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1.0 Tatroduetion

Tne Cevelomment of pas turbine engines for aircraft propulsion nas
led to the use of gas temperatures which n.-cossitate coollng of thz tur-
bine components in particulai the blading. Thus in the design stage of
a projected cngince, Llade toemperatures and coolant reguirements have to
be estimated at varying operating conditions. To test the utility of
estimatiﬁg procedurcs, they may be uscd and compared with porformance

cpults from rig investigations using adequately instrumented test blades.
Thuuu investigations are much simplificd whon the offucts of rotation wro
not included and the blades are rounted in static cascaces.

In one of the cascade tunnels installed at this Tatablishment for
such use, the blade profiles werce typical of cocled nozzle guide vanes.
The present serics of Momoranda (in two parts) duscribe this rig (the
No. 4 High Temperature Tunncl), ana give dotails both of its ejuipmont
and its pcrformenc.

A specific aspect of purformanc: whicn is of particuler intcrest
in a cascade designed for blade cooling studics is the gas o blade con-
vective heat transier, The estimation of cooled blade maturlql Lorip-
eraturcs, coclant distritution and temperstace risce when the surfac. pat-
tern of gas to blads heab transfer rutes is known, is a2 laborious compu-
tational process. The calculation is rach siisplified when cdorzwise'
periteter averages are assumed to be elfective in the basic GJJAuLOUS e,
The main burden of this valr of licmoranda is thersfore the surfsce mean
heat transfer coefficionts obtaining at various pas flow conditicns:

Part T deals with the meaosursd values, and Yart I gives a camparison
with predicted rates.

2.0 Apparatus and method

Ln external view of the Neo. L High Temperature Tunnel installetion,
with the rig partially dismantled, is given in Figurc 1. The gas {low
was directly hecated, when roqubv”d by using one er both of the parallcl
combustion cheambers. These chambors have outlet scoepz, projectiag into
the refroctory lined mixing box. which served to deflect the two streass
towards cach other. hbjﬂlkbu flow Vanruq the cascade Lhruui a pair
of gauzus follewcd by a parallel coction some six chords long e
ingtallation was designed to deliver gas Tlows to the ce scade ouffiuLuPt
to cover the rangel:-

O
Gag total temporaturc - 20~ 10007C
Mach number at blade cxit - up to 1

Blade exit static prossure - approximately atmospheric

2.1 The cagcade lunne<l

The tunnel wa QMLPLCQ.Wlth blades to the profile shovm in
Figure 2, set al zero inlet =n le: the measurcrents vere restrictud to
this profile at gero incic.ace. The csscades geamotry was as follows: -
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chord, ¢ 2.23% in.

pitch, s 1.46 in. ; s/c = 0.65
span, & 4.5 in. ; &/ = 2.02
design gas outlet angle, 3, 62°

The blades were all carried in cantilever fashion, there being a clearance
between their tips and the adjacent wall: this measured 0.1 in. at the
test blade position and 0.05 in. in the case of the permanent blades.

The test blade was carried in the wall secen in Figure 3, the others being
fixed in the opposite wall.

The side walls and fixed blades had internal passages coupled into
twe circuits, through which cooling air or water could be circulated. In
these tests both circuits were fed from the water main. The four dummy
blades adjacent to the test position wore provided with thermocouples on
the surfaccg facing the test blade. In this way radiation losses could
be asscssed. The test blade root was insulated from the cooled wall in
which it was accommodatcd by an insulating liner % in. thick, to reduce
conduction losses.

The tunnel carried a variety of instruments on its entry and exit
componznts:  these are indicated in Figure 3. Around the wall of the
entry section eleven static points were manifolded together.  Stagnation
thermocouples and pitot tubes which protruded to the quarter span depth
were carried on the entry side walls.  Another stagnation thermocouple
which could te traversed the depth of the tunnel gave the mid-span temp-
erature distribution. Three pairs of opposite static holes were drilled
in the exit side walls. A pitot yawmmeter could be rotated and traversed
vertically at various span Qepths closc t> the blade outlets. On the
roof of the exit section a probe holder at mid-span had frecdom of move-
ment in the two ways to allow a pitot tube *o be fed over the surfaces of
the test blade.

For the preliminary inlet velocity and temperature traverses re-
ported in a later section, additional instruments spanning the tunnel were
fitted in place of the pair of entry pitot tubes. These manually-
traversable instruments had extended ends so that the bleckage introduced
was constant during the traverse.

2.2 The test blade

The gas to blade heat flow was measured on the test blade shown in
Figure L. A separate flow of coolant was passed through the profile, and
from recorded flow ratcs, temperature risc, mcan profile temperature, gas
temperature and a knowledge of the specific heat of the coolant and the
measured surface area, the profile surface mean heat transfer coefficient
was deduced.

The profile was made of copper to reduce surface temperature vari-
ation to a minimum. Point measurements of this temperature were made at
four pcsitions at mid-spen and it was assumed that the perimeter mean of
these readings was the effective average for the entire surface. The
surface thermocouples consisted of constantan wires carried inside copper
tubes 0.059 in. o.d., 0.031 in. i.d. These tubes were brazed into grooves
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in the blade from mid-span to root, thus avoiding the local cooling about
the measuring point which would have resulted had the leads been brought
out directly into the coolant passages.

Mains water was used as a coolant, having a temperature at entry
to the blade of ebout 20°C. It was passed into and out of the blade
through measuring stations which were reverse flow jacketed to give a
well mixed flow wver the thermometer. The extemmal assembly was lagged
and jacketed to prevent heat losses. A reverse flow sgystem about the
thermometer at the outlet station was a further safeguard. The mercury-
in-glass O to 50°C thermometers were graduated in tenths of a degree, and
with flow rates adjusted to give temperature rises of about 10°C it was ex-
pected that =n accuracy of not worse than *2 per cent could be achieved.
If local boiling were to occur within the profile the possibility of un-
accounted heat flow arises, due to the escape of steam through the outlet
station. To prevent this possibility it was stipulated that the measured
profile surface tumperaturcs should all be at least 109C below the boiling
point Jf the coolant. Az a result of these limitations and of the re-
latively high water inlet temperature, the range of the tests was restricted
to a temperature ratio, gas to mean blade surface, from about 1.2 to 1.9.

The weight rate of flow of the coolant was determined by intermit-
tently timing the passage of a certain quantity. The time interval was
never less than one minute so that an accuracy of better than 1 per cent
could be easily obtained.

Losses from the heated profile by way of the exposed root fitments
were obviated by having a second water circuit in the root block.  This
was fed with the warm water leaving the profile circuit, after passing
through the outlet temperature measuring station.

Those surfaces which were exposed to the gas flow and whose back-
ground was in contact with the profile circuit coolant were measured and
used to determine the heat transfer coefficient. The profile area, tip
area and a proportion of the root platform surface were summed to give the
0.162 ¥ used in the calculation.

3.0 Tesgt results

2.1 Tunnel entry gas flow conditionsg

The cascade may be supplied in one cof frur different ways; for low
temperatures the unccoled facility compressor outlet temperature may be
adequate; for intermediate temperature one of the two combustion chambers
may be used; for teuperaturces cxceeding about 500°C, both chambers must
be used, although their combined use may be extended down to about 350°C.

The cascade eniry was fitted with a pair of gauzes providing a
45 per cent and 4O per cent blockage in cleuse series with a combined pro-
Jjected blockage ratio of more than 90 per cent, but nevertheless dis-
tinctive total pressure, incidence and temperature distributions varying
with the use of the optional gas supplies were apparent.

3.1.1 Incidence
Incidence variations were examined at one overall condition, i.e.

e flow to give a mcan blade outlet Mach number M, = 0.77 and a gas total
temperature of 350°C. These distributions are plotted in Figure 5.



-7 -

Since No. 1 combustion chamber was on the test blade tip side of the mixing
box it 1s obvious that the preferential circulation in the mixing box was
of the dircection which would result fiem flow through this combustion
chamber alonec, When No. 2 chamber was used the heat addition caused a
reversal of this circulation. The incidence pattern with both chambers

in operation indicated a very weak resultant circulation in the prefer-
ential dircction.

Incidence changes within the range detected are not likely to affect
the blade performance materially, except perhaps near the tip with No. 2
combustion chamber alight. Incidences greater than +10° may modify the
pressure distribution around the convex surface to an extent sufficient
to move the peint ef separation or transition a small distance. This
possibility is taken up in Part IT of the prescnt series.

3.1.2 ZYemperature

Temperature patterns were cbtained at a combustion temperature rise
of about BBOQC for the three modes of hot operation over a wide range of
flows. The plots are given in Figure 6. It appears that flow rate did
not affect the distribution. Rather surprisingly the peak temperatures
were observed inboard of mid-span at all modes of operation.

The scale of variation from centre line temperature expressed as a
proportion of combustioa teumperature rise is supcerimposed on the plot.
Although no experimental verilication was obtained it is expected that this
is likely to be the significant paremeter.

In cooled blade studies it is convenient to express temperatures
relative to the interval between gas effeclive temperature Tg, and coclant

entry temperature, To: for example a blade surface temperature Ty would
Tb"TC
beccme 7 - The difference Tg - Ty is in fact combustion temperature

< Le
rige. Thus the proportional variation in temperature shown in Figure 6
would show up as a reciprocal effect on a particular temperature expressed
relatively. Since there are reascns for desiring cooling studies to be
accurate to within 0,01 on the relative temporature scale, the observed
temperature varisilion may be gignificant.

3.1.3 Total pressure

1t was assumed that the static pressure remained sensibly constant
acress the test blade span, in the cascade entry. The results of total
pressure traverses, presented as point velocity heads compared with entry
mean velocity head calculatced on this supposition, are given in Migure 7.
In the lower graph, traverscs at flows giving blade ocutlet Mach nunbers
about C.77 are compared ror the three modes of hot operation: din each
case the temperature was maintained at about EBOOC. In the upper graph
the effects of flow rate arc compared for the cold modc of operation, at
a gas tomperature of approximately 120°C.

It will be observed that the rotating flow produced velocity peaks
within the inner and outer quarters of the blade spen: heat addition in
No. 2 combustion chamber displaced the pattern »f relative peaks apparent
in the other modes. Increasing flow cansed small increases in the peak
values.
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The velocity head variation will not alter gas to blade heat trans-
fer coefficients very much. Assuming for example that the relevant Nus-
selt number is proportional to Reynolds number raised to the 0.6 power,
then a 20 per cent increase in velocity head produces less than 6 per cent
increase in heat transfer coefficient.

3.2 Heat transfer measurements

In the measurement of mean surface heat transfer coefficient the
effect of variations in gas distribution at entry to the test blade must
be considered. The low tempersture results were obtained in tests with-
out combustion, where the temperature must have been nesarly uniform and
the mid-gpan velocity was practically equal to the average across the test
blade span. For the remainder of the tests No. 2 canbustion chamber was
used: this gave a centre line temperature fairly near the bulk mean, but
at mid-span a trough in the velocity head profile was apparent, corres-
ponding to about 6 per cent reduction in heat transfer coefficient. The
concuctivity of the copper tlade was relied upon to smooth out this irre-
gularity of coefficient distribution and, judging by the way blade temp-
eratures are shown in Table I to be relatively unaffected by major changes
in gas temperature, this supposition seems tenable.

The results are expresscd non-dimensionally as Kusselt number,
Reynolds number and gas to blade temperature ratio. The heat transfer
coefficient, h, was deduced from §, the heat flow rate, the effective area,
A, and the temperature difference, (gas effective - blade surface mean).
Thus: ~

— Q
= e e ens (1\
AT, ~ Ty)

It is expressed as a Nusselt number: -

I-—J'

7

a = B e (2)

where ¢ is the chord of the blade end A the conductivity of the gas mea-
sured at the gas effcctive temperature, It was assumed that the gas
flow conditions werc controlled by the Reynolds number, and that effects
due to compressibility were negligible. Reynolds number is expressed
as:-

-t

ch

where Wy, is the gas weight flow rate, ¢ the blade chord, Ay the throat

area of the test blade passage and u the gas viscosity measured at the

gas effective temperature. The temperature ratio, gas to blade is taken
T . et .

as g/T% where Ty 1s the gas effective temperature and Ty, the perimeter-

mean surface temperature at mid-span. The gas effective temperature used
throughout is:-



where T; is the fotal tvmperacur at inlet, My, +the outlet Mach number
and vy, the ratio of the specific heats. mh_Ls expression iz assumed to
be a sufficient approximation to the surface mean stagnatlon temperature,
(to be discussed further in Part II of the present serie ).

A1l the test results are shown in the scatter diagram, Figure O
They were separately analysed in three categories according to the gas
temperature: -
(1) less than 50C0°C
. _‘. rn;), 6,\3
(ii between 50C°C and 600°C
(iii) more than 60C°C

The best lines are shown in Figure 9. The temperature ratios in cach
category were scparstely averaged and are, with their standard deviations:~-

(1) 1,22 & 0,03 (2.5 per cent)

AN}

(1i)  1.58 % 0.02 (£1.3 per cent)

™

(1ii) 1.89 & 0.02 (£1.1 per cent).

5.2.1  Tempsrature ratio effsct

Because the vhysical properties of alr which are relevant to the
sfer of heat ure depondent upon temperature, there ic there-

convective tran

fore an cffect waich can be best expressed by a vower of the raiio of gas

to bplade tomperature. The gas temperature chosen is the "erffective" or

the approximation to the mean stasnetion temperature around the profiie.
The three categories mentioned in the preceding section have been

used bto determine this temperature ratic elfect, Any unidentified losses

or heat gains would cbviously have an inrluence on this analysis. Con-
duction and radiztion loss out of the profile, not showing up in the heat
balance, would lead t¢ test values of INueselt numiber which are lower than
those obtaining. The percentage reduction in these tests would be in-
versely vproportional to the tomperature differcnce since the loss is likely
to be nearly constant, the varietion in measured blade tempcrature and its
surrounds being nealig¢ch. ReTerring to Figure $, the line for the high-
est temperature ratio is likely to be the most accurate and any corrections
would result in an increase in Nusselt nunber at a given Reynolds numbar.

A transfer of heat from the root clircuit to the inlet sidc of the profile
ci cuit is possible and this would regquire corrections in the opposite

sensc to that for radiation and conauction loss, Ustimates show this
transfer, as well as the losses, to be negligible

The Nusselt nurber has been plotted againat the temperature ravio
for certain Reyrolds nanmibecrs. The three points in each curve indicate
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that, at temperature ratios near unity, Nusselt number is independent of

the ratio, and at higher positive values of Tgyf- s _Q;%EE%T_ = - (an
\"&/5,)

increasing function of Tg/ﬁb). Plotting the values logarithmically shows

a similar curve, but with the limited evidence available the logarithmic

curves have been approximated in straight lines. The results are:-
( O0.16
R, = 2x 10 , Nu « L /h)) cee eee (%8)
s / Oe14 \
3x 107 K /Tb cor oes (bb)
5 / N -
L x 10 s \ Tb ) sve  eee (jc)

The average value of the exponent is -O. 16 and it is therefore
\0'16
assumed that Nu Q g/lb over the range of the tests, R, = 10° 4o

T
8 x 10°, g/5£ =1 to 2.

3. 2.2 Approximations

In a design computation, it is convenient to have the expression
for mean external heat transfer coefficient in a simple fonn1, € Lo

/ J
X T
Nu = constant x {(R,)" x k g/§£> R ().

The temperature ratio effect has already been deduced in the pre-
ceding section. In that =nalysis the approximating straight lines were
extrapolated to a temperature ratio equal to unity. The Nusselt numbers
at this value have been plotted in Figure 10 and a curve generally paral-
lel to the test curves passed through them.

This curve cannot be approximated with sufficient accuracy over
the test range by a single straight line. The curve displays a rapid
change of slope about R, = 2 x 10°, therefore this has been regarded as
a fixed peint and two straight line approximations made from there to
cover the test range. These logarithmic lincs give the relationships: -

(i) for R, between 1.5 x 10° and 1O8

Oe715

Nu = 322 cee eee (72)

2 x 10 /

(ii) for R, below 2 x 10°

\Oe 463
. -, Re
Nu = 322 [——r cee w.. (7D)
2 x 10
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The first expression approximates the curve to within +4.2 per cent be-
tween 2 x 10° and 6 x 10°, being exact at those points: it is within

-5 per cent at the stated limits. The second relationship is better than
+1 per cent down to R,= 10°. It is assumed that the previously deter-
mined temperature ratio can be applied to these approximations without
introducing an error greater than a further *1 per cent.

L.0 Conclusions

In providing a wide range of gas flow rates and temperatures to
the No. 4 High Temperature Tunnel, a non-uniform entry gas distribution
had to be accepted. Within the test blade length between 0.1 and 0.9
span werc experienced: -

.. s o o
(a) incidence variations of +10° to -8,

(b) velocity head distribution within 20 per cent of
mean value,

(c) gas total temperature range from 1.03 to 0.97 cuntre
line value, expressed as combustion temperature rise.

The cffect of these discrepancies on gas to blade convective heat transfer
is probably small: +thes incidence range is unlikely to alter the boundary
layer development sufficiently to modify transition or separation; the
velocity variation introduces at the most a *6 per cent variation about
the aversge in local heat transfer coefficient.. The effect of the gas
tenperature variation is more complex: if the blade metal conductivity

is high, then the mid-span value which approximates the bulk mean temp-
erature should be chosen; for low conductivity materials, the measurement
of ges temperature in line with the blade thermocouple station under con-
sideration reduces errors to a minimum.

lie~n surface heat transfer coefficients between gas and blade have
been obtained in a manner which reduces the effect of gas distribution to
a minimum, and they may therefore be considered representative of a uniform
flow. The relevant Nusselt number-Reynolds number relation is presented
in Figure 10 for a temperature ratio approaching unity: for other ratios
the Nusselt number may be taken as the value at unity multiplied by

-0 et
TE/E£ ) . Within the range of the tests, Reynolds number 10° to
8 x 165, temperature ratio 1 to 2, Mach number 0.2 tec 0.8, the accuracy
of this approximation is expected to be better than *1 per cent.

The relation may be further approximated by a simple power rela-

tionship, at rg/&b-+ 1

(i) between Reynolds number of 1.5 x 10° and 10°

067145

Nu = 322 ce ees (72)

5
2 % 10

the accuracy being within *5 per cent,
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(i1) between R, = 10° and 2 x 10

/ \\\0.463
Nu = 322 K-—%———;/ tee  ees  ses (7b)
2 x10

the accuracy being within *1 per cent, and the relatienship
probably holding at values of R, below 10°,

The temperature ratio effect of the first paragraph may also be applied to
these approximations.
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TABLE 1

Heat transfer test results

: . ) : Nusselt
Reynolds : . : : riumber
number ’ : : Nu
R, : : ; : based on
. based on : : . . profile + tip +
Test . mass flow, i Effective ' Outlet Mach . Mean blade . 3 root platform ares,
¥o. : blade dimensions,; gas temp. : number : temperature blade chord,
! effective gas . Tg : M, T . effective gas
temperature : °k : : oK : temperature
30 7.847 x 10° . 392 i 0.815 i 37 : 890
: 3.536 "o 387 : 0,391 : 318 ) L72
: 1.885 * ¢ 350 . 0.186 . 312 : 303
b L.e2s v 386 . 0,527 ' 322 : 583
: 6.318 ¢ 399 i 0.709 : 321 : 704
: 1,263 v 509 - 0.198 ; 322 . 27
5 1.254 v - 509 0.196 319 : 24l
: j.e55 n 507 P 04197 : 320 : 254
: 1.711 U 508 © 0,270 326 : 284
6 3.212 v 508 ;o 0.499 ; 322 : 397
: basz 508 i 0.635 i 322 : L76
1.854, r 372 . 0,203 ; 315 ] 298
: 3.293 % . 385 oo 322 : 118
7 3.868 n 393 . sk 323 L66
L.ooes  n 396 i 0.48t 325 L73
L.410 "o 505 " 0.672 : 326 . 534
: 3.690 n o 507 t 0.570 : 323 : k72
8 = 3.22 v 515 ; 0.508 : 323 : L23
2,315 LA 515 : 0.366 321 : 313
175w 508 N =75 SR 319 : 291
7.763 116 ¢ 0.856 334 829
! 5,992 LI 1y i 0,705 : 326 : 65l
9 4.861 LI L11 . 0.575 : 324 2 560
. L.328 LI Loy : 8.506 : 324 : 519
3.793 " 403 Y : 323 : 469
3.551 L 394 © 04399 323 : 423
. 3.284 " 396 . 0.370 : 323 : 408
10 3.033 LI 395 . 0.3 : 323 : Loz
2,604 L 392 i 0,296 - 325 : 366
2.1

.15 LI 386 ) 0.233 ) 325 316




-415..

TABLE I (conttd)

Test .

No.

11

13

14

15

18

Reynolds
number
R,
based on
mass flow,

blade dimensions,‘

effactive gas
Lemperature

nffective
gas temp.
T

of

512
518
519
521
523

Qutlet Mach
number

M,

L.514
0.430
0,359
0.303
€.259

0.661
0.655
0.662
0.e62

0.312
0.318
0.320
6.322

0.714
0.622
n.361
0.433

0.775
728
0.655

.652
602
582
410

(a3 Ne N

47
.Le5
319
237

o e O

0.272
e.18L
0.808

Mean blade

. Lemperature

Ty
o

325
32
323
322
322

327
33

3l
312

328
339
n7
324

325

Nusselt
number
Nu
based on
profile + tip +
% root platferm area,
blade chord,
effective gas
tempersture

15
371
3l
306
272

Ly
483
485
UR9

298
310
310
317

L5
418
279
327

461
138
Lo9
381

331
383
347
296

322
298
255
216

245
210
671
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