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SUMMARY

The condition of the boundary layer around a turbine nozzle blade
profile in a two-dimensional cascade is described at various levels of gas
flow Reynolds number and turbulence. Moinstream turbulence is shown to
have a modifyinge influence on the accepted transition criteria.

Surfeace distributions of heat transfer cosfiicient wre calculated
for the near isethermsl casz, with laminar and furbulent boundary laycrs.
Ad hoc experiments are reported which give the blade surface hsat transfer
coefficients when the beundary layer is separated over pert of the convex
side.

The combined celculated and estimated values of the profile
average heat transfer rate, according to the cstimated boundary layer
development pattern with flow Reynolds number, are in fair esgreement with

the measured values quoted in Part I of the present pair of lMemoranda.
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1.0 Introduction

The surface average convective heat transfer coefficients between
gas and blade have been measured st various gas conditions in o test cas-
cade installed at this Istablishment. The tunnel performance and these
heat transfer tests are reported in Part I of the present series of
Memoranda.

The opportunity has been taken to test heat transfer prediction
methods, by comparing the average of estimated valves around the profile
with those cascade measurements. The model on which the caleulation is
based is described in Figure 1.

The details of the estimating procedure are contained in this
Memorendum. A comparison between the predictions and the extrapolated
experimental results is presented in Figure 17.

2.0 Brief description of the procedure

The calculations were based on the surface pressure distribution
obtained with a specially instrumented test blade. From this, the develop=-
ment of a laminar boundary layer extending over the entire blade was
calculated, neglecting stability considerations: +his yiclded tire lowest
possible value of mean heat transfer coefficient. Also from the same
pressure distribution ancther calculation wes made to show the suscepti-
bility of this laminar boundary layer to separate from the blade surface,
assuming that prior transition to turbulenze did net occur.

Some visualisation techniques werc then applicd to the test blade,
in order to detect the location of turbulent boundary layers at variocus
blade Reynolds numbers: one of these, the lamp-black method, geve clear
and reproducible indications on the blade convex sile, only affected to a
minor degree by length of exposure. These indications however, inter-
preted as transition points, fell only very approximately into a pattern
when compared with the flow Reynolds number. Jurthermore this pattern,
when interpreted in terms of the boundary layer development parameters cf

momentum thickness,Reynolds number and pressure gradient factor, cxhibited
both a level and trend of transition Reynolds number which appsared to be
contrary to the results of other experiments. A rurther complicating
feature was therefore suspected: mainstream turbulence levels were
measured in the tunnel, were found to vary widely und:r e=ricin test con=
ditions, and were introduced as a parametor in the trunsition point plot.
At this stage the experimental evidence becomes meagrc but a tentative
suggestion is made concerning the interaction of the boundary layer rara-
meters and the mainstream turbulence.

The lamp-black indications ol transition were extrapolated to the
test conditions of the heat transfer measurcments of Part I. Tusselt
numbers for the turbulent boundary layer at these conditions were then
calculated using, by an analogy with skin friction, empiricel drogz rela-
tions.

The extrapolated transition informetion did not exclude the possi-
bility of separation of the boundary lsyer from the blace convex side over
the lew end of the test Reynolds numocr range. Since thers secms to be a
dearth of information about heat transfer rates with the poundary loyor
in this condition, some specizl experiments were mounted to measure the
increase in average Nussclt number with the bounaary layer forced into
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separation at different statious. This data wes then extrapolated to the
point of natural separation.

The various calculations, estimates and experimental extrapolations
were then combined to give the predicted average heat transfer, valid for
a temperature ratio, Tg/Tb , approaching unity, which can be compared with

test measurements described in Part T extrapolated to the same valuc.

3.0 Applicability of the boundary layer heat transfer calculation

The physicel properties of air governing the transfer of hesat are
themselves dependent upon temperature: thus in a thermal boundary layer,
where the temperature must vary trom the static temperature of the mAain-
stream to that of the surface, these properties must be continuously
varied. This phenomenon renders the equations of heat transfer complex.
The assumption of temperature-invariant properties simplifies a computa-
tion, but obviously introduces errors if the temperature difference 1s
large, unless an effective representative temperaturs can be selected.
An alternative approach is to utilise simplified computation for the case
where temperature difference is negligible, but not zero, at some parti-
cular gas temperature, t, and to modify th: results by a function of the
different temperatures, t and Ty for cases in which that dilfercnce is not
negligible. This latter method is more practical for the purpese of
comparing estimate and experiment, and is adopted hercin.

A convenient case where the tewmperature differcnce is small, in
airflew at subsonic velocities, is that <f zero heat transfer. Because
of viscous dissipation of heat in the boundary layer the temperature pro-
file is not uniform, so that the calculation does not become imaginary.

In this case the tempcrature of the air adjucent to the surface is
greater than the static temperature of the mainstream. Pohlliauscn
(Reference 3, Section 269) has given an approximetion for a laminar
boundary layer over a flat plate:-—

z_U°
T = t+Pr '-2-;;5'5']; vee eee (1)

where T, is the temperature of the stationary zonc adjacent to the surface.
Squire (Reference 2, Appendix IT) has shown that a similar approximation
helds for turbulent boundary layers, with a recovery factor egqual to

1
Pr3. In Reference L measured recovery factors have besen comparcd with
these approximations; they showed closest agrecmunt when the Prandtl num—
ber is evaluated at the temperature T,.

The expression for Ty can be rewritten in terms of the gas total
temperature T, and the local Mach number outside the boundary layer, at
any point on the surface denoted by the suifix s:-

e "f"'1 S 2\

(1 = Pr) —s— g
2

T, <1 -

Y
R

(TO)S = (2\‘

where the exponent n is either % or % depending on the nature of the
boundary layer.



-6 -

The calculation is much simplified if the flat plate values of (7 \
are accepted for the blade profile, and averaged around the surface.
This can be done if conductivity in the airflow direction within the
boundary layer is neglected. In the present instance the Mach number
variation with chord is substantially linear over the concave surface
between the inlet stagnation point and the outlet value, and approximately
equal to 1.10 times the outlet value over the convex surface. The
average value of (TO)s can be adequately represented by

0.79(1 - Prh) X-—E——lmzz

(T) = T <1 - N &)
s 1 1+ Lol

With the boundary layer completely laminar, taking the Prandtl number for
air at 500K (= 0.67)

0. 14 —‘f-—g—i M2

(To) ~ T
s 1 - 1

1 + l'_z— MZZ )
If the boundary layer is assumed to be turbulent over half the convex sur-

face only, the numericel factor in the above equation becomes O.13. The
effect of such an alteration is to vary‘(T )s by less then 0.2 per cent T,.

In the sections that follow the average tempersture of the air
adjacent to the surface as given in Equation (4) is celled the mean effec—
tive gas temperature, and written Tg This is utilised in calculations

valid when _g_% 1, i.e. where the heat transfer (but not the heat trans-

fer coeff1c1ent) everywhere is approximately zero.

L.0 Veloecity distribution

Boundary layer calculations are based on the momentum equation, the
solution of which requires a knowledge of the distribution of velocity
Just outside the boundary layer. In the present case this velocity
pattern was obtained from the measured static pressure at points on the
blade surface: a specially instrumented blade replaced the heat transfer
blade in the cascade for this purpose.

Figure 2 shows the static pressure distribution around the surface
measured® at various flow rates: the gas total temperaturs was about
20°C so the condition was a close approximation to the isothermal case.
Velocities were calculated from these pressures assuming isentropic expan-—
sion. To render the values non-dimensional they were cxpressed as pro-
portions of the outlet velocity, and are presented in Figure 3.  DPecause
of the non-uniferm cascade entry velocity distribution, the relevant out-
let velocities were deduced by equating the integrated pressure distri-
bution to the rate of change of momentum in the direction perpendicular
to that of the blade inlet flow:-—

2

X ., T ’ \(U
- s ll2 . { — 2\ “a
ji Pg COS ag dx = 3 - s sin 2a, (1 s )ka) .. (5)

This neglects skin friction which should be subtracted from the static
pressure factor on the blade in the perpendicular direction. The magni-
tude of the skin drag perpendicular component is
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X P U.¥
£ s y = 1 =3
/ 5 g sin ag (1 + 5 M;) <\/'T->

¢]

e (8)

both surfaces

The skin friction was estimated to be less than 1 per cent of the
integratcd static pressure force.

5.0 Laminar boundary layer calculation

Squires method® of laminar boundary layer calculation is based on
an approximate solution of the momentum equation which gives the displace-
ment thickness at sny point on the blade surface

2

(5] -z <%§>~5ch<%§>5 (/) e e (D)

/ 2 2 2
T, -t
By assuming that the distribution of oot in the thermal layer is
g s
similar to the wvelocity distribution,% in the momentum layer, and by using

the Blasius form in terms of a thermel displacement thickness &, the
energy equation for the thermal layer is approximated as follows

/o /g
0.386 (EL\ / Ox c (%) d@
Br \T, )

e

o

L 2 /5
() = () -
8*  5¥

5 5
A table of the function F ig in Referecnce 2 enabl2s the ratio ~% to be
deduced from Equation (8): substituting in Equation (7) yields 6?/0'

The rate of heat transfer per unit area is the limiting velue at the sur-
face of the diiferentiation of the temperature distribution: this,
expressed as a Nusselt number, is

(), = L2012 C o Ce e (3)

/6t
(=
Paking the value of Prandtl number as that of air at 500°%K (= 0.67), and

the velocity distribution as given in Figure 3 for an outlet Mach number

M, ?NOBBB’ Equations (7), (8) and (9) were used tc give the distribution
1) g
of 2 shown in Figure 4. The peak value, at leading edge, was taken

from af exsct selution for the stagnation point on a cylinder given in
Reference 3, Scetion 270. The suriace average ordinate, obtained by

graphicel integration of Figure L is 0.549. This is the minimum value
5&# for the test profile, which would result from an entirely laminar

R
bofindary layer over the blade surfaces.
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5.1 Prediction of laminar boundary layer separation

Separation of the boundary layer occurs when adverse pressure
Tforces cause blocking of the low speed flow in the layer, bringing about
a thickening and a consequent deflection of the mainstream away from the
surface: this deflection itself modifies the pressure distribution.
When a balance is achieved a wake is formed at an origin on the surface,
with consequent energy dissipation. The time-average velocity in this
wake is approximately zero near the origin, and is in opposition to the
mainstream velocity at points downstream.

Stratford® has treated the case of laminar separation for the
pressure distribution zero from the leading edge to some distance x' = x'o
where an adverse (positive in the direction of the mainstream flow)
gradient is initiated. This may be translated into a form with a
Tavourable pressure gradient to the peak suction at a distance x, from the
leading edge, by maeking x'y of such a length on a flat plate as to give
the same momentum thickness as obtains at the real length x4.

Equation (42) of Refereace 6 can be rewritten

AGE
: .

¢ ~-(Us)xo
2

U

cer ee. (10)

By the simultanecus solution of the equations of motion for the outer part
of the boundary layer where incrtia terms are predominant and for the sub-
layer where viscous control is exhibited, meeting the requirement of a
continucus velocity profile, Stratlord derives the approximate

Equation (35)

Cy (x! 9£h9j2 6 ~3
= . 10
P (x v 7+64 x
sep
- Px’o
Where Cp = -_‘l-.—.[-;—;— oo sen (11)
z20 Vo
This can be rewritten:-
7.6L x 1073
(X'/c)sep = — vee eew (12)
o5 (5235)
P\sx'/c

sep

By plotting (x'/c) obtained from the above equation evaluated at
selected (x'/c) points, separation can be predicted when the deduced value
equals the selected value.



A full solution, adapted from Bquation (L1) of Reference 6 is:-

e
7.64 x 10 v
(Cp>sep = } . 3 Cp toro® '"?;E;—”
] > ' Ny
\j x'/e 3 xt/c sep _? /e ¢ xi/0~~SSP
. /
( P T
[__, EZC 1+OQ1)+ :E)C
oy L O
Cp a(x'/c)? x'/e 3 x'/¢ g ¥
x ﬂ 1 + O.hb - = [
3C ¢ c )
D 1 0.8 L f
’/c \ ¥ ) eC
L‘ 0 X sep \ x'/c i A
) 1
\ N g X /cw_sep
ver aes (13)

this can be solved by an iterative process, but for most practical coses
it is sufficient to substitute the approximate values from Equation (12}
everywhere except in the first terms of both sides.

The approximate and cxact solutions for the present case (velority
distribution as given in Figure 3) are presented in Pigure 5. They ars
given in terms of x/c, the real distance from the blade lcading edge wihiich
is obtained from the x'/c solutions thus:-

x/c = x'/c + (x/c - x',/c) A 1Y

It will be observed that the approximate solution gives two
satisfying values: obviously the downstream value could not exist af'ter
the earlier separetion. The exact solution norrects lhis enomaly.  The
difference between the first approximate solution and the exact one is in
this case negligible.

5.1.1 Effect of incidence on separation position

In Part I of the present series the variation of incidence angle
across the test blade span is reported; in partirular it was obscrwved
that at one wode of operation, the outboard section oi' the bloge wes
eperated at about 10° positive incidence.  As no velority distribution
around the blade is available for tuis condition, an estimate was mad
by comparison between that of the test blade at zero incidence, and the
analogue distributions reported in Reference 16, for a similar profile
operated at zero and positive incidences.

When that estimeted distribution was subjected to the separation
criteria, it appeared that separation would onour at x/r = 0.8. This
value may be compared with (x/c)sep = 0.8} deduced for the profile
operating at zero incidence, and the conclusion drawn, that positive

incidences up to 10° have negligible citfect.
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6.0 Transition detection

It is known that the boundary layers over turbine blade profiles
are not entirely laminar: at some point on one or both surfaces a transi-
tion to a turbulent state occurs. Andrews and Schofield/ had examined a
model having an identical profile to that under consideration ixre, and
found that, with a disturbed entry airflow, transition oncurwed on the
convex surface. .As markedly different heat transfer rates obtain in the
two states, it was imperative to have an indication of the position of
transition. Various methods of detection are available but in toe
present case only two were regarded as practical, i.e. surface totel
pressure probing and trace methods.

A few trials were attempted with the traversable surface probe
shown in Figure 2 of Part I but no conclusive evidence was obtained.
Attenuation in the probe prevented detection of the boundary layer nolse,
and the scatter in total pressure measurement obscured any detail varia-
tions.

Several trace methods were also tried: these were

(a) evaporation of a distillate film from the blade surface,

(b) removal of a devosit of solid material from the blade sur-—
face,

(c) deposition of a powder on to the blade surface frowm the
airflow.

In the trials of the evaporative technique only liquid distillates were
used and the tests were abandoned when it was observed that trhe films were
dragged over the surfaces towards the trailing edge. It would seem that
if a liquid is to be used, surface roughness providing in effect a large
number of reservoirs is necessary: alternatively solid volatile films
should be used. The second method proved much more promisirg, when a
deposit of carbon formed from an acetylene-rich flame ("lamp-olack") was
used as the surface coating. Repeatable transition indications on the
convex side of the profile were observed which were insensitive to test
exposure times between 2 and 15 minutes. On the concave sur{ace however
a fairly general thinning of the deposit oceurred which was proportional
to the duration of the exposure: it was suspected that this was due to
the eroding action of the dust load inherent in the airflow. Applications
of the last method were also examined: lycopodium and french chalk were
introduced in fluidised form into the airflow some distance upstream from
the cascade. Deposits over the rear of the convex suriace were obtained
but these were extremely light, even when the surface was rendered

sticky. Lines of demarcation could not be detected, except at the
trailing edge where a relatively thick deposit farmed rapidly in the walkc.

6.1 Transition measurements

The lamp-black metnod was the best of the transition detection
techniques examined: it was easy to use and to interpret, and under iden-
tical test conditions gave reproducible results.  Accordingly it was
adopted for a general investigation.



(a) Cenvex surface

When the results of a survey over the test Ilow range, using the
alternative tunnel compressed air supplies (two different compressors,
with and without altercooling) were examined, wide scatter of the midspan
convex side transition peints was apparent. The best linez through these
measurements is shown dotted in Figure 6. This curve is inconsistent with
theoretical considerations of leminar boundary lsyer stebility insomuch
as indicated transitions upstream of the minimum pressure zone, at high

values of the blade Reynolds number, 1§E occur at lower values of the
s
city point. This fact, coupled with the scatter which was extreme com-
pared with the reproducibility of the initial trials, suggested that a
further complicatiag feature was involved. Tt was suspected tnat turbu-
lence in the entry airflow was this feature.

than dé transitions after the peak velo-

boundary layer perameter,

(p) Concave surface

At low velocity flows the lamp-black coating apneared to be removed
from the concave surface more rapidly nearer the trailing edge, but no
distinctive change could be detected. At higher blade Reynolds numbzrs
the rate of removal from this surface was fast and exposures had to be
limited to under one minute for any trace to be left. Such tests were
unsatisfactory, and merely suggested that there might be a transition at
about x/c = 0.8.

£.2 Turbulence measurcments

Prototipe equipment, as described in Refersnce 8, was installed in
the tunnel and used to survey tne turbulence levels obtaining with the
various compressed air facilitics in use, and slso under the conditions
of the heat transfer measurements ¢f Part I, i.¢. with combustion. The
measurements were made 7 chord upstream from the leading edge of the test
blade, at midspan. The senscry head of this ecuipment is a glass wedge
with a thin deposited ceating of platimum forming an arm ef the detector
bridge circuit.  With the apex of the wodge pointing upstream, velocity
perturbations in the direction ef the mainstream are sensed. Associated
integrating cquipment gave readings which after calibration, could be
interpreted as the square root of the average of the squares of the
instantaneous vcloclities

The results of the survey are ;iven in Figure 18 where the ratio
of the strcam-direction r.m.s. velocity perturbation to mainstream velo-
city is plotted against blade outlet Reynolds number. Considerable
scatter is apparent in the runs with combustion, but this is not
attributable to particular selections of compressor or combustion tempera-
ture rise, and indc:d a varying dial reading was obscrved during each
particular test.

6.3 Transition eriteria

Fully developed turbulence appsars in the boundary layer some dis-
tance downstream from the limit of stability of laminar flow: a delay
length occurs depending upon the amplification of disturbances appearing
in the zone of instebility. The limit of stebility of the laminar
boundary layer is reached wnen disturbanccs introduced into or originating
within the boundary laycr are no longer damped out.



A number of investigators have studied these pheomena, with parti-
cular reference to the conditions obtaining on the surface of alrcraft
wings. Crabtreed has given a ~ritical survey of their findings and
shows how various experimental measurements cf transition can be recon=-
¢iled against the parameters

Ug6

(a) boundary layer Reynolds ratio, —

e” dUg
{p) impressed pressure gradient factor, —- —z=

The reciprocal of the first parameter is a measure of the demping present,
and negative values of the second give the ?v§1lable amplification.

Under the conditions of Crabtree's study, | " m'“' = 0.7 to 0.2 per
cent%, the boundary layer Reynolds number permltting instabilities to
develop range rrom 1300 to about 750 for amplification factors O to 0.09
i.e. lor pressure gradients as obtain on a flat plate to velues suffi-
ciently oevere to cause laminer flow separation.  Under fuvour:ble pros-

sure gradients the gamp;np has to be very small before transition occurs
nz  dU
for example at —- (tf

mumber = 2,200.

+0.01 the boundary layer Reynolids

When the free stream turbulence is sufficiently high it sesms fair
to assume that the appearance of transition will be more dependent upon
the insbility of the damping mechanisin in the boundary layer to cope with
the introduced disturbuances than upon the amplification or comparatively
negligible perturbations. Thus it is to be expected that large scale
turbulence will bring sbout transition above a certain critical Reynclds
number irrespective ef the value of tocitive pressure gradients up to the
limit where separstion oncurs: large nel tive pressure gradients, which
are disturbance-reducing by nature will supplement the boundary layer
damping and should increase the critical momentum thickness Reynolds
number.

When turbulence is introduccd as a perameter in the lamp-black
investigations the family of lines shown solid in Figure 6 can be con-
structed. The points about these lincs have beon transposcd to a map of
boundary layer Reynolds number against pressure gradient parameter in
Figure 7. This ficld was constructed for various blade outlet Reynolds
nunbers, from the velocity distribution for »f, = 0.55 given in figure 3.
Unfortunately most of the data is closcly grouped when examined in this
way, and only the 2 per cent turbulence poiuts can be construed in
support of the present hypothesis that the amplification fector is an
unimportant varisble in the presence of high mainstream turbulence.

The concave side of the blade operates under large positive pres—
sure gradients. If %he suspected ranoition at x/c¢ = 0.8 for blade
Reynolds numbers greater than about 6 x 10° 1is accepted, this suggests
that the 4 per cent turbulence curve riscs steeply, as shown in Iigurc 8.
Some support for this suggestion was obtained by mounting a special heat
transfer test: a boundary layer trip {of the type describecd later in
Section 8.1) was attached to the concave surface at x/c = 0.8 where it
was expected to causc transition if tuis did rot already occur; the
test showed that heat transfer cocfficicnts greater than normal were
obtained up to R, = 8 x 10°.  This was interprzted to indicale that
transition there occurrcd at that flow, and the point is shown in Figure E.
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The results of these tests, freely erirupolated, arc shown in
Fipurs 9. The results of the other in stl pators, as complled by
Crabtree in Referonce 9, and additionally a curve abvribubted to Schiichting
taken from Refercnce 10, are included for coaperison. The present teat
points are computible W“tﬁ Crabtree's curve, but not wiva &.» > marlier

German work: 1n particular very low ~ritical keynolcs nnmbers (~ 107)
abt smell ‘cgrt ve pressure gradient facters (<0.02° would regnirc trensition
ry ncar the winimum pressure point ot blade Reynolds numbers o5 low
as 7 x 40%, a phenceenon vhich was certainly rot indicated by the lamp—

Eaolp Uovrected tranasition dsta

The turbulence level und=1 the conditions or t.o peal transicr
tests does not very much {rom J;_ per' ment over tho {how raig: examined: 1%
wos Purcher assumed thot this uniformity would sxtend oveor che entire test
{low renge. Transition peirts as indicatcd on Jigures? and & for tue
extrapolated A per cent turbulence curve were therelore expected Lo apoely.
his corcected pattern is olven in Figure 1C.
740 Turbulent boundary lsyer calcouletions

4

fhe hosot trencfer coefliciznis under the turbulent boundery loyc
a7 be obbtained, es cugcosted by S nire<, from ths Karmin generalisotion
of Reynelds analogy:-

[e——
/CU .
fv's
Thare Z = f’
I e
-
i ' 4 .
- - Z { ( ST+ \
aad l“(Z,PL") = -,i;{: A 5 $ (Pr — ﬂ) EX f,l’l\"‘—‘“ () )
{

Squire and Toung (
13

. - , X - E 7 4 < -
hprendix I, Teverence 11) éevelop Kirman's formula for
local surtace {rintisn cn & ilat plone to give the ewpiriced roleation:-—

- CoL %1244
Do ounal 2T TTYE Ll Ll eee ees wee (16)

By substitution in the boundory layer momentum equation, assuming

Q N :
— = 4.h, thoy obtain

[}

1 9Ug

6_7’ _ s
—d§+ 60Ji5':“j‘:“ i = “-’;)f‘ 4‘2 (Z) «v 0 s 00 s e e ove s e (’}7)
Q N
: 10,411 707175
wrere ¥, (z) = e P € 122

™



-l -

Equation (17) mey be solved by an iterative method from the transition
position, at which point the initial value of z is calculated Trom
Equation (15) taking the momentum thickness § there from the earlier lami-
nar beundary layer calculation. Substitution of local wvelues of z in
Bquation (15) gives the required Nusselt number distribution.

This method was uscd to estimate the heat traazler coefficients at
x/c intervals of 0.05 from transiticns at x/c = 0.5 to 1.0 av intervals
of 0.1 en tre convex side, at blade Reynolds numbrrs R, = 5, 7and ¥ x 107,
and similarly from transitions at C.6 to 0.8 &t R, values of 5 and 9 x 10°
~n the concave surfacs. Tne Prandtl nwabor for air at 5009& was intro-
duced in Ecuation (45). The distributicns, supsrimposed on the basic
laminar flow pattern, are given in Figure 11. The ~ombinetion of
rapidly increasing Ug/U, witnh relatively smcll increase in €)apiney OR the
concave side causes increase in Nug at the transitioa peint as thet point
moves towards the T.E., whereas the US/U2 —= 91 aminar Comvination over the
downstream half of the convex surface results in a diminishing transition
peint value.

8.0 Feat transfer under a separated boundary lay:r

The calculation in Section 5.1 indicatcs that the laminar boundary
layer will separate at x/c = 0.84 from the blade convex surface. The
lamp-black tests under low turbulence conditions suggest that transition
to turbtulence occurs [irst at about this value, at R, =5 x 107 ; while
these tests do not give visualisation of separation phenomena they do not
invalidate their assumption for Reynolds numbers below 5 x 10°. The
vluidised powder tests, under similar low turbulence conditions and et
low Reynolds numbers, gave slight detectable tranes over approximately the
last quarter of the convex surface: this could be construed as sn indi—
cation that separation had occurred.

As long as tie history of the boundary layer is entir-ly laminar,
the considerations in the separation celeulation in 3estion 5.1 remain
valid, irrespective cof the level of turbulence in the mainstream., Tre
argument in Section 6.3 postulates that, under the turbulent conditions
of the heat transfer investisation, th= convex side boundary layer does

5C
at x/c = 0.8}, =t & blade Reynolds number -~ 2.8 x 10°. Tt is therefore
assumed that separation ocours at x/c = 0.8, up to this value, as des~ribed
in Figure 10.

remain laminar for wvalues cf below gbout 380. This figure is reached

¥}

There is reason to suppose that heat transfer coefficients under
separated laminar boundary layers will be very small: the theoretical
analysis in Reference 12 suggests that they should be apout half that of
the attached laminer layer, in air at subsonic velocities. LIOWEVEY Very
high velues have been observed under experimental conditions where separa—
tion of a laminar layer can be reasonably supposed: for example the
measurements on a blade profile in cascade reorted by Wilson end Pcpe13,
and on the walls ol a tube after an abrupt diametcr enlargement as described
in Reference 1L. .

A separated laminar leyer is unsteble in subsonic flow:
von Doenhoff's experiments?® indicate that transition, in the separated
state, will occur %f}er 2 very short distonco, given by assumin- a critical

s\X = Xo

Reynolds number of about 5 x 10°. Under thne present test

4
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conditions at the limit of separated flow tnis would require a lengti
along the blade surface of Ax/c = 0.2. However this figure is probably
large in view of the high level of turbulence: there is no known basis
for estimeting the perseverence of the separated laminaer layer under such
conditions. TFor the present purpose it is assumed thet transition occurs
immediately after separation, and that the relevant heat transfer coeffi-
cients are experienced from that point.

The mechanism of heat transfer under separated turbulent boundary
layers has not veen fully explored. hepman 2 applies a theoretical
velocity gprezd at X = 0 and experimental velues at M = 1.6, to give heat
transfer coefficients in the ratio 6.3/1 and 2.8/1, respectively, to those
@btaining under an attached turbulent boundery layer. Very approximately
the values quoted in References 13 and 1l may be construed as giving
ratios of about 2 and 2.2 respectively, for subsonic velocities.,  Further
data are obviously required, so it was decided to resort to ad hoc experi-
mentation in the present case.

8.1 Heat transfer messurements with tripped boundary layer

As stated earlier, it was suspected that the test blade operated
with a laminar boundary layer separating at xz/c = 0.8L on the convex side,
up to a blade Reynolds number = 2.8 x 10°. To get a measure of the heat
input dus to separation it was necessary to create separation at known
points upstream of the natural positiown. Small spanwise protuberances
from the surface seemed likely to cause such separation. A large step
would obviously give rise to a wake and produce an unnatural boundary
layer development, so it wes decided to limit the heigat of the trip to
below thet of the estimatsd displacement thicknese of thie laminar boundary
layer. To promote seperstion rather then attached turbulence, these
trips were not used upstream of toe pcak velocity point on the profile.

Two convex side positions were chosen, at x/c = 0.6 and 0.7
respectively. The estimated displacement thickness is shown in Figure 12:
to keesp below this at the upstream positions et R, = L x 10°, a maximum
trip height = 0.003 in. could be accommodateds  Accordingly trips
0.003 in. x 0.006 in. chordwise width were bullt up on the blade surface.
This was done by forming a channel betwesn two strips of cellulose
adhesive tape planed spanwise on the blade surface and separated by
0.006 in.; a polyester resin nement was poursd into the channel so
formed and scraped level with the surface of the adhesive strips; when
the cement had hardened the strips could be washed off witn solvent,
leaving a rectangular-sectioned barrier on the blade surface.

The modified bladss were examined over a range of Reynolds number
(RZ) using the lamp-black visualisation technique. In easch case the
coating remained untouched up to the Reynolds number where previously a
transition had been indicated at the trip position.  This supported the
assumption that separation was being brought about as plannsd.

Total heat flow mezsurements were made on the modified blades over
a range of Reynolds rumber R, and temperature ratio Tg/Ty as described for
the basic tests in Part I. The extrapolated curves for T /T% = 1 are
presented in Figure 13a. By teking readings of Nu from these curves
at various Reynolds numbers and subtracting from them the calculated
average Nusselt number for entirely laminer flow, (Nu)lamo, the increment
in the average heat transfer coefficient dug to the separated flow could
be obtained. Iultiplying this increment Afu by the ratio of the total
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o

blade surface to the surface under the separated flow, - &
Xte = Xgep

the average heat transfer coefficient obtaining over the last section of
the convex surface. These values are presented in I'igure 1k. The fact
that the lines joining the two test points at each Reynolds number when
extrapolated to the TE are approximately straight indicates that the local
coefficients do not vary greatly. istimated patterns for the two trip
positions are given in Figure 15.

, gave

In Section 6.3 a test is mentioned which conflirmed that transition
to turbulence occurred on the concave side at x/c = 0.6, at Reynolds number
R, = 8 x 10°.  In this test the blade was modified by the addition of a
¥rip at the point in question. Figure 12 demonstrates that in this case
the trip did not protrude beyond the boundary layer displacement thickness
within the test range. Lamp-black tests indicated that transition did
definitely ocour above R, = 7 x 10°.  The heat transfer results are given
in Figure 13b, showing that the trip loses its influence at R, = 8 x 10°,
suggesting that transition occurred at that flow and position ou the
original blade.

¢.0 Combined results

The_basic laminar flow relationship gives a mean value over the

. Nu)1aminar . .
profiie —___Vizum—— = 0.549. The calculated increments to the basic
profile averagezNusselt numbsr due to transition at various points on the
convex side are plotted in Figure 16a. Those due to turbulence from
various positions on the concave side are given in Figure 16b. The dif-
ference between the measured values with separated flow cn the convex side
and the calculat<d laminar average are presented in Figure 16c: an
extrapolated value obtained from tine pleot on #igure 1. for the calculated
separation point x/c = 0.84 is included.

The calculated average Nusselt numbers ov-r the test range can then
be obtained by the addition of the incremcnts to the bas .c relation,
according to the boundary layer behaviour pattern of Pigure 10. The
combined results arec presented in Figure 17, where they may be compared
with the t-st results abstrected from Fart I. The apreement is good over
the low end of the flow range, up to B, = 5 x 10°.  fuove tiis the
calculated results are rather high, the maximum error being about 10 per
cent at R, = 7 x 10° and upwards.

10.0 Conclusions

Insomuch as the profile average value is a gulde, the msethods of
prediction of point heat transfer coefficients seem adequate: the possi-
bility of wvarious errors which when combined carcel out cannct nowever be
excluded. It should be noted tiat the condition of the boundary layer
is an important factor in the determination of the blade surface average
heat transfer coefficient; wvariation of the point at which the laminar
flow breaks down can materially affect tois average velue, as can the
nature of the break down (separation or transition). “hus in an esti-
mate of average heat transfer coefficient, ancurate knowledge of the
boundary layer development is essential.

If the assumptions are velid, it mey be concluded that separated
flow is a more foreceful heat transfer proness than attached turbulent
flow: for examplc, at a Reynolds number of 5 x 10° the locel values of
Nusselt number are much the same at the initiation of eithwer separation
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or transition, but after development of the relevant boundary layer state
to the trailing edge the seperated flow gives point heat transfer coefii-
cients between 60 and €0 per cent greater than obtain under an attacned
turbulent boundery layer.

Accep+pd methods of predicting transitions do not moke relerence
to the mainstream turbulence level. This parameter is includec in a
suggested relationship between the conventional criteria given in
Figure 9.
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AFRENTTX T

NOTATTON

blade chord

specific heat at constant preassure

pressure coeffirient defined in the text

coefficient of friction at blade surface

gravitational constant

Mach nurber at a point locality

Prandtl number exponent in temperature recovery egquation
Nugselt number at & point losality

Nusselt number averaged sround the profile

difference between two proiile averaze Nusselt numbers
static pressure

Prandtl number

pas constent (taksn at the value for air)

Reynolds rnumber defined in terws of mass flow and ocutlet
dimensions, blade chord, and absolute viscosily messuved
at the effective temperature of the gas

blade piteh

profile perimeter

gas stavic temperature

ges total temporatures

gas eifective tomperature

Llade surfene temperature

veleelty in malnstream direction at a point within tie
boundary layer

root mean square perturbation velocity in the mainstrecom
direction

surface length measured from L to a point on ihe prefile
surface length measured from tie 18 of an eguivalent {lat
pluzte entry to a point on the profile downstircam of the
pressure minimnm on the convex side
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APPZWDIX T (cont'd)

priuo

defaned in the text

gas angle measured from the psrpendicul.r toe the blade
piter

ratio of the soecific heals

boundary layer displacement teiclkneoss
Loundary layesr thereel displacersrt thackness
boundary leyer momentum ihackness

fas dnematic viscnsity

gos densaty

boundary layer stsar stress

onal suffices

iae]
v
]
"
~t
o

blade row inlet

tlade row outlet

adjacent to the wall within the bouandary layer

cn the prolile purimetar

et tue soparation peciat

ov:r tas length between losding and trasling cdges

over the lengi. weasured {rom the sguivelent let
plate lecding edprp
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