat-transfer 
coefficients -30” incidence. coefficients -20” incidence. 
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compressor cascade due to relatively thin 
boundary layers at inlet. 

(b) In the region of non-uniforl~ profiie 
there is an additional influence on pressure 
coefficients. The induced cross velocities dis- 
place streamlines near the convex blade surface 
towards the centre of the span, and those near 
the concave surface towards the side walls. This 
causes the local velocity at a given position to 
differ from its two-dimensional value since the 
total pressure in the relevant streamline wilI not 
be the same as that in the same spanwise 
station upstream. 

Figures 8-13 show static pressure and heat- 
transfer coefficients measured at the centre span 
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FIG. 10. Two-dimensional static-pressure and heat- 
transfer coefficients - 10“ incidence. 

position for a range of speeds and incidences; 
corresponding results at other stations in the 
region of total pressure variation (selected from 
the range of tests) are shown in Figs. 14-19. 

The pressure coeEcient Cp is plotted against 
x-/c where x is measured along the surface from 
the design stagnation point. Cp at any point (sz) 
on the blade surface is defined by 

in which the suffix xz denotes local conditions at 
the point and 2z denotes conditions in the down- 
stream plane at the point where the streamline 
just outside the boundary layer at (JZ) intersects 
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FIG. 1 I. Two-dimensional static-pressure and heat- 
transfer coefficknts 0’ incidence. 
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this downstream plane. (In general, this occurs 
at a different value of z because of the displace- 
ment of the flow caused by secondary velocities). 
pzz takes on the uniform atmospheric pressure 
pz for all values of Y and z, and P-B is equal to 
Pzz, so Cp may be rewritten 

cp = 
pm -p2 

Pzz -p2 

If P,, is expressed in terms of the upstream total 
pressure atmidspan PQ by Pzz = &PI, 

then cp = mP;;,- PS 
- PZ 

-----648 

-.-sx- 368 

-. 

-. 

_. 

12 

COW8X SUrfWe 
XiC 

Concave surface 

FIG. 12. Two-dimensional static-pressure and heat- 
transfer coefficients f 10” incidence. 

Values of m are plotted, for one of the incidences 
used, as a function of x and z in Fig. 20. 

SECONDARY FLOW BITTEN BLADES 

The sideways deflection of the stream as it 
passes through the blade passages may be con- 
sidered in two parts. Firstly there is the displace- 
ment due to spanwise pressure gradients arrsing 
from the acceleration of the non-uniform flow 
trough the passages which may be calculated 
approximately by the actuator disk theory [II]. 

m--6.440 

-r--3% I 

FIG. 13. Two-dimensional static-pressure and heat- 
transfer coefficients + 20” incidence. 
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This may be regarded as the primary flow field. 
Then there are cross-components of velocity 
arising from the streamwise component of vor- 
ticity generated within the blade passages; these 
~ornpo~~~~ts are added to the primary field mith 
the assumption that it is thereby not appreciably 
perturbed. The two-dimensional potential flow 
has been calculated by relaxation method so 
there is the possibility of calculating secondary 
flows produced by the known upstream velocity 
profile by a number of methods, viz: 

(i) ~~~~~o~~e’s method [2J 
(a) with a primary field assumed to be two- 

dimensional with velocities in each of the 

2f--y+-- 
I / 

22, i 

: 
; iI 

FIG. 14. Static-pressure and heat-transfer coefficients 
along blade span - 10” incidence, Reef = 3.44 _.’ 10”. 

(x_Y) planes assumed to be in simple 
proportion to upstream velocity in each 
plane. 

(b) with a primary field derived from com- 
parison between measured ~e~oc~t~es in the 
blade passages with those of the two- 
dimensional potential solution. There is, 
however, great ditliculty in measuring 
static pressure in a lli~~y rotational 
stream, so that velocities can be measured 
reliably only over upstream and down- 
stream planes where the flow is unper- 
turbed, and over the blade surfaces. 
Taking the measured and potential velocity 
fields in a given (.I$ plane to coincide at the 

/ I 

I I 
12 

i 
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I 
04 0 O-4 08 i* 

Convex surface 
xlc Concove surface 

FIG. 15. Static-pressure and heat-transfer coefficients 
along blade span - 10” incidence, Rez = 6.42 x 105. 
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downstream plane, the differences which 
exist between them may be expressed in 
terms of differences in pressure coefficients 
along the blade surfaces and the upstream 
plane. Suitable corrections may then be 
applied to match the potential solution to 
the measured values. By interpolation 
corrections within the blade passage space 
may then be found. Thus the veloctiy at 
any point of the flow is inferred from 
measurement, which gives the required 
information for deducing the primary field. 

(ii) Squire and Winter’s method [3] 
Comparison of results of calculation with 

measurements taken at a typical measuring 
plane within the blade passage is made on 
Figs. 21 and 22. The components of velocity tr 
and w shown on these figures have been derived 
from angles measured by the special yawmeter of 
Fig. 3 and from velocities inferred by the 
method described above. It is hoped to present 
details of the calculations at a later date, but it is 
interesting to note here that the refinement of 
Hawthorne’s method as compared with that of 
Squire and Winter does not lead to significantly 
better agreement with experiment. The correction 
of the primary field, which involves measure- 
ments on the blade surfaces, and considerable 
additional calculation, produces no significant 
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FIG. 16. Static-pressure and heat-transfer coefficients FIG. 17. Static-pressure and heat-transfer coefficients 
along blade span 0” incidence, Re = 3.38 x 105. along blade span 0” incidence, Rez = 630 ‘r: 105. 
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improvement. It should be borne in mind that where X is a constant [ 121. Over a curved surface 
the experimental velocity components depend with pressure gradient, changes in the velocity 

Re may conveniently be expressed in terms of c 
and of downstream velocity UZ, so that 

HEAT-TRANSFER MEASUREMENTS 

The local Nusselt number Eu$ for laminar 
flow of a fluid at constant Prandtl number over 

.&Yj = .f(.x/c. 2) I 
a flat plate in zero pressure gradient is related to 
the local Reynolds number Re, by 

where f(x/c, z) is determined by measurement. 
Provided the boundary layer is laminar,f(x/c, z) 

Nu, =: A(Re,)g will be independent of Rez, i.e. of speed. Regions 
of turbubnt boundary layer will be revealed by 

Fm. 18. Static-pressure and heat-transfer coefficients FIG. 19. Static-pressure and heat-transfer coe&ieats 
along blade span +lO” incidence, Rez = 3-63 x 10”. along blade span +lO” incidence. Ret = 6.45 x 106. 
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FIG. 20. Distribution of total pressure over blade, 0” 
incidence. 

a dependence of f(x/c, z) on speed since the 
square root relation between Nu and Re2 no 
longer applies. 

Several possibilities are open for the choice of 
downstream velocity on which to base Re when 
there is spanwise velocity variation. In the 
presentations of Figs. 8-19 the midspan velocity 
Use has been used, so that the value of Nu/(Re# 
at a point in the regions of reduced velocity 
towards the ends of the span is lower than if it 
were based on a downstream velocity appropriate 
to the point in question. However, the coefficient 
is in terms of data most likely to be available 
to the designer, and affords a direct comparison 
with two-dimensional results. Conversion of 
Nu/(Rez)* to Nu/(ReQ, where Rest is based on 
the downstream velocity UsZ appropriate to a 
chosen point on the blade surface, is effected by 

NU . Nu 

Conversion to Nu,/(Re,)* where the di- 
mensionless expressions are based on local 
co-ordinate x and local speed lJZZ, is obtained 
by 

subject to the convention that ps, the down- 
stream pressure, be taken as a zero datum. The 
distribution of m over the surfaces may be 

inferred from measurements of total pressure 
such as those presented on Fig. 20; measure- 
ments of Cp are shown in Figs. 14-19. A 
discussion of overall mean heat-transfer rates is 
given at a later stage. 

THERMAL RATIO AND 
TEMPERATURE DIFFERENCE 

The ratio of blade surface to air temperature is 
about l-03 in the experiments; for a turbine 
blade it is less than unity and for a cooled blade 
it may typically be 0.8. Andrews and Bradley [ 131 
found that the overall heat-transfer coefficient of 
a blade in cascade is sensibly independent of 
temperature ratio over the range 

1.5 x 10s < Re < 7.0 x 105 

provided that gas density is based on the mean 
of inlet and outlet pressures, and temperature on 
the mean of blade and stagnation temperatures. 
A second influence of temperature ratio has been 
examined by Lees 1141 who demonstrated the 
improved stability of a laminar boundary layer 
as the surface to gas temperature ratio is reduced. 
The data of the present tests were reduced by 
computing local values of NU and Re using the 
gas properties k and p chosen at the blade 
temperature. Density was taken at the down- 
stream value, in view of its negligible change 
across the cascade. 

For a given blade geometry Eckert and Weise 
[15] have shown that 

NU = f (Re, Pr, M, Atsd/(tw - &)I 

where Atad is the dynamic temperature interval 
in an adiabatic process and tw and ts are re- 
spectively the wall and gas static temperatures. 
The value of h, on which Nu depends, deduced 
from q = hA(t, - t,) therefore depends on the 
temperature ratio withinf. It may be shown, [lq, 
that dependence of h on the interval (tw - t8) is 
removed if ts is replaced by the kinetic tempera- 
ture tk = ts + (rU2/2gCp.J) where r is the 
recovery factor. In these tests r was taken as 
085 throughout, although strictly it would 
require a slightly higher value (089) for a 
turbulent layer. The maximum error would be 
about 0.1 degC in the highest-speed case of 
250 ft/s, or 1 per cent of the interval (tu, - tk). 
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FIG. 21. Component of secondary flow in Y-direction at plane c. 
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THE TESTING TECHNIQUE 

The heat balance between airstream con- 
vection and surface heating element first used by 
Bryant ef al. [17] for aerofoil tests was employed. 
Electrical power input to individual strips which 
run along the span of the blade was adjusted so 
that the blade surface around the measuring 
profile was isothermal as judged from thermo- 
couple outputs. 

It is assumed that the heat generated electri- 
cally is entirely convected away from the 
surface when obtaining h from 

q = hL4(t, - tk) 

but there are possible errors in this assumption 
due to the following: conduction to the interior 
of the blade, conduction along the span due to 
variation in temperature arising from spanwise 
variation in heat transfer, and conduction along 
the chord due to inaccurate setting of the desired 
isothermal condition. The heating strips were, 
however, quite thin (0.004 in) and well insulated 
from the body of the blade, which, being made 
from wood, was itself reasonably non-con- 
ducting. Experiments which were made to 
estimate the order of the flux to the blade 
interior and along the span, and from one heater 
strip to the others along the chord, showed that 
an error of &0*2 degC in setting the strip 
temperature would lead to an error not exceeding 
3.3 per cent in calculated heat-transfer coefficient. 
Estimated probable error from other sources is 
3.0 per cent. 

DISCUSSION OF RESULTS OF 
HEAT-TRANSFER MEASUREMENTS 

The results shown on Figs. 8-19 will be dis- 
sussedin two parts: firstly the two-dimensional 
values of Figs. 8-13, then the modifications 
produced by the three-dimensional effects shown 
on Figs. 14-19 are described. 

(i) Two-dimensional results 
On the convex surface, for negative and design 

incidences, the pressure falls steadily to a 
minimum at x/c M 0.7 where laminar separation 
followed by turbulent reattachment occurs. The 
heat-transfer coefficient falls with progressive 
growth of the layer to the point of laminar 
separation, where a noticeable local reduction 
occurs. This is followed by a large increase at the 

position of turbulent reattachment, and a 
subsequent rapid tailing-off as this layer thickens 
in the adverse pressure gradient. The pressure 
and heat-transfer distributions on the convex 
surface are comparatively insensitive to incidence 
changes in this range. For positive incidences, 
however, a pressure reversal appears near the 
nose. At incidences of f10” and more this is 
sufficiently great to promote laminar separation, 
reattachment (identified by a second peak on 
the heat-transfer curves) being laminar or 
turbulent depending on the speed. With the 
moderate reversal found at $-lo”, laminar re- 
attachment occurs at the two lower speeds 
(Rez < 3.6 x 10s) as shown by the falling heat- 
transfer coefficient along the convex surface to 
x/c = 0.7, followed by a rise due to turbulent 
reattachment, much the same as at negative and 
design incidences, but at higher speeds the early 
reattachment is turbulent. At +20” incidence, 
the increased severity of pressure reversal con- 
fines the laminar reattachment to the lowest 
speed. The distribution of heat transfer over the 
surface depends strongly on whether or not the 
initial reattachment is laminar. 

On the concave surface, the pressure reversal 
which occurs near the leading edge at negative 
incidences persists but with decreasing magnitude 
as the incidence is increased through the design 
value to +lO”. At negative incidences this 
makes the boundary layer turbulent, as indi- 
cated by the peak in the heat-transfer distribu- 
tion. At zero and +lO” incidence, however, the 
boundary layer remains attached and laminar, 
as indicated by smoothly-falling curves, to 
x/c GZ 0.4. At this point the curves obtained at 
different Reynolds number start to diverge, but 
instead of exhibiting the peak and subsequent 
tailing-off which is characteristic of separation 
followed by turbulent reattachment, they show a 
comparatively gradual increase. This anomalous 
behaviour warrants further study; possibly the 
boundary layer is intermittently turbulent, or a 
form of progressive breakdown of the laminar 
layer is taking place. The particularly low 
readings of heat transfer obtained at X/C = 0.38 
are known to be due to a local surface irregu- 
larity large enough to produce a local separation 
which initiates the unusual boundary layer 
behaviour. 
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China clay observations on a smooth blade, 
which did not have this surface irregularity, 
showed that at positive and design incidences 
the boundary layer on the concave surface was 
laminar throughout, and calculation of the heat- 
transfer coefficient at design incidence shows a 
steadily falling value of Nu/(Res)* to 0.32 at the 
trailing edge. Further calculations with transition 
assumed at x/c = 0.01 or at O-4 did not achieve 
the measured rate of rise. 

(ii) Three-dimensional results 
Data were obtained at the 8 stations along the 

span indicated in Fig. 6 for incidences ranging 
from -30” to +20”. Figures 14-19 give a 
representative sample of the results at selected 
stations. 

The conditions on the convex surface near the 
end of the blade span do not vary much with 
incidence or with Reynolds number, an effect 
which is due to mixing of low energy air from 
the boundary layer on the end wall with the flow 
over the blades near the ends of the span. 
Armstrong [18] showed separation of the end 
wall boundary layer in a compressor cascade, 
leading to separation from the blade surface. At 
station 8 the blade boundary layer becomes 
turbulent at x/c = 0.4; at other distances from 
the wall within the narrow zone subject to this 
effect, transition will occur at different distances 
from the leading edge. 

At zero incidence the lnminar boundary layer 
on the convex surface survives up to x/c w 0.8 
over the remainder of the span. Away from the 
centre of the span, the general reduction in 
velocity reduces the ordinates on the graphs, 
and the cross-flow component of velocity tends 
to reduce the local dip in heat-transfer rate at the 
laminar separation point, an effect which is most 
pronounced towards the ends of the span where 
the crossflow is most severe (see Fig. 22). A 
similar state of affairs exists at -10” incidence 
where the pressure distribution is similar. At 
+lO”, Re2 = 6.45 x 105, separation followed by 
turbulent reattachment occurs just downstream 
of the leading edge near the centre of the span 
where there is a pressure reversal. This reversal is 
reduced at successive stations along the span 
until at station 6 it has just disappeared-an 
effect due to the successively reduced incidence 

towards the ends. (The pressure distribution 
near to the leading edge on the convex surface is 
particularly sensitive to incidence in the range 
0 to + IO’). For those regions of the blade where 
the reversal is insufficient to produce separation 
followed by turbulent reattachment, the laminar 
layer survives up to x/c w 0.7. For the lower 
Reynolds number of Fig. 18, the boundary layer 
remains laminar even over the central part of the 
span where there is a pressure reversal. The 
influence of incidence variation along the span 
is large enough to mask any effect which may be 
present due to generation of vorticity near the 
leading edge (such an effect is noted subsequently 
on the concave surface). 

On the concave surface there is a small pressure 
reversal at zero and +lO” incidence which, 
under two-dimensional conditions, is insufficient 
to produce separation or transition in the 
boundary layer. The dependence of heat-transfer 
coefftcients on Reynolds number beyond 
x/c M 0.05 (seen by comparing Figs. 16 and 17 
or Figs. 18 and 19) suggests that, in the presence 
of secondary flow, transition occurs without 
separation just behind the leading edge. This was 
confirmed by china clay tests on a wooden blade, 
with and without a trip wire at x/c = 0.05 and 
by calculation assuming transition at that point. 
Even with the incidence increased to +20”, 
when there is no detectable pressure reversal at 
any section along the span, the laminar layer 
continues to break down towards the end of the 
span. This may be engendered by severe vor- 
ticity generated near the nose of the foil, as 
noticed by Armstrong [18] in visualization 
studies on a compressor cascade, where local 
deflection of the stream can amount to 90” as 
it passes in an S-bend round the nose. Such 
vorticity may lead to Goertler type vortices in 
the boundary layer which could reduce the 
stability of the layer upstream of the pressure 
reversal. The pressure reversal on the concave 
surlace at - 10” incidence is more severe than at 
design incidence and leads to laminar separation 
followed by turbulent reattachment as was the 
case for two-dimensional results. In these 
circumstances the destabilizing tendency of the 
nose vorticity does not influence the general 
nature of the flow over the concave surface. 

The possible influence of increased turbulence 
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FIG. 23. Comparison of mean heat-transfer coefficients in two- and three-dimensional R<>w. 

due to the velocity spoilers has so far not been 
mentioned; in the blower-type wind tunnel used, 
the level of turbulence in the approaching stream 
without spoilers is known to be already high. 
Previous tests by Wilson and Pope [l] showed 
that this was well above the level likely to cause 
movement of transition from the site of a well- 
defined pressure minimum, so the influence of 
increased turbulence due to the flow spoilers is 
thought to be small. 

MEAN HEAT-TRANSFER DATA 

Mean heat-transfer coefficients for the whole 
of the blade surface were computed for con- 
ditions of two-dimensional and of three-di- 
mensional flow with the results shown in Fig. 23. 

The basis of computation was as follows. Re:! 
was based on a mean velocity 0~ in the down- 
stream plane, defined by 

DZ == .I‘su2 dY df 
J-J dy dz 

The mean Nusselt number z over the surface 
was computed from 

z= JJ”Nudxh 

ss dx dz 

over the blade surface. (At design incidence UZ 
was measured by traversing, but at other 
incidences these traverses were not made, so UZ 
was inferred from the equation of continuity 

and results of velocity traverses in the upstream 
plane). Whilst the most accurate mean values 
would be found by integrating Nu, and U,, over 
the blade surface, the use of mean quantities as 
defined above are in convenient terms. 

Figure 23 shows an increase of about 6 per 
cent in mean heat-transfer rate under three- 
dimensional flow conditions. The straight lines 
drawn on the graphs are at best only crude 
approximations to the effect of Reynolds 
number changes on heat transfer in the complex 
flow over the blade surfaces, but nevertheless 
indicate the increase of heat transfer with 
Reynolds number due to the regions of turbulent 
boundary layer, and the increase as the incidence 
moves away from zero. 
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R&urn&En tant que partie d’une Etude du transport de chaleur aux aubages de turbine & gaz, les 
coefficients locaux de transport de chaleur ont et& mesurCs autour des profils d’une ailette d’une rang& 
lorsqu’elle est chauffke ?I quelques degrCs au-dessus de la temptrature de l’air en &oulement, chaque 
profil de mesure &tant rendu isotherme. L’Ccoulement & l’entree avait des couches limites kpaissies 
artificiellement par des spoilers allant environ & un tiers de l’envergure de l’ailette, de telle facon que de 
forts koulements secondaires se sont d&veloppb dans l%coulement d&vi& 

On a montrt que les rCsultats dans la rCgion d’Ccoulement uniforme au centre de l’envergure sont 
virtuellement bidimensionnels. La comparaison avec le travail antCrieur de Wilson et Pope [l] montre 
quelques diffkrences, particulitrement & l’incidence nulle. Un mecanisme important par lequel la 
variation de la pression totale le long de l’envergure peut augmenter le transport de chaleur, est le 
mouvement vers I’avant de la transition de la couche limite vers l’endroit d’un renversement de la 
pression locale p&s du bord d’attaque de la section, sous condition qu’avec l’tcoulement bidimen- 
sionnel la couche resterait laminaire apr&s le renversement de pression. Un effet supplementaire est la 
contribution des vitesses le long de l’envergure g la surface de I’ailette, produite par les &oulements 
secondaires. qui augmente le transport de chaleur et le frottement h la paroi. L’augmentation r&s&ante 
de la vitesse moyenne de transport de chaleur due 2 la non-uniformit s&&e des conditions amont 
etait de 6’?,, pour I’incidence pr6vue au d&part. 

Les mesures de l’bcoulement secondaire faites entre les ailettes ont et6 comparCes avec les calculs 
plus ou moins pous&s basks sur les mCthodes de Hawthorne [2] et de Squire et Winter [3]. La cor- 

rtlation est raisonnablement bonne dans tous les cas. 

Zusammenfassung-Als Teil einer Studie iiber den Wlrmeiibergang an die Beschaufelung einer 
Gasturbine wurden Grtliche WLmelbergangszahlen urn Profile einer Schaufel eines Gitters in 
Sehnenrichtung gemessen, wenn diese urn wenige Grad iiber die Temperatur des Luftstromes erwlrmt 
wurde, wobei an jedem Messprofil der Reihe nach isothermer Zustand vorgegeben wurde. Die 
Strijmung am Eintritt hatte durch StGrklappen bis zu ungefihr einem Drittel der Schaufelsehne 
kiinstlich verdickte Grenzschichten, so dass starke Sekundgrstrtimungen im umgelenkten Strom 
entstanden. Es zeigt sich, dass die Ergebnisse iiber den Bereich gleichfiirmiger StrGmung in der Mitte 
der Sehne nahezu zweidimensional sind. Ein Vergleich mit der fri.iheren Arbeit von Wilson und Pope 
[I] zeigt einige Unterschiede, bcsonders bei der Anstellung Null. Ein bedeutender Mechanismus, der 
durch eine Verlnderung des Gesamtdruckes langs der Sehne den Warmeiibergang zunehmen lassen 
kann, besteht aus der Vorwlrtsbewegung des Grenzschichtiiberganges hin zum Punkt der lokalen 
Druckumkehr nahe an der Profilvorderkante unter der Bedingung, dass bei zweidimensionaler 
Striimung die Grenzschicht hinter der Druckumkehrstelle laminar bleibt. 

Ein weiterer Einfluss wird von den Geschwindigkeiten in Sehnenrichtung an der Schaufeloberfltiche 
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beigetragen, die ken den Sekundiirstrtimen, die den WBrmeiibergang trnd die OberflCchenreibung 
vergriissern, verursacht werden. Die sich ergebende Zunahme des mittleren WCrmeiibergangcs, die 
durch die heftige Ungleichfdrmigkeit der Aufw&tsstrombedingungen hervorgerufcn wird, hctrug 
6 Prozent fiir die Anstelldaten der Konstrl~ktion. 

Messungen der Sekund~rstr~tnun~, die zwischen den Schaufeln vorgenomnlen wurden, wurdert mit 
Berechnungen, die auf den Methoden von Hawthorne [2] und Squire und Winter [3] zuriickgehen und 
mit verschiedenen Graden der Verfeinerungen ausgefiihrt wurden, verglichen. 

Die Korrelation ist fiir alle F2lle annehmbar gut. 

hEOTrt~W---If3I~ ‘ILICTL K3yWIIIlB T~IWIOOth?Ha I’33OBO& TYP6IIHHO~ JIOIIaTHEI lr3MepHJIIlCL 

JIOKaJIbfILIe I{O3~~I~~IleHTI,I TenJ[OO6MeIIaB~OabXOpA~KpO~~Ij?e_t"r O~HOiiIi3~OKaTOI~pe~eTfiI~, 

IIarpeT~~ aa Iie~I~o~bI~o rpaxycon IILIIII~ Te~~epaTypLI o~Te~a~~er0 no3,qxaF npmenr 

IcaKf~~rrYr If3hfepKehIbIR npo@mt~, Is CBOK) olrepear,, KBJIKeTCK 1~3OTep~fIi~ieC~~~. &TOic Ii;! 

RXOAC IIMWI 1IOI~p~HINIiLIC i'llOH, IiOTOpl~le IICK~CCTReHIIO yTOalya;lMCL 3aKpLIJIKaMll IIpllMepHO 

IlLI O:tIIy TPeTb pa3MaXa JIOIItlTHIl T;IIi, YTO IWRIIBIi3JIII CIIJlbHbIe 13TOpWiIIbIe TeYeAHB B OTK- 

;IoImoIqehfcfI IIOTOICU. 

I~Oli33:IHO, ‘IT0 JYl’Op~l~IlrLI,ru 'Pe~ICIIIffi II OkkaCTH O~IiOpO~IfOrO IIOTOIia 11 UeIiTpe pasnraxa 

,XOIIITli2l ;jeiicTnriTenhrxo RBJIIIW)‘TCII ~I~~MepHbIMII. Cpaariemre c pane8 orI~~~I~I~oBaI~n0~~ 
p:ii,OTOfi YXJICOII~ 1% nOTI [I] lIOf~~~:~LIlI~eT IIeI~OTOp~e OTJIII9IIR, II ~IaCTIiO~rIi, IIpIi HJUIeBOM 

JWIl? ;1l’aI<EI. OAIiIlM 5113 Ba~~Ii~~lU~lX ~l~XaIII~3~1~~, C ~0~104b~ IiOTOpbIX Ii:~MeHeIIl,le IIOXHOPO 

~anaeirrrrr BROJIL pa3MaXa JiomTIm IoiI<eT gnenmaTL Temoo6hiee, KmKeTcK nepesfememie 

Kepexoaa norpaIImKor0 cnof~ I i TOWK? MeCTIIOI’O MklHPIMyMa ~3BjreHIlH I36~ImE1 nepe)Z(IIeti 

H~~MKII rIorrepcwor0 ceqemm u cnywc gnyveprroro noToIqa,rioraa ~012 0cTaeTcn namIIap- 

mxnr rroc;re T~YIUI ~IIIIIM~M~ ~ameaIrK ; Ix IipOM@ TOI’O, pacnpc~mearre CItopocTei~ IIa no- 

BepXItOCTJI ;IOI‘I;1TI<II, HLI3RaHIfOe I3TOpII4HLIMM TeWHkIKJILZ, HOTOpbIe yI3eJIWIIiBaIOT TeIUIOOheH 

Ii IIOBepXfIOCTIfOe TpeIIEe. ~I~OHqaTe~bHOe yBeneWIIIle CpeAEeii 3~IITeIIC~BKOCTI~ TBIIJIO- 

O&eIIa 3a C9eT CT&IWO& H~O~lI#~O~II~CTIl ~C~OBII~ KBepX II0 lIOTOHy COCTa3~K~O 6 ~po~eI~Ta 
npm pacrremosf yr.Te aTam. 

WsMeperrm nTopmsIior0 TeqeIIm, rrpone~eItrrbIe B IiaKajIax nonai~m, cpammsamm c 

pacseTam rIpripasnwIKbIx ~p~I6Jm~teHEInx, 0cIIoBaKKbIX Ha MeToAax X'oTopIIe [2], Gsafiepa 
II Ymf-repa [Sl. TeopeTmecme gaxIIILIe xopouro cornacymTcK c nIicnepMMexITa;lbH~~~r~ DO 

nccx csIy<Ianx. 1 


