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SUMARY

A study has been made of the performance of two internelly air-
cooled turbine nozzle blades made from extrud:d ventilated sections of
similar outside profile. Dlade temperatures and coolant pressures werc
measured in cascade tests over a range of gas conditions and cooling-air
proportions.

The effect of the variation in internel geometry is demonstrated
in this paper by a comparison between tue two prefiles, in which the duct
hydraulic diameter/Llade chord ratios of ihe ventilating systems were
8.3 x 107 and 5.8 x 1073 respectively, wnile the duct perimeter/blade
chord ratios were roughly equal at 2.9 and 2.8. In this case each

cooling system outlet was led into a manifola.

The advantages of menifolding the outlets of the cooling ducts is
demonstrated by a comparison of the performancesof one of the profiles

operated both with and without such a manifold.

The assessment of blade performance at relatively low temperatures
demands high accurary for subsequent conversion to engine operating condi-
tions. Deteails of the test techniques developed in en endeavour to mee

this reguirement for high accurscy are included.



CONTENTS

1.0 Introduction

2.0 Scope of the investigation

241

ccuracy requirement

3.0 Apparatus and method

The instrumented blades
Temperature-sensitive paint tests
Surface thermocouple measurements
Average temperatures frocm spot readings
Inspection of caszade assembly

40 Test resulis

et No. 13 profile, with and without tip siiroud
Lelel Surface temperesture distributions
L.1.2 Average surtace temperatures
L.1.3 Coolant pressure drop
4el.l Convex side boundary layer condition
L.2 Nos. 13 and 18 profiles, both with tip shroud
L.2.1 Surface temperature distributions
L.2.2 Average surface temperatures
L.2.3 Midspan core temperature
L.2.4 Coolant pressure drop
Le3 No. 18 profile
L.3.1 BSurface temperature distribution
L.3.2 Convex side boundary layer benaviour
5.0 Discussion
5e1 The effect of manifolding th=z cooling duct
outlets
5.2 Contrast between two geometries
5.3 Dependence upon boundary layer behaviour
6.0 Conclusions
Acknowledgement
References

N

-
[@ RN N ~J

11
11

1
12
12
12
13
13
13
13

10,
11

15

15
15

16
16
17
17

17

18
19



-3 -

COWTENTS  (cont'd)

TATLE
No. fitle
I The dimensions of the internal ventilating ducts

APPRNDIX

No. Title
I Nocation

Page

o o e

20

27



fig. No.

N

~ O W g W

\O

10
11

12

13

14

16

17
18
19
20

-l -

TLLUSTRATIONS

Instrumented profile, Z.1881/13
Instrumented profile, 7.1881/18

No. 4 H.T.C.T., section through the midspan
Test blade assembly

Tunnel instsllation,Z.1881/13

Tunnel installation, Z.1881/18

Thermindex paint temperature correction,
Z.1881/13

Paint temperature contours, .1831/13 without
tip shroud ’

Paint temperature contours, %Z.1881/13 with tip
shroud

Paint temperature contours, 2.1881/18
Corrected temperature distributions at midspan

Temperature distributions at We/Wy = 0.01,
%.1881/13

Average profile surface temperature at midspan,
Z.1881/13

Coolant pressure drop, Z.1881/13

Both profiles, temperature distributions at
We/Wg = 0.01

Both profiles, average profile surface tempera-—
ture at midspan

Both profiles, midspan core temperature
Both profiles, core insulation effect
Both profiles, coolant pressure drop

Temperature distributions at various stations,
Z.1881/18

Lamp-black traces at Ty = 300°K (convex side),
Z.1881/18



1.0 Introduction

The acrceptance of internally air-cooled bleding for use in high
temperature gas turbines introduces problems of economin coolant utilisa-
tion, and also strain increments within the material due 1o non-unif'orm
temperature distribution. #uch useful information about vartisular
systems can be obtained by measuring the performence of specially instru-
mented test blades mountsd in static cascadse. Suitable equipment fov
this vurpose has been installed at the NWational Gas Turbine Dstablishment
and is described in Reference 1.

An attractive manufacturing method for internally air-coolcd
turbine blading, embodying extrusion and rollins teclnicue, is currvently
being developed commercislly. Py this method suitable olades ceon be
produred havingz e distribution of ventilating ducts of small Lycranlic

diameter runaing sponwise throuch the In cross—-sention these
ducts cre of epproximately ellintiral
file surface, raving tusir major axes

TYwo sample lensths of constant
in their internal geometry, have been

comporent .
shepe and nay lie close o the
peredlel to tuat surface.

nro-—~

blade prolile, ciftf'ering principally
examined at thls Establisiment.

This Memorandum doscrioes the dnvestigsction and tie results obtaincd.

[\

.0 Scope of the investigation

The two proiiles exsmined, reference numbers Z.1831/13 and

7.1881/18, are illustrated st 5 x full ssale in Pigures 1 ond 2.  Thes=

test sections were made oi Nimonic 80 and 90 respectively. They were
tested as follows: -
1) Bo. 13, with cooling ducts dischiearging into a tip clecarance
space,
(i1) No. 13, with cooling ducts discharging into a tip menifold,
(1ii) ™Mo. 18, with cooling Aucts discharging into a tip senifold.

In this way it was intended that a comparison of the erfiracy of
the two different internal peometries could be made and seconaly tnat the
effect on blade cooling of chordwise static pressure variation scross th
blede tip could be dzmonstrated.

In eocii group of tests the fellowing examinction woas made:—
()

Cver a range of gas {=amperatures and t.rougiputs, and coolant
flows, readings were takcn of (i) spot teusperatures on and
witiiin the test blade measured by thermocouples, (ii) of the
temperatures at points on the neighbouring cascade blode
surfaces, and (iii) of coolant pgressures at entry to and,
where applicablc, at exit {rom the cooling passages.

£t particular gas

gas temperaturcs, throughputs and coolant
ratios, the surfece temperature peiterns were obtained by
using tomperature-sensitive paint. Apart from tihw dircet
intercst, this information was also used to provide a rela-
tlonsnip betwecn the spot surface temperatures of (a) and
the surfoc mean value of tomperature.
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(c) A superficial examination of the boundary layer behaviocur
was made using the lamp-black technique (described in detail
in Referencs 2).

The investigaticn (a) above was made, for each group of tests, over
the range:-

Gas Reynolds ach Coolant
temperature number number ratio
Ty °K R, M, W/ W
- N N
523 2.5 % 10° to 5.8 x 10° |
773 1k x 10° to 3.9 x 10° % 0.25 to 0.85 0.01 to 0.03
1023 10° to 3 x 10° J

The coolant air entry temperature, T, , varied sligitly about an average
value of 300°K. !

241 Accuracy reauirement

The order of the wccuracy to be aimed at in the test programme was
d=duced from the consideration of trne following two hypothetical engine
cases:~

(2) ireraft engine having:-—
Gas temperature in blade row, Tg 12500K
Entry coolsant air temperature, T,,1 850°K
Design blade stress ‘ 8 tons/in?
Significant change in stress 0.5 tona/in?
Blade material Nimonic 90

Irrespective of whether rupture in 1000 hr, or 2 per ceant strain
in 100, 300 or 1000 hr is taken for the design data, the corres-
ponding significant change in blade temperature (equivalent to a
change in stress of 0.5 tons/in2) is abz%t 5°C: +thus the signifi-

cent relative temperature variation, T 0 is 0.013.
. g Cy

(v) Industrial engine having:-

Gas temperature in blade row, T, 1250%K

Entry coolant air temperature, TC1 150K

Degign blade stress 8 tons/in2

Material dessign data Nimonic 90, rupture

in 10,000 hr

Significant change in life 2000 hr.
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The equivalent significent change in blade temperature is about
7°C in this case, which expressed relatively is 0.009.

From these two cases it was estimated that the desired final test
accuracy was *0.01 on the relative temperature scale.

3.0 Apparatus and method

The tunnel with its instrumentation is described in Reference 1.
Figure 3, taken from that reference, shows diagremmatically the layout of
the test blade and the neighbouring fixed blades making up the cascade
corncr.  In this series of tests the surface probe was removsd.

Surface temperatures measured on the fixed blades are not reported
in this Memorandum, but were used in later comparisons between predicted
and reasured blade temperatures wnichare the subject of a subsequent
statement.

31 The instrumented blades

The test blades were assembled from lengths of the ventilated sec-
tions brazed into root blocks which accommodated the coolant inlet mani-
folds. Thermocouples fitt.-d into the profile length were led out through
this manifold, which also acrommodated the coolant inlet instrumentation.
The photograph in Figure /. gives a view of an assembly, in tnis case that
of the No. 18 profile.

The blade outside design details were slightly different in the two
profiles. No. 13 was similar to that ot the dummy blades, whereas No. 18,
which was designed for another application, veried in minor details from
this standard profile:-~

No. 13

and cascade No. 18

dumny blades
Chord c ft 0.19 0.485
Span Ly £t 0.371 0.383
Section length Lp 1t 0.408 . 0.7
Pitch s ft 0.122 : 0.122
Cos™ /4 65° 58°
Tncidence o° o°

The internal cocling passage geometry was markedly different in
each case: the measured dimensions are given in Teble I. Reference 3,
waich presents a design method for estimating the porformance of inter-
nally air-cooled blading, shows how the efficacy of the ventilating
system may be expressed by a factor
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(SC/C)'l 2
= i) T ¢

where S, and A, are the total perimeter and cross-sectional area of the
passages. The Z fectors for these two profiles are 149 (No. 13) and
213 (No. 18).

The thermocouple instrumentation of the itwo profiles was somewhat
different, that of the second test piece being more ambitious in its
coverage than the first. No. 1% had four thecrnocouples at the midspan
position, ¥, and No. 18 had eleven: the location of these stations is
given in Figures 1 and 2. Additionally,No. 18 had thermocouples 1, 3, 5,
7 and 10 at a spanwise position, A, 0.125 ft from the root, and thermo-
couples 2, L, 6 and 8 at a third position, C, 0.33 £t from the root sur-

face. The type of instruments used were:-
No. 13 Pyrotenax 0.062 in. diameter nickel sheathed 71 - T2.
No. 18 Bristol Aero-Engines Limited

0.03%32 in. x 0,023 in. nickel sheathed 71 - T2.
In use both types proved sufficiently reliable.

The details in Figures 1 snd 2 illustrate the different methods of
installation of the surface temperature measuring instruments in the two
profiles. In No. 13 the thermocouples were fitted into clearance holes
drilled spanwise just below the surface, and were brought out to the sur-
face in relatively large openings: a final brazing operation was used to
secure the thermocouple together with a thin cover plate in position.

To equip No. 18 spanwise channels were machined in the profile surface
and covered with welded-on plates, the thermocouple wires being brought
out through small holes in these plates and welded into position. The
second method was necessitated by the more congested arrangement of
cooling passages in the No. 18 profile, and as subsequent sections will
show, is not to be recommended. In both cases the core temperatures
were measured by thermocouples which were bundled with Nimonic strips to
render them push fits into the holes drilled to the midspan depth.

111 thermocoupls calibrations were checked to within +1°C, at the
same time, by immersing the particular blade in boiling water, a suction
pump drawing the water through the ventilating passages to obviate con-
duction losses and hence temperature gradients within the material.

Figures 5 and 6 illustrate the coolant measurements. Static
pressures are measured in the inlet menifold and, where applicable, in the
recess in the tunnel wall forming the outlet manifold. The inlet mani-
fold static pressure was regarded as being equal to the total pressure
of the coolant entering the passages, for the flow range covered in the
tests. At the outlet, however, the relation between the manifold static
pressure and that in the cooling passages is uncertain, as it depends
upon the recovery in the very limited space available; this however is a
relatively small proportion of the total drop. For measurement of
coolant air inlet temperature thermocouples were installed in the cooling-
air supply ducts.
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3.2 Temperature-sensitive paint tests

"Thermindex" temperature-sensitive paint was used to give
visualisation of the surface temperature distribution at pnarticular gas
and coolant flows. The test technique followed the methods cescribed in
Reference 4. A rod, carrying a number of thermorouples and cooled at
one end to give rise to a tenmperature gradient along its span, was exposed
to the gas stream together with, and for the same time as, the test blede.
When both blade and rod were sprayed with the paint in an identical
fashion, a temperature value for a particular contour could be measured on
the calibrating rod and applied to the blades.

In a series of runs to check the reproducibility eof the technique
it wes found that e scatter of t5q3 aeppeared in the calibrating rod
temperature values for & particular colour change contour. A1 the blade
row conditions at waich it was provosed to use this paint chenge line,
such scatter amounted to *#0.01 on the relative scale. This veviation
appeared to be hapha.s.d and was assumed to be due to differeaces in appli-
cation.

The temperature value measured for a particuler colour change on
the calibrating rod cannot be applied directly to tns same contour
appearing on the test blade, as is suggestcd in Reference &4, if' the target
accuracy of these tests is to be schiesved. This is because the drop in
temperature through the paint film is substantial, but variable depending
upon tihe local values of heat transfer coefiicient and cas/blede tempera-
ture difference. Por examnle, ti:e observed differences between the
readings or particular blade surface thermocouples with and without a paint
film ranged betwsen 3 and 1206; 1.2« at the conditions of the investiga-
tion, between 0.01 and C.Cl on the relative scale. It dig of interest to
note that the calculated thickness of a film of conductivity of the order
107" CEU/sec+ft whish would support such differences with thre cstimated
boundary layer behaviour? applicd to the profile was everywiere in tle
order 10~% in.: this agrees with an estimate of the order of thickness of
the sprayed coating.

ihen an apprecieble temperature diffsrence is developed through the
paint depth, the colcur chenge cannot appear as a perpendicular edge
through the f£ilm: this may have been the cause or the somewhat indefinite
nature of the margin of change from one colcur zone to another. This
margin was about 7 in. wide on the calibrating rod, oput considerably more
on some parts of the test blade. By choosing what seemed to be the limit
of the colour change on the "ccld" side it ssemed a reasonable assumption
that the calibrating rod temperature was approximately trat of the contour
at the bottom of' the paint depth. The surface temporature wovld then be
this calibrating rod temperature plus the temperature drop through the
£ilm., The increment depends, as previously mentioned, upnn the heat
transfer coefricient and the temperature gradient at the point considered.
Such increments wers deduced at various points on the test olade proiile
for the fixed gas flow conditions ol the paint tests, by comparing the
temperatures measured by individual surface tisrmocouples ot diifferent
positions and different metal temperaturc levels with and without the
paint spplied.

The test technique me; be summerised briefly as follows:-—
(a) The gas conditions, Reynolds number and cffective tempera—

ture, were maintained substantially constant for the paint
tests.
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(v) The temperature at which the paint changed colour in each
particular test was measured by reading the calibrating rod
temperature at the position corresponding to the cold side
of' the colour change margin.

(e) The contour of the cold limit of the colour change margin on
the test blade was recorded.

(d) The dif*erence between the blade surface temperatures, with
and without a paint coating, was plotted &t different pro-
file positions and temperature levels.

(e) The blade contour was corrected by teking increments from
the plots (d) for the relavant profile positions at the
uncorrected contour temperaturz (resd as blade surface
temperature with paint film, see Figure 7). This correction
is tlus a variable along the contour.

Examples of the plots of the temperature increments are given in
Figure 7. These show, for the gas conditions of ths Z.1381/13 tests, how
such increments are grester near the blade leading edge than at mid-chord
on the convex surface, how they increase as the vlade surface temperature
decreases, and how the effect of paint thickness with the brushed agpplica-
tion was observed to be greater than that sprayed. A similar approach
with the other test blade, at two gas Reynolds nuwnbers, showed how the
increment at the thermocouple station near the L.E., was approximately
proportionel to R,°"%%; ths heat transfer coefficients may be expectsd
to vary as R,°*®, but there is a small compensatins effect in the varia-

tion of Tg -~ Taurface, as the increment Tgurface - Thlade increases.

The surface temperature maps of Pigures 8, 9 and 10 cach result
from a number of runs in which the desired Reynolds number and coolant
ratio were kept constant, but the gas temperature was varied slightly to
cause a particular cclour change to appear at ditferent spanwise stations.
This to some extent upset the applicability of the incrcment plets, but
this minor inaccuracy was ignored: a better mcthod, had it been availsble,
would nhave been tlie control of the coolant temperature. It should be
noted that the valuss appended to the contours are calibrating rod figures,
i.ee. they are not corrected for the temperature drop through the paint
film. This correction is included in the midspan tempsrature distribution
plots given in Figure 11. The examples chosen are Z.1831/13 without tip
shroud (brush painted), with tip shroud (spraycd) and 7.1881/18 (sprayed).
Th» differences between the first and second demonstrate the improvement
in accurscy achieved as the paint film thickness is reduced: ditferences
between the second and third indicate variations in the boundary layer
behaviour on the two profiles.

3.3 Surface thermocouple mecasurements

The paint tests provided an opportunity for checking that the
thermocouples {itted in the blade were unobirusive, i.c. that their indi-
cations were consistent with the temperature whicl: would be measured at
the same location in the absence of instrumentation. It was cbvious in
the case of the Wo. 18 profilec that this was not so (see Iigure 10); the
colour change contour deviated over the thermocouple channels. The
extent of this error is shown up in the additional information in
Figure 11. Generally the thermocouples read higher, but in the case of
the two T.E. instruments low readings were recorded: it is thought that
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this was due to these channels having broken through the division into
cooling ducts 1 and 16 (see Pigure 2). With the type of instrumentation
adopted in the first blade no such errors were observed, and it may be said
that that method was unobtrusive.

3.4 Average temperatures from spot readings

Because of the labour involved, the temperature surveys using the
indicatine paint were limited to a few selcocted conditions. The surface
thermocouples were used to yield average temperatures at the various
spanwise stations over the test range dsscribed in Section 2.0(a).

This perimeter-average velue was obtained from weignted spot
readings: -

5, - w, (1) + w0, (2) + w,(3) + ovnes )

w1 + w2 T Wy + escee

The weights were assumed to be in linear relationship with the coolant

flow proportion, and suitable equations were invented to satisfy the
average at the conditions of the paint tests. It was assumed that the
selected relations were constsnt over the entire test range, and this seems
probable if serious variations in the boundary layer behaviour are nct
experienced.

3.5 Inspection of cascade assembly

At the end of the test programme the cascade installation was par-
tially dismantled to permit measurement of the blade pitches and throats.
It was found that neither blade was accurately positioned; in the case
o’ the first profile the deviation was not likely to affect matericlly
the boundar, layer development, but in the second the discreponcies were
ol a more serious nature. This blsde was found to be slightly warped,
which when combined with the positional inaccuracies seemed likely to
promote separation from the convex surface over the inboard half of the
blade span. The results of tlese measurements expressed as throat posi-
tion in terms of total convex surface length, (F/XS) and trailing edge
curvature?, in terms of blade pitch divided by the curvature radius,

S/e, are as Tollows:—

Design 7 span 2 span
No. 13 throat 0.48 to 0.5 0.52 0.5 to 0.57
curvature 0.56 0.58 - 057
Noe 18 throat 0.48 to 0.54 08 to 0.57 0.9 to 0.52
curvature - 0.49 0.33 0.51

5.0 Test results

In the following sections the test results are presented in
comparative pairs, for ease of subsequent discussion. Thus the various
measurements are reported in two groups, i.e. the No. 13 profile with and
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without tip shroud, and the two profiles both having tip shrouds fitted.
A third group contains additional information obtained on the No. 18
profile in its one mode of operation, which is necessary for a discussion
of some anomalies observed.

L.1 No. 13 profile, with and without tip shroud

Le1.1 Surface temperature distributions

Referring to the maps on Figures 8 and 9, it will be observed that
in the second case, where the tip shroud is fitted, a fan-shaped hot zone
originating at the leading edge tip extended into the blade throat over
the convex surface. This was obviocusly a manifestation of the vortex
trail generated by the sleeve fitted over the blade tip, which as shown
in Figure 5b presented a bluff obstruction upstream of the test blade.

It indicates that heat transfer coefficients under such a disturbed flow
are relatively great. ‘

The plots of corrected tempcrature around the profile perimeter, at
various spanwise stations, at 1 per cent coolant ratio, given in Figure 12
illustrate the effect of static pressure variation across the blade tip.
In the first series this pressure varied from gas inlet to gas outlet
static and resulted in a preponderance of the coolant flowing through the
trailing edge chamnels. Presumably as a result of the temperature rise
of the coolant in these charnnels being relatively small the spanwise
variation in surface temperature in their vicinity was less than that in
the other series. Near the leading edge the cooling channels were rela-
tively starved, and once again the spanwise temperature variation was less
than shown in the lower plot. This was particularly true of the sections
outboard of the % span station; a possible explanation is that the
coolant in these channels was fully heated in a short distance resulting
in a reduced temperature differential which consequently allowed the blade
surface temperature to rise nearly to the effective gas temperature.

On the concave surface of the blade in the second series of tests
the temperature contour exhibited a chordwise variation of small amplitude,
superimposed on the general pattern. The cooler regions lie between the
ventilating channels under this surface, suggesting that the solid metal
between the cooling channels acted effectively as fins.

Le1.2 Average surface temperatures

Figure 13 gives midspan perimeter-average temperatures deduced from
the thermocouple readings according to the method detailed in Section 3.3.
In this Figure best lines have been drawn through the points: the scatter
in the first series did not exceed *0.02, and was generally less than this
except in the Wb/W‘ = 0.01 results; in the seccond series the scatter did
not exceed +0.01, on the relative temperature scale, in this case also
being most marked in the low coolant group.

These temperatures were considerably greater when the blade was
operated in the first mode, without a tip shroud, most particularly at low
coolant ratios. At the highest ratio the average temperaturcs were much
the same at low Reynolds number, but fitting a coolant outlet manifold
displayed an advantage at the upper end of the Reynolds number range.
Temperature ratio was more strongly influential in the second series; in
the WQ/W = 0,01 curves from the first series this effect is scarcely
discerniBle. The variation of temperature with Reynolds number was
everywhere more marked in the second mode.
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L.1.3 Coolant pressure drop

The coolant pressure drop due to friction, heat addition and outlet
velocity head loss was taken to be Po, - P, * In both cases the static
pressure measured in the coolant inlet manifold was taken to be the
passage entry total pressure; in the first series of tests,pcz was
Sssgmgd to be the mean of the gas inlet and outlet static pressures, i.e.

1 2
2
cutlet velocity head was dissipated in the exit manifold and that pe. Was
the staetic pressure measured there. These pressure drops expressedzas a
proportion of the blade passage gas velocity head are plotted in Figure 1k.

, whereas in the second series it was assumed that the entire

At a gas Reynolds number = 2 x 10°, Wo/W, = 0.01 end Tg/p, = 1.75
the pressure drop coefficients, tip shroud fittéd compared with those
without tip shroud, are in the ratio 1.1/1. This ratio increases with
Tg/TC and.WQ/W until at 3.4 and 0,03 respectively it is 2.6/1. As the
gbsollte loss a given conditions was rrobably slightly gfeater in the

w

case with no tip shroud, the comparison suggests that ;l~§—£5 is not the
effective mean coolant ocutlet pressure. This effective pe, lies between
p; and p, but probably varies with the other parameters. “At high
Reynolds numbers the first series test pressure drop coefficients changed
from the usual negative slope to show an increase with increasing Reynolds
number. The maximum Reynolds number readings gave pressure drop coeffi-
cients very closr to those at the same conditions from the second series.

In both series the effect of temperature ratio appeared to be
similar.

Lelsk Convex side boundary layer condition

Two tests using the lamp-black technique gave results closely
similar to those recorded for the copper blade in Reference 2. It seems
probable therefore that the development of the boundary layer, in the
absence of heat flow between gas and blade, was similar in the two investi-
gations, and thercfore the findings of the earlier tests should be appli-
cable in this case.

Le2 Nos. 13 and 18 profiles, both with tip shroud

he2.1 Surface temperature distributions

A general impression of the surface temmeratures can be obtained by
comparison of the uncorrected temperature maps in the upper parts of
Figures 9 and 10. Thore is a Reynolds number difference, but not suffi-
cient to affect the general comparison. It will be observed that the
"£in" effect on the No. 13 profile is not apparent on the second blade,
presumably due to the less localised cooling obtained with the greater
number of passages accommodated in the latter. The concave surface
patterns are otherwise generally similar, but on the convex side No. 18
exhibits considerably lower temperatures towards the T.E. as is to be
expected considering the relative distributions of cooling passages (see
Figures 1 and 2).

The advantages of the No. 18 cooling system are more readily seen
by reference to Figure 15, where the midspan distributions at similar ges
and coolant conditions are compared (the previous No. 13 result for
R, = 2.85 x 10° having been roughly corrected to R, = 2 x 10°).  The

2
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gradients on the surface of the No. 18 profile are less severe, and the
general level lower than on Noe. 13. Some over-cooling between 7 and 3
chord on the No. 18 possibly wastes some coolant. The reduction in the
temperature of the leading edge is particularly noteworthy.

L.2,2 Average surface temperatures

The Reynclds number range over which the comparison between midspan
average surface temperatures can be made on an internal geometry basis is
restricted to 10° to 2.5 x 10°. This is due to the discontinuity in the
No. 18 profile results which will be separately discussed in a later
section.

Within this range the sliape of the curves are generally similar, as
shown in Figure 16. At a Reynolds number of 2 x 10°, temperature ratio
Tg/TC1 = 2.5, the relative temperature difference between the two profiles
varies between 0.01 to 0.03 over the coolant proportion range 0.01 to 0.03.
When the effect of temperature ratio is exam.ned at the same Reynolds
number, it is found that the relative degree o. cooling (Ty - Ty)/(Tg - Te,)
is reduced as temperature ratio increases; the reduction %eing roughly
proportional to (Tg/TC1)’°'25 at all coolant flows.

L.2.3 Midspan rore temperature

The midspan core temperatures were measured, in the case of No. 13
profile at one central station, and at three positions on the camber line
through the No. 18 profile; in this second case the quoted average is the
arithmetic mean of the three recadings.

The comparison is made in Figure 17. The central regions of the
No. 18 profile are considerably cooler than those of the No. 13 profile at
the same conditions, and furthermore are better insulated from the surface
temperatures, i.e. the difference between average surface and average core
temperatures is greater at particular gas and coolant conditions. This
insulation effect is seperately presented in Figure 18. The two extreme
temperature ratios are considered over the coclent flow range, at one gas
Reynolds number. While the gencral relationship with coolant proportion
has a similar slope in both cases, the effect of temperature ratio is
slightly more marked in the case of the first profile.

A corcllary to this insulation effect is of course that proportion-
ately less heat is transferred to the coolant from the core sides of the
No. 18 profile cooling ducts than from those of the No. 13 profile for a
given coolant temperature at this midspan station.

L4.2.4 Coolant pressure drop

The marked difference between the pressure drops necessary to drive
given coolant proportions through the two cooling systems is illustrated
in Figure 19. Roughly speaking, the flow through the passeges cf the
No. 13 profile was about double that through the No. 18 ducts at particular
gas conditions, for a pressure drop equal to one ges outlet wvelocity head.

The effect of temperature ratio was much the same in both cases,
over the test range of Reynolds number and coolant proportion; the average
slope of logarithmic plots indicated that the coolant pressure drop
coefficient was approximately proportional to (Tg/T, )™°"% at
Wo/wg = 0.01, (Tg}}gc,)‘”"’ at 0,02 and (Tg/T, )~9°5 ht 0.03; the effect
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of Reynolds numbers on these approximetions was negligible.  When power
approximations of the above nature are accepted, the pressure loss
coefficients are seen to be in the ratio, No. 1o to Wo. 13, of about
2.5/1, at particular gas and coolant conditions. This is rouguly the
same as the square of the ratio cf total passage cross—section areas in
No. 13 and No. 18 profiles.

a3 No, 18 profile

A discontimuity is apparent in the plots of average surface tom-
perature versus Reynolds number (Figure 16Db). It occurs at about
R, = 3 x 10°, and results in blade temperatures everyware highor than
would occur were the trends of the low Reynolds number rosults to con-
timue, as indeed they do in the casc of the other profile. Insufficient
data was obtained to determine the shape of the curves azbove R, = hLox 1P,
and the accurscy target of 0.01 on the relative temperature scele had to
be abandensd. The influsnce ol the temperature ratio is thought to be
less then at the low end of the range, but this opinion is based on a
very limited number of obscrvations. Similar discontinuities but of
different magnituGes were also observed in the plots of core temperaturs
(Figurc 17b) and of surface temperatures at stations other than the
midspan.

Le3.1 BSurface temperaturc distribution

An additional set of paint colour change contours was obtained at
a Reynolds rumber of 4.5 x 105, so that the detail nature of this discon-
tinuity could be obscrved. This pattern is presented in Figure 10b. It
is apparent that the concave surface behaviour is little dijrerent, out
that the last part of the convex surface is relatively hotter at tie
higher flow.

Tne perimeter distribution at three spanwise stations for Roynolds
- 5 o - . 2
numbers of 2 and 4.5 x 10° {figure 20) shows this effcct more clearly.

Le3.2 Convex side boundary layer behaviour

The change in the convex side temperature pabtern describsd in the
previous section suggested that the nature of the boundary layer over this
surface was markedly different at the two extromes of the flow rang:.

A lamp-black visualisation examination was therefore made over tuis sur—
face.

Lamp~black records were obtained over the Reynolds number range
3.8 x 105 to 7.5 x 105, at a gas temperature = 300°17. These fell into
four main categorics as far as the convex side is concerncd, as shown in
Figure 271:-

(1) Undisturbcd deposit over the entire surface up to

Ry, = box 107, This indicatced a low level or turbulence
in the main stream but yielded no information sbout laminar
separation.

(2) The deposit slightly abraded from Luito X/XS = 0.8: this
was the usual appearance under a laminar boundary layer in
high speed flow. At about /v = 0.8 however the deposit
was unmerked: this state cxtunged to ncar the TLE.wherc,
outboard of midspan, thoe blade metal was cxposed.  This
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was interpreted as indicating laminer separation rollowed
locelly by transition to turbulence sufficiently near the
blade surface to arfect it. This t7p2 of plot was recorded
up to R, = 6.7 x 107

(3) In the range 7.1 x 10° to 7.4 x 10° marked differences were
observed between root half and tip halr.  Inboard of mid-
span the record was similar to that described in (2) above
except that the demarcation occurred earlier. Outboard of
midspan the deposit was removed from ¥/x = 0.5 to trailing
edge. It is possible that the boundary layer was separated
from this part of the surface over the root hali and was
attached, but turbulent elsewhere. The Reynolds number
rangs of this mode is short, and two records as described
in (4) below were obtained within this range, indicating that
this was not a stable mode,

(&) At the upper limit of Reynolds number a fourth type of
trace wos discovered: &gain there cre differences on either
side of midspan. Inboard tue logical interpretation of
Figure 21¢ is transition at about ¥/x_ = O.4H, separation
at 0.6: outboard it is transition at about 0.5, separation
at 0.65 and finally re-attachment at 0.9.

These records were obtained without combustion at low levels of
mainstream turbulence. Rerference 2 contains a survey of the cascade
turbulence levels, and alsc a tentative description of the interaction of
turbulence with the other boundary layer parameters controlling separation
and transition. This latter survey demonstrated, for examole, that a
given transition observed at R, = 7.4 x 10° at the level of these tests
might be expected at R, = 3.6 x 10° with the turbulence obtaining when the
combustion chambers ere operated. Thus the choanges demonstrated in the
lamp-black tests were probvably effective at the fiows at which the blade
temperature discontinuities were observed.

5.0 Discussion
5e1 The effect of manifolding the cooling duct outlets

The tests on the Z.13681/13 profile demonstrate clearly the effccts
of the static pressure variation across the blade chord on the coolant
distribution. The concentration of the coolant flow in the T.E. passages
results in these regions being reduced to relatively low temperature
levels, but permits the L.E. to rise to very near the effective gas
temperature. Although tue average surface tomperature and coolant pres—
sure drop wversus coolant flow rclations arc only affected to & minor
degree by variations in flow distribution, the utility of the system is
seriously reduced when large variations in temperature occur over the
blade chord, as in the former case.

Manifolding tre outlet appsars to correct the tendency. An
alternative solution might be the changing of the location of the passages
but an examination of the profile drawing shows that little could be done
in this direction, without introducing serious local gradients botween
passages in the T.E, half of the section, Vetering orifices in the T.E.
passages would serve to correct the tendency, but only at the cost of
increased pressure drop.
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5.2 Contrast between two geometries

The decrease in the hydraulic diameter of the cooling passages has
only a minor (but significant) effect on the average temperatures at given
gas and coolant flow condltions. Increasing the dispersion of the pas-—
sages and the cooling heat transfer coefficients serves to insulate tne
core of the blade from the surface, which means that a large proportion
of the internal surfacing is at & relatively low temperature and tious
contributes less to the overall heat flow. This contrary devclopment
reduces the effectivencss of the von*ilating passages as far as surfacc
temperature is concerned. On the other hend, if the temperature gradicnts
can be accommodated, the cooler corc might teke higher loadings.

The improvements are paid for by morked increescs in the coolant
pressure drop. If coolent utilisation is not tli. controlling factor
profiles with large ‘ventilating hydraulic diametors would be uscd, In
this compariron for example, at R, = 2 x 10°, Tg,/‘]?c1 = 2.5 and

‘E%———Ega = 1, the No. 13 profile would have o midspan average tempoira—
2rglg

ture (relotive) of about 0.56, and the core would run ot cbout 0.5; the

No. 18 profile would hrve tomperaturcs of 0.69 and 0.65 rcspectively.

The coolant flows permitted would,however, be about 2.6 per cent in the

first cese and holf thet in the second.

A noteworthy erfect, due principolly to modifications in the
external geometry of the second profilc, is illustrated in the temperaturc
distributions about the L.H. in Figure 15. The peak is sharpcr in the
case of the No. 13 profile, and this is thought to bc due to the lceding
edge r adlus/blgdu chord L<ti rother than to improvement in the cooling.
The velucs of the ratio arc 0.030 and 0.045 respectively, and Roference 3
points out how hect transfer coefficients ot the stagnation point mey be
reduced by increascs in the leading cdge radiuvs.

5.3 Dependence upon boundnry layer beaoviour

Major incr.oses in local temperaturc wore cxporicnced when the

boundﬁry laycer sepcretJQ from the blade convex surfacc: fLor cxemple,

at */xg = 0.8 ot spanwise station A, the relative tempercturc increased
from O. 6o to 0.75, ~s shown in Figurc 20. The off.ct on the average sur-
face tcaporature ot this stotion, for coolant flow proportion = 0.01, wes
about 0.02 on the relotive scale. The subject of separated flows 1s
discusscd in Reference 2, where it is shown that local heat transfer
oefficients are very hich under separated flows, at some positions somc
4O per cent greater thrnm those under attached turbulent boundary layers.

Cooled turbine blades arc thus doubly wvulnercblc to flow scpara-
tion, on the score of both acrodynemic pcrformance losses and, hoat
transfer.

6.0 Conclusions

The description of the investigation includes detoils of the
instrumcntation ond of the tcst techniques adopted in the attcempt to
record blade perimeter-avercge surfacs tempernturesto an accuracy of
+0.01 on the reclative scale.

In this woy a study was mede of a ventilatcd profile opcreting
in two modcs, with: and without o menifold cbout the cooling passage
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outlets. The superiority of the msnifolded mode is demonstrated.

The relative merits of two distributions of internal passages is
illustrated in performonce comperisons between the two profiles: in one
the ratio of the hydraulic diameter of the compnlete cooling system to the
blade chord was 8.3 x 107%, in the other 5.8 x 10™%: +the cooling perimeters
were approximately equal in the two cases. For a given ceccling flow the
one having the smaller passage ratio was marginally better cooled at the
surface, but core temreratures were materially reduced. The pressure loss
was about 2.5 times that experienced in the larger passages.

The leading edge radius is an important design feature in cooled
blades, in that stagnation point heat transfer coefficients are large
about sharp edges. The effect of increasing this radius by 50 per cent
is shown in the midspan surface temperature distributions in Figure 15.

The second tlade profile was slightly warped in manufacture: this
led to separation of the bouudary layer over part of the convex surface
above a certain gas Reynolds nunber. The effect of this development was
a major increase in local surface temperatures.
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TARLE T

The dimensions of the internal ventilating ducts

Profile Z.1881/13

Areca Perimeter

o e .

x 1072 x 1072

1 8.1l le52

2 7.52 el7

3 7.59 L.25

4 779 L4e32

5 821 .92

6 8.20 5.6M

7 6.8 5.92

8 8. 14 5,97

9 Ba5h 5.42

10 343l 5.20

11 7.79 Lo72
TOTAL Ao = 87.h x 107° Se = 55410 x 107°

Profile Z.1881/18
Area Perineter
Passage £4? £t

Ko. % 1077 x 10728

1 1.88 2.75

2 3.06 3.67

3 3.40 2.92

I 340 2.63

5 3,06 : 2.75

6 3.40 2.75

7 3.96 3.08

8 3.55 2.75

9 3496 3.00

10 3.06 3.17

M be17 5453

12 3.06 3.33

13 ‘ 3.40 3.42

1y 3.82 3,92

15 3.82 3.83

16 3.82 .25
TOTAL A, = 55.21 x 1077 Se = 51.75 x 107
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APPENDIX T

MNotation
cooling duct total cross—sectionsl area
blade chord
gas specific heat at constant pressure

radius of convex side curvature between throat and
trailing edge

section length

span

Mach number in gas stream

average Mach number around profile
blade throat opening

total pressure

static pressure

Wy e

g

s+ Lg* cos o/ s * Hy

blade outlet Reynolds mumber =
blade pitch

cocling duct total perimeter
total temperature

glads point surface temperature

perimeter-average surface tomperature at a given
spanwise station

blade camber line point temperature

X -1 1
gas effective temperature = T, 1 - 0.15 —

1+3L—-—~—'1M2J

7
[he)



- 22 -

ng gas velocity in blade throat
W, coolant flow rate in test blade
Wg gas flow rate per blade passage
X blade perimeter length measured from L.E.
Xg convex surface length
W, W, W, welighting factors in midspan perimeter-average temperature
equation
Hg absolute viscosity of gas measured at Tg
oo density of gas measured at p, and Tg
Pogitional suffices
1 blade passage entry
2 blade throat
m midspan
e, cooling entry manifeld
c, cooling passage outlet
T - Tg,
NOTE: T expressed as a relative temperature is o
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