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FILM-COOLING OF A TURBINE NOZZLE GUIDE VANE ENDWALL

Abstract

The heat transfer to the outer endwall of a high pressure, high
temperature turbine nozzle guide vane (NGV) has been studied with and
without film-cooling on the endwall. The results indicate that high
levels of <cooling <can be achieved on the endwall with acceptable

cooling air flow rates, and verifies the cooling design philosophy.

The secondary flow field within the NGV passage causes the film-
cooling air to be deflected towards the suction side of the NGV.
Consequently, the coolant does not reach the pressure side of the
vane where it intersects with the casing near the trailing edge. This
leads to diminished film-cooling at this location. However, measured
heat transfer rates 1indicate that over most of the outer endwall
film-cooling reduces the Nusselt number by 50% to 75% except near the

pressure side trailing edge where the reduction is around 10% to 20%.

The concept of placing film-cooling holes along a line of constant Mach number has

proved an effective method of film-cooling the majority of the endwall.

Simple empirical correlation of these data with two-dimensional correlating parameters
has been fairly successful. It is shown that by correcting for the axial pressure gradient
it is possible to correlate the present data against two-dimensional flat plate zero
pressure gradient data to within +11%. It is considered, therefore, that the data may be

utilised in the design of platform cooling configurations.
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following is a list of nomenclature in the thesis but excluding

constant in the film-cooling superposition model

constant in the film-cooling superpositicn model

specific heat

electrical capacitance
tangential chord

blade spacing at leading edge
density ratio

hole diameter

blowing rate

high pressure

heat transfer coefficient when Ti:Tg

difference between these and Tw

heat transfer coefficient when Tw:Tg

difference between these and Ti
datum heat transfer coefficient
mean heat transfer coefficient
momentum flux ratio

isentropic light piston cascade
electric current

freestream gas thermal conductivity
thermal conductivity

leading edge

low pressure

Mach number

molar mass of air

molar mass of carbon dioxide
freestream gas molar mass

injection gas molar mass

mole fraction

nozzle guide vane
Nusselt number with film-cooling

Nusselt number without film-cooling

and there is unit

and there is unit

* A’ and B'are constants without correction for boundary layer property
variations.
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NOMENCLATURE (continued)

Nusselt number without film-cooling in a constant
property freestream

constant property correction factor
number of moles of the injectant
number of moles of constituent x
ambient pressure

injection gas pressure

freestream gas pressure

partial pressure of constituent x
injection gas total pressure
freestream gas total pressure

pump tube pressure before compression
pump tube pressure after compression
partial differential equation
pressure side

specific heat transfer

specific heat transfer rate
electrical resistance

slot width

suction side

Stanton number

strong injection parameter

distance along a pseudo-streamline
distance along a transverse-gridline
temperature

adiabatic wall temperature

freestream gas temperature

injection gas temperature

wall temperature

freestream gas total temperature
injection gas total temperature

pump tube temperature before compression
pump tube temperature after compression
trailing edge

turbine entry temperature
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NOMENCLATURE (continued)

t time

u velocity in the axial direction
ug freestream gas velocity

Yy injection gas velocity

uinlet mid-passage gas velocity

Yplade-to-blade
mean gas velocity perpendicular to axial direction

v electric voltage

v velocity perpendicular to axial direction
WIP weak injection parameter

X distance in the axial direction

y distance perpendicular to axial direction
oL thermal diffusivity

¥ adiabatic index

St turbulent eddy viscosity

M adiabatic wall effectiveness

eg freestream gas density

Qi injection gas density

e temperature difference ratio
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1. INTRODUCTION

In the quest for increased efficiency, durability and improved fuel
consumption the gas turbine industry is constantly extending the
frontiers of technology. For this reason much research is undertaken
on all components of a gas turbine in order to ensure that every part
is operating at its most efficient. One such area of research that
is the focus of much attention is the cooling of high pressure (HP)
turbine blades and nozzle guide vanes (NGV). This somewhat reflects
the particularly severe environment that these components endure;
pressures 1in the range 10-30 bar and temperatures in excess of
1800K. It also reflects the highly complex 3-dimensional, turbulent
nature of the flow in this region of the engine. Thus, studies 1in
this research field are aimed at improving the understanding of the
flow and heat transfer in a turbine blade passage thereby leading to
designs for future engines which give better aerodynamic efficiency

and a longer thermal life.

1.1 Gas Turbine Film-Cooling

Present day gas turbines operate with turbine entry temperatures
(TET) which are significantly higher than those sustainable by the
stator and rotor blade materials. This 1is because the thermal
efficiency of a gas turbine is a function of the pressure ratio and
maximum cycle temperature such that an increase in either of these
parameters produces an increase in cycle thermal efficiency1‘1. So,
one way for the turbine designer to improve engine efficiency 1is to
raise the TET as high as possible. Consequently, the first stage of
the HP turbine requires cooling so that it may have an acceptable

operational life in a particularly harsh environment.

Various forms of cooling are employed which 1inevitably involve
bleeding relatively cold air from the compressor. However, in
removing air from the compressor the power output of the engine is
reduced and so the benefits provided by cooling must be optimised
against the loss of power due to the reduced core flow. The Cooling
air 1itself 1is passed from the compressor to the turbine where it
flows through passages within the aerofoils. These cooling passages
are of complex shape and include ribs and pin-fin turbulence/mixing
generators to promote internal heat transfer. In some cases inserts

are used to direct the flow via small holes onto the internal
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surfaces of the passages themselves. This is known as impingement
cooling. Once the air has passed through the passages within the
aerofoils it 1s usually vented into the free stream via arrays of
small holes across the aerofoils and endwalls. This injection of air
forms a cool layer adjacent to the metal surface which acts as a heat
sink for the high-temperature mainstream gas providing protection for
the blades and endwalls. This mode of cooling 1is known as
film-cooling and together with the other forms of cooling prevents

the metal temperature from exceeding a safe limit.

1.2 Previous Film-Cooling Research

Film-cooling has become a major research field in itself and has been
studied since the 1960's because of its important contribution in
improving gas turbine performance. Original work by Goldstein
1.2 . . . . . .
et al summarised in a review article gives an excellent overview

of the film-cooling process.

The work shown in Goldstein's review was based on a temperature
distribution that would  be produced by a perfectly insulated (zero heat flux)
surface. This temperature was termed an adiabatic
wall temperature (Taw)’ and was used to determine an adiabatic wall

effectiveness (q) defined as,

n = (Taw_Tg)/(Ti_Tg) (1.1)
where Taw is the adiabatic wall temperature
Tg is the freestream gas temperature

Ti is the injectant gas temperature

The research showed the decay in effectiveness downstream of a single
hole 1inclined at 350 to the wall surface, fig. 1.1. It can be seen,
however, that even after 40 hole diameters downstream of injection
that the injectant is still providing some protection to the surface
(7 = (0.2). Interestingly, it can also be seen that at this distance
downstream there 1is a slight rise in effectiveness as one moves by
one hole diameter perpendicular to the line directly downstream of
the hole. This shows the lateral diffusion of the coclant flow with
distance from the point of injection. Fig 1.2 shows the variation of

effectiveness with blowing rate (G) where blowing rate is defined as,
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G = (Qiui)/(qug) (1.2)

where eg is the density of the freestream gas
Qi is the density of the injection gas
u_ is the velocity of the freestream gas

u. 1s the velocity of the injection gas

It 1is evident that the effectiveness is a maximum at a blowing rate
of 0.5 for a given position downstream of the cooling hole. Goldstein
suggests that for blowing rates below this value the coolant remains
close to the wall providing an insulating film; above this value the
penetration of the injectant into the mainstream flow is such that
the coolant separates from the wall and allows the freestream gas to

circulate adjacent to the wall.

Most of the experiments by Goldstein employed a mass transfer
technique wusually involving the injection of a small amount of
foreign gas along with the coolant. The cocolant was then sampled
through tappings on the surface of the object being cooled and the
quantity of foreign gas in the sample yielded the film-cooling
effectiveness at that location. Recent research using a heat-mass
transfer analogy has been performed by Ammari et a11'3’1'4. The
experimental technique involved measuring the recession of a swollen
polymer surface, using laser holography, before and after being
subjected to a film-cooled flow field. The injectant was a foreign
gas at a higher temperature than the freestream. The work showed
that density ratio (coolant to freestream) had little effect on the
normalized heat transfer coefficient for a single row of holes at 900
to the surface of the wall, see fig.1.3. However, for the more
engine relevant case of a row of 350 holes a significant effect on
heat transfer due to density ratio was found, see fig.1.4.
Differences of 10%-20% in normalized heat transfer occurred with a
change of density ratio from 1.0 to 1.52; the higher heat transfer
occurring at lower densities. The effect of density ratio was most
pronounced at the highest blowing rate of 2.0, where the difference

in heat transfer rate for the two density ratios is 20%.
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An alternative to the use of adiabatic wall effectiveness is the use

of superposition theory as proposed by Metzger et al1'5

formalised by Choe et al1'6' Superposition theory allows the

and

correlation of cooled to uncooled heat transfer via a simple 1linear
model involving a non-dimensional temperature difference ratio, theta

(8). 8 is defined as
& = (T -T.)/(T -T ) (1.3)
g 1 g w
where Ti is the injectant temperature
Tw is the wall temperature

Tg is the freestream gas temperature

and is used in superposition theory thus,

n

Nu/Nu = (Nu/Nu )(T /T ) = A+B® (1.4)
0,Cp oW g
where Nu is Nusselt number with film-cooling
Nuo is Nusselt number without film-cooling
Nuo cp is Nusselt number without film-cooling
b4
in a constant property freestreanm
The derivation of equation 1.4 is detailed in section 3.1. The use

of superposition theory is now widespread and it enables true heat
transfer experiments to be correlated without having to rely on a
mass transfer analogy.

Crawford et al1'7’]'8

performed some full-coverage film-cooling
experiments and adopted the superposition approach. The work
examined the effect of blowing rate and upstream initial conditions
on the surface heat flux. It was found that there was a minimum in
Stanton number (St} which occurred at a blowing rate of 0.4 to 0.5,
see fig.1.5. The rise in St above G=0.5 was attributed to a region
of disturbed flow with high neat transfer coefficient behind the
jets. The upstream initial conditions were altered by varying the
Reynolds number (based on enthalpy thickness and momentum thickness).

It was found that varying Reynolds number only had a second order
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effect on the surface heat flux. Three injection geometries were
used in their experiments; normal injection, 30O injection and
compound angle injection (30o to the surface, 450 to the direction of
flow). The 30° injection configuration produced a lower heat flux
distribution than normal injection, and the compound angle injection
produced lower St values than the 30° injection. These results can
also be seen in fig.1.5.

Forth, Loftus and Jones1'9

investigated the effect of density ratio
on the film-cooling of a flat plate with a single row of 350 holes
employing true heat transfer experiments and data analysis using the
superposition model. Fig.1.6 shows their experimental data in the
form of non-dimensionalised heat transfer against 8 at a blowing rate
of 0.76 and at four injection-to-freestream temperature ratios. It
can be seen that the data validates the superposition model. It can
also be seen that the level of cooling is increased as the injection-
to-freestream temperature ratio is reduced, 1i.e. the denser the
injectant relative to the freestream gas, the greater the tendency
for the coolant to remain close to the wall, thereby providing
greater cooling. . Fig.1.7 shows the variation of heat transfer (at
6=1.3) with blowing rate and injection-to-freestream temperature
ratio at a position of 8 hole diameters away from the point of
injection. This figure shows that there 1is a minimum 1in heat
transfer for a given temperature ratio and that as the
injectant-to-freestream density ratio is increased (decreasing
injection-to-freestream temperature ratio) the blowing rate at which

this minimum heat transfer occurs is also increased.

Loftus and Jones1'1O also examined the effects of freestream gas-to-
wall temperature ratio on heat transfer with coolant injection and
showed that the superposition model was valid for variations of such
temperature ratios. Figures 1.8 and 1.9 show this linearity of heat
transfer with gas-to-wall temperature at two blowing rates and two

injection temperatures.
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Further work at Oxford University by Forth and Jones1’11 investigated
possible parameters for scaling film-cooled data. Their experiments
employed three cooling geometries; a 3OO slot, a double row of 300
holes and a single row of 30O holes. They identified two 1injection
regimes; a weak injection regime and a strong injection regime, and
were able to correlate their data depending on the regime to which it
was applicable. The weak injection regime is characterised by low
rates of injection where the injected flow emerges attached to the
wall due to the coolant being turned in the direction of the
mainstream flow whilst within the injection hole. The strong
injection regime is characterised by higher injection rates where the
coolant no longer remains attached to the wall and is said to "lift
cff". The slot injection and double row injection data were both
characterised by weak injection since there was no gross separation
of the coolant from the wall. These heat transfer data permitted a
correlation against the parameter X/S(I)-2/3 which is based on the

momentum flux ratio, I, which is defined as,

2 2
I- 015 /qug (1.5)

The correlation of the slot and double row data are shown in
figs.1.10 and 1.11 respectively. The single row data exhibited both
injection regimes. At Dblowing rates less than that at which a
minimum in heat transfer can be found, fig.1.7, the flow was in the
weak injection regime; at higher injection rates the flow was in the
strong injection regime. The data in this strong injection regime
was found to scale well with the parameter (x/d)(ui/ug)-w3 which 1is
based on the velocity ratio (ui/ug). The correlation of the single

row data in the strong injection regime is shown in fig.1.12.

The secondary flow in a turbine blade passage is complex and highly
three-dimensional (3D) and our current understanding has been
summarised by Sieverding1'12. The flow features of importance in

~ considering endwall heat transfer include the passage secondary flow,
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fig.1.13, and the horseshoe vortex, fig.1.14, which separates into
two, fig.1.14. The suction side component remains close to the
suction surface corner, and is sometimes called the corner vortex,
while the pressure side component moves across the passage under the
influence of the passage secondary flow. The passage vortex arises
due to the turning of the flow in the blade passage and has the
effect of sweeping flow along the passage and from the pressure
surface to the suction surface at both the endwalls. The horseshoe
vortex occurs as a consequence of the rolling up of the endwall
boundary layer at the blade leading edge. The vortex then wraps
itself around the leading edge and forms two arms. The arm on the
pressure side of the blade gets driven across the passage due to the
blade-to-blade pressure gradient whilst the arm on the suction side
of the blade follows the suction surface forming the corner vortex.
Naturally, these secondary flow effects will affect the film-cooling

process and heat transfer distribution.

Endwall heat transfer in the absence of film-cooling has been studied
by many investigators in two-dimensional (2D) linear cascades. York
et a11'13 employed a combustor and convergent nozzle in order to
simulate the thermodynamic conditions in a nozzle guide vane. They
found that whilst the endwall static pressure distribution was that
to be expected from a strictly 2D analysis, fig.1.15, and therefore
suggestive of no strong endwall interaction, the pattern of heat
transfer on the endwall was highly 3D. Fig.1.16 shows contours of the
endwall adiabatic temperature and gives evidence of one of the 3D
effects in the form of the horseshoe vortex as 1indicated by the
curvature of the isotherms around the suction surface leading edge

and by the penetration of the isotherms into the passage entrance

region.

Har-asgama1'M investigated the aerodynamic and heat transfer
characteristics of an NGV using an isentropic light piston cascade
(ILPC). His work showed an area of high heat transfer on the NGV
casing close to the pressure side trailing edge, fig.1.17. He
attributed this "hot spot" to the generation of a new boundary layer
subsequent to the passage of the horseshoe vortex. However, high

heat transfer at the leading edge of the vane, which 1s usually
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associated with the horsehoe vortex, was not present. It was
suggested that the absence of the high heat transfer at the leading
edge could be caused by the radial pressure gradient driving the
horseshoe vortex off the surface of the outer endwall.

Blair1'15, in some early work employing slot film-cooling of a 2D
vane endwall showed that secondary flow on the endwall moving from
the pressure surface corner toward the suction surface sweeps the
slot coolant across the channel. This has the effect that the
cooling 1is reduced in the vicinity of the pressure surface corner
region but enhanced on the endwall adjacent to the suction surface.
Fig.1.18 shows the film-cooling effectiveness contours for a blowing
rate of 0.75 and shows the area of reduced cooling. However, slot
cooling 1is not used in current engine configurations due to stress
problems. More recently, Bourguignon1'16 studied the distribution of
film-cooling effectiveness on the platforms of 2D linear cascades.

However, little in the way of quantitative data were published.

It can be seen that research performed to-date on film—cooling has
shown the main parameters to be 6, G, Qi/eg; ® permits correlation of
true heat transfer results via superposition theory and cooling is
increased with 1increasing ©; there is an optimum value of G which
gives the best cooling for a given ei/eg; and cooling 1s 1increased

with increasing ?i/?g'

1.3 Objectives of this Research

The aim of this research is to extend the wunderstanding of
film-cooling on a NGV platform in the presence of the highly 3D flows
characteristic of turbine blades and provide quantitative data on
which future designs may be based. This is an important area of heat
transfer research due to the problem of platform burning which can
occur in actual engines, fig.1.19. Current knowledge of film-cooling
is mainly limited to 2D flat plate studies with some investigation of

film-cooling in 2D linear cascades. As such, the design of turbine
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film-cooling conrigurations is based on flat plate corrslations. It
is thought, n:w=.2r, -hat the film-cooling process i3 significantly
affected by the tl.ide--5-blade pressure gradient, the rassage vortex,
and the hcrsestze vortex within a turbine NGV. Thus, a research
programme was initiatzd in order to cbtain juzlitative and
quantitative ja-z °n the film-cooling proacess n 2 realistic
NGV envircrment oy cortucting filim-cooling vperirsr-s o oz ful.y
annular NGV r.ons. "nis thesis discusses tne exgeriments and the
conclusions of tre worx; the first film-cooling researcn on a fully

annular endwall.



2. EXPERIMENTAL FACILITY
Tnis secticon describes the experimen:al facility and how the
film-cceling process is simulated. It also describes the measurement

and zrnalysis of the heat transfzr data.

2.1 The Isentropic Light Piston Cascade

Fe2 I.7C is a short-duration zistcn tunne: capable of simulating the

v3

aerodynamic conditions and neat transfer of a modern HP turbine
nozzle guide vaneg'w. Test ccnditions are steady for approximately
0.5 to 1.C second during wrnich time pressure and heat transfer
measurements are taken. Figurs 2.1 is a schematic representation of
the ILPC. The principle of operation of the ILPC is now described

with reference to this diagram.

Air from the HP reservoir is used to drive a 1light weight piston

along the pump tube. This compresses the test gas ahead of it
isentropically raising its temperature from T1 to T2 thus:-
5-1
- ]
T2/T1 = (P2/P1) (2.1)

When the test gas has been compressed to the desired pressure (P,) a

fast-acting plug valve 1is opened to allow the test gas to 2flow
through the working section and into the dump tank, a vessel of very
large volume previously evacuated to a suitably low pressure. The
conditions in the working section remain constant whilst the flow
through the plug valve aperture is choked; anything up to one second.
During this time heat transfer and aerodynamic measurements are
recorded. Fig. 2.2 shows the idealised pressure-time history for a

test.

It has been shown by Sucec2'2 that it is acceptable to model the
turbine component temperature ratio in such experiments rather. than
having to achieve actual temperatures. This 1is because it is
sufficient to reproduce the thermal boundary layer situation since
the heat transfer coefficient is proportional to the temperature
gradient and not to absolute temperature levels. So, it is possible
to simulate a turbine with TET of 1500K and blade temperature of

1000K 1in the ILPC by a 4:1 compression of the test gas within the
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piston tube. Assuming an initial ambient temperature of 288K this
implies a modsst test gas temperature of 43IK. Simulation of the
blade Reynolds rumoer and Mach rumber may e accurately and
independently achieved by pre-setting the pressures 1in the piston
tube ard dump tanxk: the final pressure c<f :tre test gas (P,]
determin2s tne ==zyrolds number and the rz:tic of this pressure (P,) E:

2
that of -~he :I.mz -“znk etermines the Mioin n.moer.

2.2 Simulation of Film-Cooling in the ILPC

Previous autnors, as discussed in secticn 1.2, have shown that
coolant-to-gas density ratio has a significant effect on tne
film-cooling process. Other parameters of importance are the blowing
rate and momentum flux ratio of coolant tc gas. These latter two
parameters are relatively simple to simulate because they merely
pertain to the mass flow and velccity of the coolant and the

freestream gas.

For the present engine configuration it was required to simulate a
coolant to gas density ratio of 2.0. Consequently, the injectant gas
must be air at an extremely low temperature in order to achieve the
correct density ratio, or the injectant must be a denser foreign gas
at a modestly low temperature. Since condensation and freezing
problems were envisaged with injection of air at the necessarily low
temperature it was decided to use a denser foreign gas to achieve the
correct injection to freestream density ratio. The validity of wusing
a foreign gas in these film-cooling experiments was confirmed in
research by Teekaram et a12'3. This paper showed that the use of
carbon dioxide (COz) as a foreign gas injectant had a negligible
effect on the thermofluid behaviour of the film-cooling process
providing that the other relevant non-dimensional parameters are
correctly matched. Figure 2.3 shows the similarity in thermofluid
behaviour between air and CO, for various density ratios, values of

2
®, and non-dimensional distance from the point of injection.

The vane under examination in the present film-cooling experiments 1is

representative of current designs of military engines operating

with a mid-passage freestream gas-to-wall temperature ratio
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of 1.2 and injection gas to fre=stream gas density ratio of 2.2.
Typizai freestream gas-to-wzll temgeratures of military blales lie in
the rznge 1.3 - 1.8 and injecticn gas to freestream gas density
ratios are in the range 1.6 - 2.2. The non-uniformity of the radial

temperaturs profile at exit rom the Zombustor, however, means that

tne tzmperature ratios arse reducsed a2t tne inner and outer endwalis
~n.22n are  the arezs of irwzrest in thez= experimerits. Tre ratioco of
freeztream gas-to-wall tempsraturs Jor tne endwall of this blade is
redu_zd  zc 1.3 and the inj=:ticn 323 te reestream gaz censity ratio

is reduced to approximately 2.0. Since there is no means of varying
the wall temperature from ambient in the ILPC the Ireestream

temperature and injection temperature become fixed, thus:-

= 288K
W
Tg = 1.3 Tw = 373K
T, = 0.5 Tg = 188K (with air as coolant)

where subscript w refers to the wall
g refers to the freestream gas

i refers to the injectant

Since such a low injection gas temperature can only be achieved using
expensive cryogenic techniques, it 1s necessary to use air/CO2
mixtures at modestly low temperatures in order to model correctly the
density ratio. Using the value of injection to freestream density
ratio of 2.0 for the blade endwall this provides the ratio of air and

CO2 for injection as follows:-
(P Pi)/(Pie ) = (MgT )/(MiTi) (2.2)

Now, Pg:: Pi for injection at low blowing rates, and gas properties,

injection temperature, and density ratio, are known thus,

Mi,: Constant (2.3)
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Equation 2.3 may be expressed w:s.ng a chemical composition equation

tased on mole fraction (m),

m M + (1 = m M = M (2.4)
co2 air
“here M = 44 kg/kwnl
co2 =
M . = J3 Kg/ 472k
air -
Trhe Gibbs-Dal:ion law relating pzr-ial pressures to mole fraction :cZan
be applied,
P/P, =n /rn, = m (2.5)
i ¥ i

where subscript x refers to a ccnstituent of the injectant.

Thus, it can be seen that (m) will represent the proportion of CO2 by

pressure in the injectant mixture; air making up the difference.

2.3 Heat Transfer Measurement

The measurement of heat transfer data in the ILPC is achieved using
thin film platinum resistance thermometers and an electrical analogue
of the heat conduction process as pioneered by Schultz and Jones2 4

The blade 1is manufactured from a low thermal conductivity machinable
glass ceramic, and, for the short duration of the flow, this allows
the blade to be considered as semi-infinite and the heat transfer as
one-dimensional. Thus, the heat transfer to the blade is governed by

the following equations,

94/9x

- 1/t (2.6)

-k IT/Ax (2.7)

QO -
1]

which gives the diffusion equation,

°TRxC - (RC/k) AT/t = (1/w) OT/dt (2.8)
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These may be solved for the heat transfer rate g at the surface of a

semi-infinite medium in terms of the sur’: 2 t=mperature to give,

—

1 1
Y = (QCk)zsz (2.9)

where the symbols with overbars are lLarlacs =rarsformed variables and

f is the L_aplace transform variabie.

For tne semi-infinite electrical analcgue tre eguivalent szgjuations to
2.6-2.9 are

di/dx = -c DV/Ot (2.10)

iz —(1/r) V/dx (2.11)

%U/x° = rc v/t (2.12)
— 1 1.

i= (c/r)3fy (2.13)

Thus, it can be seen that current (i) is analagous to heat transfer
rate (q) and voltage (V) to temperature (T), thereby allowing the
direct measurement of heat transfer rate as a function of timeZ'S?
While 1t is possible to compute heat transfer rate from a digitally
recorded temperature signal, it has been shown that the quantization
error when digitising the f{ilm voltage waveform gives rise to
spurious noise on the reconstructed heat transfer rate signal hence
the use of an electrical analogue. In order to compute heat transfer
rate it is essential that the blade is initially isothermal so that

the change in temperature of each heat transfer gauge is known.

* The flow of gas over each thin film gauge changes the electrical properties
of the gauge; the current being proportional to the heat transfer rate, as
shown. Therefore, the current demanded by each thin film gauge is measured
giving a reading which is proportional to the heat transfer rate at the gauge

location.
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3. THEORY

This section describes tne superposition theory, the correction of
data Tor constant propertiss, tre injection paramsters ussd, and how

the IL?C data are =z.aled.

3.1 Superposition iTheory

. e J1.5,1.6,3.1 . .
A review of the superpositicn model "7’ ’ is ncw given.

Taver m

The enthalpy equation for a two-dimensional boundary laver may be

written as

TIT/Ax + VéT/Qy :‘aﬂ;yﬁibf/gy - T'v") (3.1)

where overbars represent time-averaged values and ' represents

instantaneous values.

The eddy viscosity/diffusivity concept is,

TV - &‘TDT/By (3.2)

and can be combined with the enthalpy equation to give,
GT/3x + TIT/Dy = 0/dy ((¢x+£,r)3'f/3y) (3.3)

Equation 3.3 1is a homogeneous, linear, second order partial
differential equation (PDE) in T and as such a solution to it may be
formed by summing other solutions, 12 superposition may be used. One

may pose a solution to equation 3.3 *n the case of injection with zero temperature

difference between injectant and mainstream and
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Tirther one with film-cooling: :tre final solution will be a

b

inear combination of the two indegencent solutions. A typical

39

szarizentally derived solution wculic teg,

t
3
U
+
i

hezt <Zransfer rat:

i

wall temperature

{0

nd na is the heat transfer coefficient when TizTg and there is

unit difference dbetween these and the wall temperature; whilst n,  1is
the heat transfer coefficient when Tw:To
o

between these and the injecticn temperature.

and there is unit difference
Reworking 3.4 to give Nusselt number Nu yields,

Nu = /(XK (T =T )) = &+ B(T -T.)/(T_-T ) = &+ B9 (3.5)
g & Ww
where Kg = mainstream gas conductivity

A" and B are constants for given fluids and cooling geometry.

Q
Jones et al]"’2'3

have shown that if the coolant-to-gas density
ratio is fixed, then the superposition model of equation 3.5 is wvalid

for both air and COZ'
Thus, by experimentally measuring values of Nu for given values or 86

the correlating parameters A" and B of equation 3.5 may be determined.

This is the analytical basis of the present research.
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3.2 Constant Property Correction

~

Tr2 values of A arnd B”in equation 3.5 are determined by holding the
“reestream and cociznt conditions constant znd varying 8 by  zitering
T2 wall temperatura, In Z2ing so the gaz-to-wall temrerature
ratio 1is changec, which alsc nas an effect cn <he Nusselt number
because of property variations through thne <ccmpressitle thermal
boundary layer. The effect of property variations due to changes in

3.3,3.4

T /Tw have been quantified” and can be represented by,

o

n

Nu /Nu = (T /T) (3.6)
o] 0,CP Wog
where Nuo = Nusselt number without film-cooling
Nu = Nu_in a constant property freestream
0,Cp o)
n = -0.07 for a laminar boundary layer
n = -0.25 for a turbulent boundary layer

It 1is therefore possible to simulate the engine density ratio and

correct any property variations using,

Nu/Nu = Nu/Nu (T /T )% = & + BB (3.7)
0,Cp o W g

’

and this equation 1s used as a correction to equation to 3.5. The
ratio of film-cooled heat transfer to uncooled heat transfer also

serves as a measure of cooling effectiveness.
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3.3 Injection Parameters

The main parameters and equations that describe the film-cooling
process have already been introduced in section 1.2. However, for
cempleteness the various parameters and equations are now defined in

on2 section.

Temperature difference ra<ic, 8 = (T -T.;/(7T_-T ) (3.8)
g 1 =, A
N _ ( \
Bilowing rate, G (Qiui)/,egug) (3.9)
Momentum flux ratio I = (p,u 2)/( u 2) (3.10)
’ Qi¥i 17 RgY%
Density ratio, D = ei/eg (3.11)
Weak injection parameter, WIP = (P_,-P )/(P,_ -P ) (3.12)
ti g tg g
Strong injection parameter,
SIP = ((Pti-Pg)/(Ptg-Pg)) / ((PtiTtg)/(Ptgiti)) (3.13)
Adiabatic wall effectiveness, M = (T_ =T )/(T,=-T ) (3.14)
aw g i'g
1.10,1.11

For 1low Mach number flows Jones et al have shown that w\:

-B/A where -B/A is evaluated from equation 3.7.
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4. FILM-COOLING DESIGN

Tre design of the endwall fiim-cooling gecmetry was based on the
current practice in 2D blade film-cooling configurations. An =2ttempt
was mace to develop a technique for obtaining full coverage <cczling
in tne 3D Tiow within the NGV passage based on maintaining un:iform
z2oling in tn2 blade-to-blade ciane by piacing cooling holes zﬂong ar

P Mo~ Y3
13c-Macn lin=.

Endwall film-cooling is used on many current engines to prolong the
life of the NGVs. It is thought to be advantageous to maintain a
constant blowing rate and momentum flux ratio through the
rilm-coocling holes across the entire passage in order tc obtain
uniform cooling. However, current designs tend to place the cooling
holes in a straight line {constant axial plane) across the passage,
fig 4.1. This 1is due to the absence of any 3-dimensional design
metheds for the positioning of cooling holes. Since the static
pressure distribution across the passage varies from the vane suction
to pressure side, such a design practice vresults in non-uniform

blowing rates which can lead to jet lift-off and ineffective cooling.

The present cooling hole distribution was designedlh1 such that all
holes would be placed along a line of constant static pressure. This
would generate a constant momentum flux ratio which, for any given
density ratio, will result in a constant blowing rate across the
platform . A three-dimensional 1inviscid flow code was used to
compute the pressure distribution within the NGV passage and the
cooling holes were placed along a predicted iso-Mach (constant static
pressure) line. This three~dimensional code has been used before to
calculate endwall Mach numbers and comparisons with experiment show
it to be very accurate in predicting the NGV aerodynamics1'14. The
outer platform Mach number distribution is shown 1in fig 4.2.
Circular sectioned film-cooling holes were placed along the 0.25
iso-Mach number line. Fig 4.3 shows the film-cooled outer endwall as
manufactured. The holes are inclined at 30° to the local surface

profile and aligned such that the jet exit lies on an
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axis normal! to the local iso-Mach Line. The present cooling design
philosopry wzs intended to result in improved =->cling across the
entire passage cormpared with a straignt line o&f cooling holes.
However, i< w~:s exsected that the viscous nature 2f the flow giving
rise tc seccrzary Jiows within the passage would modify the cooling

distributiz-,

The cooling rnile cdiameters ware sized in srder that cooling would be

. 1.11
achieved =

L
3
(Fi
ot

the length of the NGV passage. The correlation
shown on fig 4.4 indicates the variation of normalised cooled to
uncooled MNuss2lt rnumber with distance downstream of the cooling
holes. The <ccolant to gas density ratio for the NGY is  2.0. Using
this density ratio and a modest blowing rate of 0.5 shows that the
coolant effectiveness will persist*for approximately 20 coolant hole
diameters downstream of the injection plane when the coolant hole
diameter 1is fixed at 1.0 mm. The outer platform geometry enabled 19
film-cooling noles to be placed across it which gave a distance

between hole centres of 1.75 mm.

This cooling design was incorporated into an existing military NGV
typical of current highly loaded designs. The vane was designed to
operate at an exit Mach number of 0.93 and Reynolds number based on

chord of 2.55x106.

* at a value of Nu/Nu0 = 1.0 i.e. the limit of cooling benefits.
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5. INJECTION SYSTEM

Film-cooling was performed on the outer endwalls of a pair o¢f vanes
and the 1injection mass flow was determined using pre-czlibrated
orifice meters. The temperzture of the injected =mas was achiesyved
using either an eisctri- rneaz<2r for 'het' runs (8 < ') cor a :21d  air
heat exchanger fcr 'cola' runs (8 > 1), The system Is now discussad

in more detail.

5.1 Calibration of Injection Orifices

In order to determine the injection mass flow it was necessary to
calibrate four orifices of different diameters (1.5, 1.5, 2.0, 2.5
mm) . This provided orifices suitable for measuring the injection
mass flow over the range of proposed blowing rates (BS orifice plates
were too large to use in the injection system). The calibration
system 1is shown schematically in fig 5.1 and comprised a reservoir
connected via a 26 mm diameter pipe to the <calibration section
containing the injection orifice and from these to a British Standard
(BS1042) orifice plate which was used as the reference flownmeter.
The measurements made were reservoir pressure, static temperature
immediately wupstream of the BS orifice plate, static pressure drop
across the BS orifice plate, static pressure downstream of the BS
orifice plate near to the exit to atmosphere and ambient pressure.
Using these measurements and by calibrating each of the orifices
firstly with air and then with carbon dioxide over a range of
reservoir pressures 1t was possible to arrive at the calibration
constants described in the Appendix. Table 5.1 gives a tabulation of
the calibration constants for air and CO2 for each of tne injection
orifices and figs 5.2 and 5.3 show the calibration curves for the two

gases.

5.2 HP and LP System

‘The 1injection system is shown in fig 5.4. Two chambers are used to
contain the gas mixture to be injected; a low pressure (LP) chamber
connected to a small reservoir and a high pressure (HP) chamber
connected to a large driver reservoir. The LP chamber is used as a

preliminary purge of the plenum feeding the film-cooling holes so that
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gas at the required temperature and composition 1s introduced in
readiness for =the constant blowing rate injection when the shert
duraticn run takes gplace. It is important nct to change the
temperature of the endwall before the run commences since this would
upset e initial isctnermal condition nence tne purging gas is  kept
at low cressure. The HP chamber contains trne gas tnat performs the
cooling -f trne esrndwalliz and this gas is reizszsec immediately prior to

the introduction -7 freestream air thrcugh tee tlade working secticn.

A driver vreservoir ensures that the rlow from the HP chamber is
maintained at a constant blowing rate. Both chambers are enclcsed
with an insulated jacxket through which not or cold air is blown to

heat or cool the gases to be injected.

The release of the coolant gas from the two chambers 1is controlled
using two fast-acting shutter valves. 1Initially they are in a
position such that both chambers are sealed. Thne LP shutter is fired
first, approximately 50 ms before the run starts allowing LP gas to
purge the system. This is followed by the firing of the HP shutter
which closes off the LP chamber and opens the HP chamber releasing the

test coolant simultaneously with the establishment of maintream flow.

A system of valves controls the supply of air and carbon dioxide to
both chambers. There is also a vacuum line connected to the injection
system which is used to evacuate both chambers prior to filling with

the required compositicn of test gas (CO, and air mixture).

2

5.3 1Injection Gas Heating and Cooling

In order to achieve values of 8 other than unity it is necessary to
either heat the test gas (8 ¢ 1) or cool the test gas (6 > 1). In
both cases heat was supplied to or removed from the test gas using
air as the heat source or sink. In the case of heating the test gas
the air was preheated using two electrical heaters with a rheostat
control. For cooling, the air was passed through a helical copper
heat exchanger immersed in liquid nitrogen contained in an insulated

vessel. The two arrangements are shown in figs 5.5 and 5.6.
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5.4 Bladed Cassette for Injection

The biade ring wac manufzactured with the facility tc taks czssettes
of four blades whi-h could te withdrawn from the main blade =zarnulus.
Two separate cazzeties were prepared for the flim-cooling
experirments. One -7 tnese -zssettes contained ©nlzizs manufz:ctured
from 2 low therma. corcliotivity -maicnineaniz glass  c2ramis
and was wused to -rovide nzat transfer data. Tre zeccnd czssette
contained blades marufactured rom an aluminium allcy and was use to

obtain aerodynamic data.

In each cassette, the twc centre endwalls wsre configured for
film-cooling each with one line of 19 cooling holes along a predicted
isomach 1line of 0.25. The holes were of 1.0 mm diameter and pitched
at 1.75 mm intervals, and were drilled at an angle of 300 to the
surface and normal to the isomach line. Fig 4.3 shows the layout of

a cassette with fiim-cooling holes.

5.5 Measurements

The two endwalls of the Macor (heat transfer) cassette were
instrumented with thin film platinum resistance gauges to determine
the heat transfer distribution. 32 thin film gauges were arranged on
the first endwall and 36 on the second endwall such that the
superposition of the two sets of gauges produced a single set of
interspaced gauges. However, the presence of the plenum feeding the
holes prevented thin film gauges being situated any closer than
approximately 8 mm to the cooling hcoles. This was for two reasons:
the plenum had to be as close to the holes as possible to prevent a
significant <change 1in temperature of the injectant in passing from
the plenum to the cooling holes, and, holes were required to be
drilled in the back of the vane to accomodate the leads from the thin
film gauges. The arrangement of the two sets of gauges,

superimposed, is shown in fig 5.7.

¥Macor - trademark of Corning Glass, Corning, USA.
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The aluminium cassette was instrumented with static pressur=z <zzoirgs
¢ bo:th of its film-cooled endwalls. The positions of tre ~arsings

were cr. i Y0 coincide with tnose of the thin film gauges t¢ 572 z-

O

se

=3

identical distribution of instrumentaticn.

Ire “emperazure of the ccolant gas was measured during a run oy Tzur
srermoozuples; two in each ¢f thne plenums zeding the coolirs DL2s
4 Cresszuire "igping in each ¢f Tne two plenurms was used to record  the
clzrum Injectlon gas pressure.

Tne LP and HP injection chambers were instrumented witn three
trnermocouples each to determine the temperature of the coc.ant gas
ior to injection. rnother thermocouple was situated downsiream of

the LP and HP shutters.
The composition (partial pressures) and pressure in the twc chambers

was determined using a Wallace and Tiernan 15 bar absolute pressure

gauge, with an accuracy of 0.07% cover the measurement range.
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6. TEST PROGRAMME

The experiments were performed at a nominal design exit Mach nurzer
and Reynolds number for the blade ring of 0.93 and 2.55%10"
respectively. The freestream gas-to-wall ctemperature ratio was
rcminally set to 1.30 and the injection-to-freestream density ratio
‘ 1.3:0.

1S Sefr v
Was S=zU TS 1.

4

Fcr tne nsat translfer cassette an investigation was performed at [ive

blcwing rates: 0.21, 0.37, 0.52, 0.83, 1.11.

The <complete tabulation of runs is given in table 6.1 togetner with

the main calculated parameters.

At a blowing rate of 0.21 three values of 8§ were explored: 0.87,
1.22, 1.44., For each of these values of 8 two runs were required in
order to obtained data from both sets of heat transfer gauges. Table
6.1 shows now the runs were paired to produce a full coverage of heat
transfer data. In addition, each condition was repeated, to prcvide
further confidence in the data, making a total of four runs per 6
value. The highest 8 of 1.44 was a limiting value imposed by severe
icing problems in the coolant injection mechanism. This was due to
the low mass flow of the coolant, at this low blowing rate, requiring
a colder pre-injection temperature in order to compensate for heat

gain in its path from the HP and LP chambers to the injection plenums.

The same values of 6 were tested for a blowing rate of 0.37 as were
tested for G = 0.21 although no repeats were performed. Again, a

limit of 8 of 1.44 was imposed due to icing difficulties.

For G = 0.52 four values of 8 were tested: 0.87, 1.22, 1.44, 1.62. A

full set of repeat runs were also performed for all 8.
At a blowing rate of 0.83 the same four values of 8 were explored as
for G = 0.52. Repeats were performed for-all values of 8 apart from

B = 1.22.

For G = 1.11 the same four values of 6 were examined as for G = 0.52.

Re, cats were performed for all values of 6 apart from 8 = 1.22.
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On completion of these experiments the film-coolirz v:les In the heat
“ransfer cassette were filled with super-epoxy resin ard uncocled

tests were performed to establish a heat trarsfer Zatum. It was

i
[}
)
3
fu
ct
]
O
3
3
o
1)
7]

subsequently found, though, that a hole -n e
czrtially unblocksd thereby allcwing a small zmcunt -f z2ir to fl:iw
fr-m the gas stream into the injeztion plenum d.ring fne dz-.m teszts.
Yowever, 1in comparing these uncocled results wi=rn gravicus uncocl=zd
data it could be =seen that tne effect of the I1=23ks on the heat
transfer distribution was minimal.

N

Finally, the aluminium cassette was instalied

pe

n c¢rder to preovide
data on the static pressure distribution on the endwall wunder the
influence of film cooling. Two runs at each of the blowing rates of
0.52, 0.83 and 1.11 were performed. 6 was maintained at 1.0 for 11

blowing rates.

A tabulation of the tests performed is given in table 6.1.
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7. EXPERIMENTAL RESULTS

The results presented in tnis section are principally values of 2 and
Nusselt number measured over the initial part of each of the run time
histories. The wall tnermal boundary condition is slightiy
non-iscthermal 1in practice. Tre mean wall temperatur=s was f{cund =c
be 30¢¥ with a maximum sxcursion of +3.5%. The inlet <tursulence
level, generated by 3an uo2stream bar grid, was found to Dbe arcund
6.5%, as measured with a not-wire anemometer7'1. Uncertaintiss in
the various measurements can be quantified as +7% in Nu on a 95%

confidence 1level and +0.5% in pressure readings. . A tabulation

of calculated parameters can be found in Table 6.1.

7.1 Film cooling plenum traces

Fig 7.1 shows a typical plenum injection pressure versus time plot
for the film-cooling experiments, the particular values of 8 and G
for this case being 0.87 and 0.83 respectively. The opening of the
LP chamber at t = 30 ms is clearly seen by the initial pressure rise.
As the LP gas purges the system so the pressure falls to a level
where the mass flows into and out of the plenum are matched. It 1is
important to note that this level is above the pressure in the
working section, indicating that injection and not 1ingestion 1is
taking place. Approximately 50 ms after the LP gas has been
introduced, the HP shutter fires allowing HP test gas to initiate the
film-cooling process. This occurs marginally before the tunnel air
flows into the working section. For the blowing rates of 0.37 and
0.21 the pressure level in the plenum dropped to that of the working
section prior to HP injection, see fig 7.2. It is likely, therefore,
that a small amount of ingestion occurred before injection could take
place. For this reason the results for the blowing rates of 0.37 and

0.21 are not treated as fully as the three higher blowing rates.
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Fig 7.3 shows a typical plenum injection temperature versus time plot
(for the case € = 0.87, G = 1.11). Initially, LP ccolant gas only is
flowing, +tollowed oy HP coolant gas at apgroximately t=0.05 seconds
which causes the sudden peak in the trace by compression heating in
the plenum. After the rTeak, the HP injfection conditions remain
steady for approxizztely 400 ms of the run tefore starting to decay
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as the gas in tre EP zacn olenum  there

is a difierencs tetween the two “nermeccudle readings of
approximateiy lQOC. This temperature variation within tne plenum 1is
caused by heat transfer taking place between the injectant and the
plenum walls. In the data analysis an average of all four

thermocouples is used to evaluate the film coolant properties.

7.2 Interpolation of experimental data

Contouring of the measured data enabled information to be obtained at
any position of the endwall rather than just at the 68 thin-film
gauge/pressure tapping locations. This was achieved by applying a
bi-quadratic fit to the data and computing values at the nodes of a
fine grid; the same grid used to compute the three-dimensional
inviscid Mach number distribution, see fig 4.2. A comparison between
the bi-quadratic fit and the raw data showed the acceptability of the
interpolated contoured data, see fig 7.4, which shows the fit for 2
grid lines. The absence of thin films immediately upstream of the
cooling holes, due to the presence of the plenum below the surface,
meant there was a region on the endwall where no experimental data
was available. It was found that if the contouring rcutine was
applied to the actual data, the absence of information upstream of
the cooling holes gave a false impression of lower heat transfer in
this region. To compensate for this absence, it was assumed that the
Nusselt number was constant along streamlines upstream of the cooling
holes, and this enabled the contouring routine to give more realistic

results in the region of coolant injection.

Results shown hereafter are interpolated data unless otherwise

indicated.
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7.3 Endwall Mach number distribution

Figs 7.5 and 7.6 compare the endwall Mach number distribution as

predicted by a three-dimersional inviscid flow ccde with the Mach
. . . : 7.1
number distribution from uncooled experimental daza'"'. It can be

seen that tnere 1is a slignt tendency “or the thrse-dirmensional

¥y

5

inviscid code to undsr-predict the rlow velocity at a given location.
However, at the place of film-cocling (M=0.25) this difference 1is
minimal. Also, the Mach number contours for the experimental case
exhibit a more dramatic change in direction towards tne suction side.
This may be due to extrapolation of the experimental data to the
suction side where nc data have been measured.

o

The sparsity of static pressure measurements in the region of film
cooling can be seen in fig 5.7. This lack of data caused a
distortion of the Mach number distribution for the cocled case when
the data were interpolated. The data are, however, 1in reasonable
agreement with the wuncooled case and hand contouring of the Mach
number distribution is shown in fig 7.7. Indeed, Bourguignon1'16 in
her film-cooling study showed that the coolant had only a small

influence on the Mach number distribution.

These results, in particular the agreement between the predicted and
uncocled Mach number distributions, indicate that the film cooling
holes must 1lie on or very close to the actual M=0.25 contour.
Therefore, the original design criterion of uniform blowing rate

across the platform has been achieved.

7.4 Endwall heat transfer distribution

In order to describe the results it is necessary to explain a few
terms and definitions, as follows. Contouring grid 1lines 1in the
direction of the potential flow are termed pseudo-streamlines
and distances along a pseudo-streamline (s) are measured relative to
the plane of film cooling. Streamline 1 is at the suction side of the

endwall moving to streamline 19 which is at the pressure side.
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Grid 1lines in the blade-to-blade direction parallel to the plans of
film cooling are termed transverse gridlines and distances alcng
these (s2) are measured relative to the suction side. The tangential

cnord (c, = 70.7 mm) and distance from suction side to pressure side

+
at the leading =dge (c2 = 49.9 mm) are used as non-dimensicnalizing

scaling parameters.

Fig 7.8 snows tne variation of Nu with 8 for a given blowing rate
(G=1.11) and at a fixed location from the plane of film-cooling
(s/ct:O.A) for several pseudo-streamlines. This plot indicates that
the extent of <cooling is increased by increasing 6, as c¢ne would
expect. However, this effect is somewhat diminished as the pressure

side of the endwall is reached.

Fig 7.9 1is the variation of Nu with G for 8=1.62 and at a fixed
location from the plane of film-cooling (S/ctzo.é) along several
pseudo-streamlines. This shows that cooling is increased as the
blowing rate 1is increased for the range of blowing rates explored.
It also shows similar results to fig 7.8 in that the 1level of Nu
decreases as one moves from the pressure side to the suction side.
Fig 7.10 1is a plot of Nu against distance across the endwall at
s/ct:0.4 which shows this feature in more detail.

The streamwise variation of Nu on the endwall at the mid-passage
location is shown in fig 7.11. It can be seen that Nu increases with
increasing distance downstream of the cooling holes thus showing a
reduction 1in the cooling capability of the coolant as it mixes with
the mainstream flow. The greatest reduction in heat transfer is
shown to be at the highest value of 8. For values of © greater than
1.0 it is evident that there is a drop in Nusselt number at the point
of coolant injection but for values of 8 less than 1.0 (film-heating)

the Nusselt number rises at the point of injection.

An overall picture of the film-cooling on the endwall can be seen
from the colour contour plots shown in figs 7.12 to 7.17. It should
be noted that the lack of data in the region of the film-cooling
holes, see fig 5.7, means that the contours immediately upstream and

downstream of the plane of film-cooling may not be fully
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representative of the real flow situation. Fig 7.12 shows the datum
uncooled case alongside the three values of 6 investigated at G=0.37.
This plot shcows that there is little difference between the uncooled
case and any of the film-cooled cases. This 1indicates that a
combination of low blowing rate and partial ingestion have produced

ineffective cooling. It is also clear that there is an area of high
o

heat transfer ({'hot spcot') on the endwzil at the pressure side
trailing edlge. Fig 7.73 shows the four values of 8 explored at
G=0.52. Here, <trere 1s a pronounced increase in cooling as 8 is

increased and even the 8=0.87 case exhibits lower values of Nu than
the wuncooled case shown in fig 7.12. It is evident from fig 7.13
however that the 'hot-spot' region at the trailing edge is recelving
little cooling flow. This is due to the secondary flow sweeping the
cooling flow across the endwall from pressure side to suction side

due to the blade-to-blade pressure gradient.

Fluorescing dye flow visualisations had previously been carried out
on the wuncooled platform, see fig 7.18, in order to 1indicate the
nature of the secondary flow. A green dye was applied to the
endwalls up to the plane of the blade leading edge and thereafter a
red dye was used on both the endwalls and the blades. Fig 7.18 shows
the outer endwall and indicates where the green dye has been swept
into the red dye producing yellow streaking when illuminated under
ultra-violet light. It is clear that there is a significant migration
of the flow towards the suction side of the blade which subsequently

reaches the vane mid-height at the trailing edge.

Figs 7.14 and 7.15 show all the values of 6 investigated at the
blowing rates of 0.83 and 1.11 respectively. These both show a
similar picture as the G:=0.52 case, see fig 7.13, 1in that cooling

increases as 6 is increased.

In comparing the three blowing rates at 6=1.62 it can be seen that

the level of cooling increases as blowing rate is increased, see fig.
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7.16. 1In all cases, however, the 'hot-spot' region persists even for
the high blowing rate case of G=1.11, 8=1.44., Fig 7.17 shows this
non-dimensionalised with the uncooled datum case. The 1level of
Nusselt number is reduced by up to 80% immediately downstream of the
film-cooling holes altnougn at the pressure side traiiing edge the
reduction 1is only £5%. It is clilear, thererore, that <the level of

cooling achieved is very

icant. In terms of mear levels, this
cooled to wuncooled comparison irndicates a reduction of 50% to 60%
over the whole platform which will result in a significant reduction
in metal temperature znd consequently an improved 1life for the

component.
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8. ANALYSIS OF RESULTS

Harasgama and Bur‘tonlh1 concluded tnat the superposition model of
fiim-cooling was the best way of scaling ILPC data to apply to engine
representative conditions. This section discusses the applicaticn of
the superposition model to the present fiim-cooling data and ccmpares
the experimental data with ccrrelations in the absence of prsssure

gradients.

8.1 Application of the superposition model

A correction for property variations in the film-cooled boundary
layer 1is applied to the data. This takes the form of correcting for
gas-to-wall temperature ratio. It is shown (equation 3.7) that,

n

Nu/Nu = Nu/Nu_ (T /T )
0,Cp o W 'g

b
where n 1is -~0.07 for a laminar boundary layer and -0.25 for a
turbulent boundary layer. The value for a turbulent boundary layer

is used in this analysis.

Figs 8.1 to 8.3 show the application of superposition theory to the
film-cooling data for several positions across the passage at

different s/c's for three values of G. It can be seen that 1in all
cases the data are well described by straight lines thus validating
the wuse of superposition theory as an analysis tool for these data.
Consequently, 1t is possible to extrapolate the experimental data to
achieve a cooled to uncooled Nusselt number ratio at engine
conditions. The nominal engine 8 for the nozzle guide vane at the

endwall region is 1.75.

Figs 8.4 to 8.6 show the film-cooling effectiveness (-B/A) for
various streamlines at different G's. It is evident that in all
cases there 1s a reduction in effectiveness in moving f{rom the

suction side to the pressure side. This is a consequence of the
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secondary flow reducing the effectiveness at the pressure side by
sweeping the cccling flow across the endwall platform to the suction
side. It is also clear from figs 8.4 to 8.6 that there is a
reduction in effectiveness along a pseudo-streamline, or in other
words, the effectiveness decays as one moves along the passage away
from thke cocling holes. This is caused by the cooling jet mixing

with the hot mainstream gas as it progresses downstrezam.
Fig 8.7 shows the cross-passage variation of the film-cooling
effectiveness which again confirms the two observations made from the

streamwise variation plots.

8.2 Empirical correlation of data

The data from the film-cooling experiments are compared with
1.1

two-dimensional flat plate correlating parameters . For the weak
injection regime film-cooling effectiveness (-B/A) is correlated with
a slot wall jet parameter (x/d)(I)—2/3, and for the strong injection

regime non-dimensionalised Nusselt number (at ©=z1.3) 1is correlated
with slot wall jet parameter modified for strong blowing

(x/d)(ui/ug)—q/3. Figs 8.8 to 8.10 show film-cooling effectiveness

against slot wall jet parameter (x/d)(I)_Z/3 for data at all
positions on the endwall and at blowing rates of 0.52, 0.83 and 1.11
respectively.* As can be seen, for a given x-value the effectiveness
is significantly below the correlating line. This is to be expected
since the comparison is between experimental data from a row of holes
and a correlation representing slot injection. However, apart from
indicating the differences between the two types of injection, the
results show the large increase in effectiveness between blowing

rates of 0.52 and 0.83 and a smaller increase from 0.83 to 1.11.

The spread of data on these plots is attributed to the
three-dimensional nature of the flow field where secondary flow, and
axial and blade-to-blade pressure gradients will all have an effect.
Fig 8.11 shows the case of G=1.11 with an empirical correction for
streamwise pressure gradient of (u/uinlet)o'gas suggested by
Ecker‘tg'1 This correction moves the data closer to the correlating

line but does not help to reduce the spread. ’However, when a similar

* note that ug is the local velocity at a particular wall location.
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0.2 . .
ublade-to—blade/d) is applied to the blade-to-blade

pressure gradient on fig 8.12 the data start to collapse albeit with

correction of (

the exception of data near to tne pressure side trailing edge of the
blade. This area of the endwall, as previously discussed, does not
receive very much c¢o0ling because the secondary flow sweeps the
coolant away from this region. It 1s encouraging to note that making
tne streamwise and bliade-to-blade pressure gradient corrections to
the present data brings them reascnably close to the slot wall
correlating parameter. In this manner it has been possible to
account, to some extent, for the three-dimensional flow field in the
present experiments. Such a procedure may then be applied to
evaluate the cooling effectiveness in the preliminary design stages
of a film-cooled NGV platform. The ability to correlate the present
data with two-dimensional test cases 1s particularly important
because a large amount of data for two-dimensional film-cooling
geometries exists. The present correlating parameters may,
therefore, be utilised on such two-dimensional data bases for the
useful design of film-ccoling configurations in a three-dimensional

flow field.

The correlation technique is taken a stage further in figs 8.13 to
8.15 which show (A + 1.3B) (ie Nu/Nuo at 8 = 1.3) against the slot
wall jet parameter modified for strong blowing regime for blowing
rates of 0.52, 0.83 and 1.11 respectively. In these cases the
correlating line is for a single row of cooling holes and, therefore,
allows a direct comparison with the experimental data. It is evident

that the data are a lot closer to the single row correlation than the

slot correlation presented earlier. The data at 1low x-values
((x/ci)(ui/l,to)-w3 < 1), that move above the correlation, are data at
injection rates beyond that giving a minimum in Nusselt number. The

high blowing rate in these cases cause the cooling jets to 1ift off

the surface.

In comparing the three blowing rates it can be seen that the data
follow the trend of the correlation and move towards lower values of
Nu/Nuo’Cp:A+BG with increase in blowing rate as expected. Fig 8.16
shows the case of G = 1.11 with the same empirical correction to the
data for streamwise pressure gradient as used in fig 8.11. This

correcc.on 1is successful in that it moves the data closé to the
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correlation with a maximum error of around +11%. It may,therefore,
be concluded that by making the appropriate correction for streamwise
pressure gradient the present data correlates with two-dimensional
data even though the flow field is quite strongly three-dimensional.
The present data were correlated along grid lines
(pseudo-streamlines) following the geometric contours of the NGY
endwall. It is also possible to apply these same techniques along an
actual endwall streamwise path as indicated by the flow-visualisation
tests, see fig 7.18, or by a computational technique which calculates
the endwall streamline pattern. It is expected that by correlating
along skewed streamlines more accurate results would be produced than
correlating along grid lines following the geometric contours of the
NGV endwall since the data would then have been analysed along true

streamlines rather than assumed streamlines.
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9. CONCLUSIONS

Endwall heat transfer measurements have been made on a turbine nozzle
guide vane with and without film-cooling. The results allow the

following conclusions to be drawn.

(1) The original design concept of placing film-cooling holes along
an 1iso-Mach line has been shown tc be an effective method of
film-cooling an NGV platform except for some shortfall of cooling

near the pressure side trailing edge due to secondary flow effects.

(2) The configuration tested, of holes along a constant static
pressure line to give constant blowing rate, used 1.48% of the throat
mass flow for the highest blowing rate (G = 1.11) and gave up to 75%
reduction in heat transfer relative to the uncooled case, with a
minimum reduction of heat transfer of 25% in the pressure side

trailing edge corner.

(3) The use of carbon dioxide and air mixtures in simulating engine

density ratios has proved successful.

(4) The superposition theory of film-cooling has been validated for
endwall heat transfer and enables the present work to be extrapolated

to other engine conditions operating at higher 8.

(5) Simple empirical correlation of the data have been reasonably
successful. It 1is shown that by correcting for the axial pressure
gradient 1t 1s possible to correlate the present data against

two-dimensional flat plate zero pressure gradient data to within +11%.

It 1is considered that these correlations may be wused 1in the

preliminary design of film-cooled platforms in turbine NGV's.
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10. RECOMMENDATIONS

Based upon the work to-~date and tne above-mentioned conclusions it is
recommended that further work be done on improving the empirical
correlation scheme. This would take the methodology further in
applying it along the skewed streamline path on the endwall. Finally,
it 1is clear that a calculation tecnnique must be generated which
gives reliable predictions of endwall streamlines if the correlation
technique 1is to be progressed and this will require some

computational effort.
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APPENDIX - Calibration of Irnjection Orifices

This appendix describes tre trneory used to arzlyse the orifice

calibrations.

Each orifice (1.0, 1.3, 2.. znd 2.5 mm diameters: was <calic~ated

N

separats.y with air and ... Ine retnod ¢’ calibrz-i.n
in section 5.1 and a schermat:ic alagram of the calitrzzicn  zrrarn-o-ment
is skzwn in Fig 5.7. Cziicratior curves for eacn corilinaticn of

orifice and test gas are shown in Figs 5.2 and 5.3.

The theory to determine the mass flow through the Britisr Standard

O

rifiice has been taken from B3 1042 and is given below.

P1:a—b+Pamb (A.1)

- (
QT = PT/RT1 (A.2)
m = Cx Z x E x EPS ¥ D2 X a)% X o (A.3)
uncorr - ; €1 '
Re = Qmuncorr/ D (A.4)
m=m oep X ZR (A.5)

where a = pressure drop acros BS orifice (Pa)

b = gauge pressure downstream of BS orifice (Pa)
Pamb = atmospheric pressure (Pa)
P1 = pressure upstream of BS orifice (Pa)
T1 = temperature of gas upstream of BS orifice (K)
R = characteristic gas constant (J/kgK)
Q1 = density of gas upstream of BS orifice (kg/m3)
C = discharge coefficient
= correction on C due to Reynolds number
E = velocity approach factor

EPS = expansibility factor

D = BS orifice diameter (m)
« = 3.4788 x 1070 (Imperial to SI conversion)
m = mass flow through BS orifice (uncorrected) (kg/s)
uncorr .

p = gas dynamic viscosity (Ns/mz)
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Re = Reyrolds number (based on )
Dpipe = pipe diameter (m}
ZR = empirical correction to mass flow due to Re and Da/Dpiped

m = mass flow through 23S crifice (¢orrected) (Kg/s)

“ne calibraticn yielded me=sured masz flow against cooling reseruoir

cressure in tne form,

where A and B are constants of proportionality.
Hence,

m=A+BP +BP -BP
res,gauge amb

e
-~

giving,

=0
n

A+ B Pres,abs - B Pamb (A.8)

nj=

and correcting for injection gas temperature and incorporating (R/¥ )

into the constants of proportionality gives,

1 1 1
mT.® = AT.? + BT.°P - BT.°P
i "am

i i i res,abs b

1
=3
—3
('™
t
os)}
3
e
ol
o
]

*
Let A

*
and B

1"
ov]
=]
[
POy

Then the coolant mass flow at any driving pressure and temperature
may be given as,

* *

m= (A +BP ) / T,
res,abs i

N

(A.10)

Equation A.10 may now be used for both CO2 and air independently, or

for any combination thereof.
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*
Wren using binary gas mixtures it will be rezessary to modify the A
*
nd & +values as follows.

o

n eguztion for air wculd be,

>

) * * L
m = (& + B P )T AL
a 3 a res.:bs N
nd Tor ZGQ,
. . * B *E . - 5 ,
m = 14 + fTLT (A 2
co2 232 co2 'res,azts’ T Ci i
Let =r= fraction of C02 used = x (say), tnen the amcunt of air would
be (1 -~ %) =y (say).
total mass flow m=m +m
So tota S a co2
therefcre,
T (A ® B *P )/T 2 (A i B *P )/ T 2 (A.13
m = X\A. + L. + + . i3
Cco2 C02 "res,abs i Y a a res,abs i K )
and rearranging gives,
%o * 03 0 03
m = xA /T.° + yA T.2 + P xB T.? + yB T, {A.14
Co2" "1 ¥ a / i res,abs( co2 / i y a / 1 ) )

*
Therefore, when using a mixture of CO2 and air the values of A and

¥
B may be modified to read,

* * *

Amix = XACOZ + yAa (A.15)

* * *

Bmix = XBCO2 + yBa {A.16)

Equations A.15 and A.16 may be substituted in equation A.10 to give,

* *

m= (A . +B . P ) /T,
mix mix ~res,abs i

ol

(A7)

which 1is tne injection mass flow for any combination of air and CO2

at injection temperature T. and reservoir pressure P .
i res, abs

* *
A tabulation of the raw data and derived A and B for both air and

002 for each orifice is given in table 5.1.
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Table 5.1 Tabulation of Injection Orifice Calibrations
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CALIBRATION OF MT1 ORIFICE NO.3,DIAMETER=2.0mm,USING AIR
OSNEY LAES., 9th Nov 1987,
£ EPS L 1 PAMB(MM.HG)  R{J/KB.K) N DPIPE(am)
0.11370E+CL 0. 10000E+01  0.60600E+00 (. 10000E401 0.73730E+03  0.2B700E+03 0.17200E-04 0.26000E+402

PROCESSED - RESULTS FOLLOW
P{FSIG! T{DEB.L)  ACIN.HZO)  BLINH2O) D{MK! P1(PA) RHO(KE/CU. M) WIKE/S) RE
0.25000E402 0, 1BACCE+02 0,11000E+00 0.40000E-01 0,17940E402 ¢.1010BE+04 0.12086E+01 0.14176E-02 0.5B489E+04
0.50000E+02 0.1BS00E+02 0.3600CE+00 0,15000E+00 0.17940E+02 0.10111E+06 0. 120B6E+0) C.Z5646E-02 0,103B1E+05
0 ’50ﬂﬁF+“7 C.1B500E+02  0.76000E+00 (.33000E400 0,17940E402 0.10!117E+06 0,12093E+01 0.37273E-02 0.13778E4(D
w‘“f+vg 6,18300E402  C.12700E401  0.36000E400  0.17940E+02 0.10124E+06 0.12101E+01 0.48199E-02 0.198BLE+0S

BR00E+C2  0,19200E+01  0.8A00GE+00  0,17940E402 C.10133E+06 0.12116E401 0.39300E-02 0.28846E403
50 DUZESGRE40Y G, 120008401 0, 17940E+02 (.10142E+06 ( 121445+01  0,89748E-02  0,28775E+05
i (10E+ 0.33000E+01 0, 15700E+01 0,17540E+62 0, 1015AE+0h  0,12181E+01 0.80843E-02 0,33I36E+05
WE+$E 0.455008+G1 0.20100E+01 0,17930E+07 0.10170E+05 O 122108401 0.91A41E-02 0. I7809E+05
GO3EIGOE+EE GU2S000E+GL 0,17940E+02 0.1CIB4E+04 O0.1228BE+00 G 1OL92E-01  0,420458+(C
0UR89G0OE+01 0. 30B0UE40D 0.17940E+0F 0.1D200E+06 (0. 12271E401 G, 13H4E-00 0. 44679E+00
0.82800E+01 0363008401 0,179L0E+02 0. 1CZ2SE+06 0.12353E+01 0.12309E-01 0.G1610E+0S
§.99200E+01  §.4380) 0.17740E+02 0. 10244E406 0. 12411E+01 0. 13042E-00 :

it IK WLORE{RG/S)

a4 0.478L0 DA0DE401 0, 14T44E-02

13 G.475L0 GITOE+0L 0, 26593E-0

3 GATEL D3Z0E+01 0, 3BENIE

3 0476L GZROE+0L G.49E57E-42

02 047810 DITAEA0L DL ED9IE-0E

5 0.4761G GZIGE+CE 0.7.0451E-0

5 0.ATRLD G2aGE+01 §.B2790E- (2

SR Y ZZEH0L 0L93637E-02

0% ¢.47410 ZUOEHDL 0, 1040AE-0Y

03 0E7RLG JE4GL 0. 11540E-08

i3 0 ATELD QE+0D G 12747E-01

63 087810 GE+01 0,13B88E-GY
B o= 04454480804
B = 0,761233E-03
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0. H370E+0L

A
L¢

PIFSIE)
25000E+02
S0060E+02
T5009E402
10000E+03
12500E+03
S000E+03
17500403
0. 200008403

0, 22500E+403

0. 250806407
275008403
2.3

G00GE+GT

F{FSIf)

L 25000E+02
SOHOGNE+QZ
T3G00EHIZ
0, 10000E+43
0, 12500E+03
13GGOE+G3
175008403
C2O000E+GT
LZZEO0EH0T
0. 250G00E+03
J2TSODEHIT
INGO0E+0T

CALIERATION L

T

]
EPS

0. LOGGE+5L

0, 189090E+02
3, 19000492
0, 19100E+02
0. 19100E+02
0. 18BO0E+D2
0. 187008402
(}l’ ”UJE.‘-'

0. 177008492
G, 1TL00E+02Z
7. 1350GE+02
0. 15106E+52
. LA200E+02

H,iSTQQFfOE
9. 101228409
0, 14843E+05
0. 196 TAE+05

0,24354E+02

¢.51054E405
0, S6413E+03

ONSTANTS

]

L
0. 60400E+29

6.&15‘9:*v¢
0, 43700 +01
0. S5000E+01
3. AF000E401
0. B2000E4+01
0. 99500E+01

H

0, 475108400
. 475108400
0. 476108400
B, 47610E400
0. 475108400
0,476L0E+00
I A7ALIE 00
G, 47410E+00
DOATELIOE40)
0475108400
4’a1 400

g

A

447581 OE+3)

4 = 0.3
A% = -5.5§

BxIN.HED)
G, 40000E-0G1
0. i:nO“ETJO

J

iR 5!)9UE+
0.87C0GE+00
0. 1I70RE+0L
ﬁ.lﬁ OﬁF*ﬁl

IR
{0, 10400E+01
O A0IT0E+OL
U.;)?TJE+01
0, 1790E+01
0, 10270E+01

§.1CZ30E+01

AenTT 5
43077E-03 B

10N OF ORIFICE N0.3,DIAMETER=2.0nm,USING AIR
5., 9th Nov 1997,

PAME (MM HE)  RUI/KE.LO i
0.73750E403  0.Z870OE+0T 0.1

—

RH2{ES/CU N

4
0,17940E+02 O 1OLGBE+GE (L 120458401
D A7940E+0Z G 1OLLEER0E  D.12045E8400
G.l? 0 D iGLILE+06 G 1Z0ATESGL
D.17940E+02 0. 10124E400 0. 12077E401
D 17940E+02 0. 1O1I2E406 G 1Z099E+0]
DLITFA0E40Z  O.10144E408 0, 12115E401
0. 17940E+02 0. 06136E+08 0. 1ZI52E401
D, 17940E402 0. 101470406 0,1Z2189E+00
G 17930E4G2 O L01BAER0E 0, 12231E+01
D, 17940E+08 9.1020 iz il
0‘1791ut+02 i 12
»

WEDSR (KG/S
0, 14045€-0
0,254 1E-0
0.37174E-0
0, 48938E-0
0, 6069980
0.71679-0
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S T
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MM HE)
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CALIBRATION OF MT! ORIFICE NO.1,DIAMETER=1.0mm,USING CO2
OSNEY LAES., 10th Nov 1987,

3 EPE
0.10300E401 0. 10000E+01

PROCESSED

F{P516)
(. 500008402
0, 100052403

T(DEG.C)
£, 1EBO0E+02
{1, 1B4D0E+02

LIS000E40T  CL178O0E+02
O,QOWL;:+03 0, 1E50G0E402
G, 25UGNESET 0. 14BDOEH(2

po s
U, sl

0, 17500E40
2, 125008407
0.753000E4402

0, 143008402
0, L4400E+02
O 143008402
{0, 1S400F=02

el
~J ¥rt

+5
0. 25HAIERGS
0.31827E+US
0, 2B5R9E+05

Wi il

,"} nnes

3 ..A-\-F
- -

I?Fﬂ“E+ 0.22212E+03
' D LE1ITESDS

0, 98740E+04

L l
0,60630E400 0, 10000E401

- RESULTS FOLLOW

ALIN H2D) BCIN K20)
0150008400 Q.30000E-CL
0, 580008+00 0, {4000E+0]

0, 12000E+01 O‘EZCUOE‘”U
0206008401 0,560005400
0. 33000E401 0.8T00CE+D0
0, 285008401 0.T0000E+00
O 161008+ 0.42000E+0¢C

0850008400 0. 22000E+0)

0, IZ000E 400

i iF
{1, 22B55E+01 [G250E+51
J.23EERES0D 0.10190E401
0.23659E+00 0. 10140E+01
0, 2383%E400 0. 1DI30E+D
0, 228558400 0101208401
0. 238392400 0. 101308401
0.23839E+G0 0.1G180E+01
0.23B57E430  C.10150E+0!
0,238537E+00 0. 10200801
A = 0,7703745-04 B
A¥ = -0, T008REE B#

PAME (MM, HB)
SI0E+QT

DMK
0.127008402

0. 127008402
A2700E462

0,127J0;+n7
G.1 "QE+Oe

O.I??GGE*O:
G, 127008407

0, 127G0E440

RLORRIER/S)
0.94821E-03
G, 18233E-02
0, 26602E-02
b IETAIE-DZ
O 6LI41E-02
£.397855-02
3.31607e-02
0,22521E-02
. 13865802

RGJZKB.K)
0. 1BICOE+0T

PL{FA)
0. 10GB3E+04
4, 100F0E+04
0. 1010ZE+06
D AD119E+04

0. LOLAQE+0L
q 1ﬁ1?0.;ﬁ§
O,Iﬂ’ﬁ?r+u#

0. 173825804

72

Iy
0. 13660E-04

RHO(KB/CU. M
(i, 1B282E+0!
0 IBT@’E§01
0,18379E+01
(. 1B48BE+D!
0. 1B6L2E401
{. 186528401
0,184 IE+0L
0. 18557840

(. 18503E+01

DPIPE (mm)
0. 260008402

O
-

RE
0. 671978404
0-1A997E*QJ
0. 19057E+03
0. 25L487E405
0.31827E405
0.28529E4(5

bR s I PR
(.222128+03

GolE1iTERGE
0. 9ET740E+3E
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)

674
613
672
LY)|
670
649
667
bbb
663

b2
61

- 659
&8
657

649
648
47
646

643
642
641

637
634

2.517
2.544
2.509
2.923
2.529
2.523
2.541
2.536
2.522
2,53
2,537
2.55%0
2.537
2.334
2.540
2.549
2.57%
2.583
2.952
2.573
2.516
2.537
2.490
2.502
2.497
2.510
2.494
2.478

1Re

-0.024
0.720
0.368
0.485
0.485
0.524
0.407
0.368

-0.885

-0.963

-0.845

-(.846

-0.434

-0.533

-0.024

-0.454
0.2%0

-0.768

-0.376

-0.063

-1.472

-0.415

-1.785

-1.237

-1.003

-1.237

-0.533

-0.728

-1.277

-0.748

-0.689

-0.180

-0.689

-0.807

<0.572

~0.220
0.837
1.111
~0.102

-1.511
-0.689
-2.529
-2.059
~2.255
~1.746
-2.313
-2.999

Table 6.1 Tabulation of Film-Cooling Experiments

0.928
0.936
0.932
0.936
6.939
0.939
0.930
0.931
0.931
0.930
0.933
0.931
0.932
0.930
0.931
0.930
0.945
0.936
0.938
0.941
0.931
0.936
0.930
0.930
0.928
0.931
0.931
0.927
0.925
0.932
0.930
0.933
0.930
0.930
0.926
0.926
0.931
0.926
0.926
0.933
0.931

0.927
0.928
0.928
0.932
0.933
0.929

i

-0.254
0.606
0.176
0.606
0.329
0.929

-0.039
0.069
0.069

-0.039
0.284
0.069
0.176

-0.039
0.069

-0.039
1.574
0.606
0.824
1.144
0.069
0.606

-0.039

-0.039

-0.234
0.069
0.069

-0.361

-0.57
0.176

-0.037
0.264

-0.039

-0.039

-0.469

-0.469
0.069

-0.469

-0.469
0.284
0.069

-0.039

-0.361

~0.234

-0.254
0.175
0.284

~0.146

Pa

3.397
3.416
3.429
3.421
3.42%
3.432
3.393
3.409
3.3%
3.395
3.404
3.395
3.409
3.404
3.407
3.396
3.464
3.429
3.435
3.427
3.405
3.419
3.406
3.408
3.403
3.411
3.39%
3.402
3.406
3.419
3.42¢
3.424
3.413
3.401
3.414

3.407

3.423
3.406
3.409
3.42
3.417
3.412
3.414
3.417
3.406
3.414
3.419
3.405

Ta

373.5
J74.0
375.7
375.90
35,6
376.1
3721
373.8
375.4
376.5
377.2
375.2
376.3
37%.9
374.8
J75.0
380.3
379.5
319.1
ana
379.0
377.5
379.9
378.3
377.0
378.9
373.2
376.0
317.7

8.1
3.8
376.9
3n.2
376.9

76.4
74,8
373.6
370.8
374.7
J74.1
380.3
n.2
3824
381.5
381.2
380.6
383.2
383.5

Tamb

290.1
289.1
290.3
289.8
2590.4
290.0
289.9
289.3
291.9
291.
92,
291.6
290.5
290.5
289.2
290.5
292.9
292.5
292.1
291.7
292.5
292.0
293.1
292.1
292.7
292.0
290.9
290.4
291.9
291.6
290.9
290.5
290.5
291.1
290.0
289.0
288.1
286.9
288.6
288.1
293.3
290.8
295.5
294,7
294.0
293.6
293.9
295.8

wn

[#%]

Tim)

269.
269.
290,
288.
312.
alt.
255.
754,
9.
257.
271.
269,
29,
286.
287,
319.
320.
315,
316.6
57.8
256.5
56,7
755.6
270.4
268.0
269.3
1.1
289.7
289.7
268.7
287.8
313.8
315.6
313.7
315.7
274.3
72,5
270.6
272.6
292.7
290.8
293.8
293.5
316.1
315.0
316.4
315.1
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253
.236
003
012
737
749
421
412
399
405
212
244
247
.252
036
031
0.
C.
3.
0.
401
415

697
679
734
71Me

014

746
754
763
780

(]

1,235
0.894
0.899
0.923
0.93t

b

.566
0,364
3,369
0,272
{4,360
0,360
(.837
0,836
0,827
¢.829
0.526
0.837
(.836
0.837
(.528
0.833
0.81¢
.82
0,830
0.828
0.521
0,519
9.52

0.522
0,52

0.526
0,529
(.523
0.522
0.5

0.52

0.520
0.922
0.922
0.521
$.920
0,206
0.207
0.209
0.207
0.208
0.208
0.208
0.208
0.208
0.208
0.208
0.209

I

0.316
0,367
3.355
0,329
0,359
3,340
0,952
0,942
0,954
0,935
0.959
0.937
0,899
0.953
0,919
0.912
0.818
0.874
0.843
0.829
0,590
0,588
0,618
Q0,606
0,570
0,561
0,57

0,562
G.535
0,55

0.352
0,931
0.497
0,509
0.545
0.526
0.325
0,326
0.350
0.343
0,307
0.32t
0,342
0,334
0.332
0.310
0.321
0.316

hi/0q

1
1
!
i
!
1
!
{
1
!
{
!
1
!
!
1
!
!
1
1
!
1
!
1
i
1.
1
1
!
!
1
1
1
1
!
1
1
1
{
1
1
1
1
1
{
1
!
1

173
776
736
740
L7952
L7561
T
785
763
TN
766
.793
192
795
782
53
749
.739
765
750
77t
73
783
.784
.784
BOB
. 783
73
763
765
72
)
758
745
796
XY
737
. 739
786
750
762
733
759
757
753
796
799
769

WIp

0.313
0.364
0,351
0,325
0.3%6
0.337
.951
0,941
0.9%4
0,955
0.959
0,937
0.894
(.953
0.919
¢.911
0.817
(.874
0.842
0.827
4,587
0.58%
0.614
0,603
0.566
0.578
0.972
0.538
0.531
(.952
0.548
0.528
0.494
0,505
0,542
0.522
0.322
0.322
0.347
0,340
0.304
0.317
0.338
0.33%
0.329
0.307
0.318
0.313

(54
posey
n

G.177
0,205
0,202
G.187
0.202
0.191
0,537
0,527
0.541
0.539
(1,543
0.52%
0,499
£,531
0,51

0,520
0,467
0,502
0.477
0.473
0.331
0,336
0.345
0.338
0,317
0.320
0.321
0,315
0,301
0,312
0.309
0.298
0.281
0.289
3,308
0.301
0.186
0.186
0,194
0.194
0.173
0.18¢
0.192
0.188
0.187
0.178
0.181
0.177

0,459
0,451
0,470
. 491
(.45
(4,456
7,645
0,645
3,638
0,638
3,635
0.647
1,660
0,640
0,647
0,459
J.LB%
0,559
0,680
0.588
{.510
0.508
0,498
0.502
3.520
G.513
3.318
0.524
0,338
0,523
0,527
0.937
(3.558
0.954
0,833
0.544
0.274
0.276
0.265
0,267

0.27

0.269
0.272
0.273
0.282
0.276
0.280
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Run - Re tRe M ™M Po To Tamb Tinj e 6 Di/Dg WIP  SIP Cd

: iso  meas

552 2.592 1.444 0.928 -0.254 3.378 367.7 284.7 267.4 1,208 1.375 1.094 1.285 1.757 1.292 0.735 0.728
551 2.611  2.207 0.930 -0.039 3.379 345.7 284.0 264.9 1.234 1.427 1.09 1.298 1.765 1.305 0.739 0.724
550 2.598 1.698 0.925 -0.576 3.372 364.0 2B4.3 266.9 1.213 1.417 1.095 1.370 1.754 1.379 0.786 0.706
549 2.614 2.325 0,927 -0.361 3.376 364.8 78B3.6 263.3 1.250 1.442 1.100 1.323 1.773 1.331 0.731 0.718
548 2,611  2.207 0.930 -0.039 3.393 367.0 284.7 256.7 1.340 1,547 1.112 1.275 1.B29 1.28f 0.701 0.728
547 2.413 2.286 0.929 -0.146 3.382 35.7 283.3 245.4 1,460 1.473 1.126 1.078 1.867 1.080 0.578 0.793
546 2.616 2.403 0.929 -0:146 3.379 3b5.1 282.8 248.0 1.423 1.616 1.120 1.374 1.850 1.383 0.748 0.702
545 2.524 2.716 0.929 -0.146 3.375 3463.9 282.6 255.0 1.340 1.562 1.105 1.128 1.792 1.131 0.631 0.777

‘540 2.639 3.303 0.925 -0.576 3.372 361.5 281.7 244.2 1.470 1.674 1.125 1.508 1.B65 1.321 0.B15 0.471
S38  2.591 1.424 0.922 -0.899 3.370 k6.3 289.2 248.7 1.450 1.446 1.123 1,349 1.852 1.378 0.744 0.703
53 2,595 1.581 0.931 0.069 3,383 347.9 285.4 283.8 1.020 1.196 1.102 1.348 1.716 1.356 0.790 0.724
535 2.586 1.229 0.919 -1.221 3.364 k6.1 284.4 282.8 1.020 1.215 1.110 1.426 1.715 1.437 0.838 0.710
532 2.576 0.837 0.928 -0.254 3.368 368.6 286.9 309.0 0.730 0.882 1.098 1.243 1.812 1.230 0.689 0.732
531 2.597 1.659 0.925 -0.576 3.369 345.9 286.2 308.0 0,727 0.879 1.09¢ 1.208 1.B04 1.214 0.673 0.742
530 2.604 1.933 0.927 -0.361 3.358 344.4 284.2 307.0 0.716 0.856 1.099 1.265 1.803 1.273 0.706 0.728
529 2,569 0,563 0.930 -0.039 3.371 9.7 286.9 308.0 0.745 0.877 1.101 1.238 1.822 1.244 0.683 0.733
Re = Blade Reynolds number ( Mean = 2.553E6 )

M = Mach number ( Wean = 0.930 )

" Po = Inlet total pressure (bar)

To = Inlet total temperature (K)

" Tamb = Ambient temperature (K)
Tinj = Injection temperature {(x) *
(=] = Non-dimensional temperature difference ratio
(iso = isothermal wall value ; meas - measure point value)
6 = Blowing rate
I = Momentum flux ratio
Di/Dg = Injection to freestream density ratic
WIP - Weak injection parameter
SIP = Strong injection parameter
Cd = Coefficient of discharge

iso = isothermal wall value based on initial wall temperature (ambient)
meas = measure point value based on a measured wall temperature of 302K

Error analysis was by a 95% confidence level student T-fit.

%Re and %M are deviations from mean values of Reynolds number and Mach number
respectively.
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RUN

693
694

692
- 691
L 690
' 689
- 688
| 687
e

883
&84
683
682
681
680
618
676
679
674
673
672
471
670
669

667

666
665
b64
663
662
661
650
659

658
657

656
649
448
47
b46

643
642
. 641
" 640

639

1638
637

636
352
351

49

Ti(k}

269.0
259.1
290.0

"286.8

312.8
311,86
235.3
254.5
238.2
257.1
274.3
1.0
269.3
269.0
286.1
281.9
319.4
320.4
315.2
316.6
257.8
206.5
36.7
255.6
270.4
268.0
269.3
1.1
289.7
289.7
288.7
287.8
313.8
315.6
313.7
318.7
274.3
272.5
270.6
272.6
292.7
290.8
293.8
293.5
316.1
315.0
316.6
315.1
267.4
264.9
266.9
263.3

Tmeas{Ki

302.0
302.8
304.6
303.0
303.1

302.9

298.0
298.7
301.8
301.0
303.2
302.0
300.6
300.8
300.6
301.5
307.4
306.4
305.4
303.8
303.8
303.5
305.3
303.0
305.9
304.9
302.3
303.0
306.8
305.3
305.6
305.0
305.4
304.4
306.0
304.4
304.0
302.6
303.2
302.8
308.6
306.0
312.1
310.3
308.5
307.6
il
310.1
294.8
295.0
296.1
294.4

iTmeas

-0.11
0.17
0.76
0.22
0.27
0,20

-1.45

-1.19

-0.16

-0.43
0.28

-0.10

-0.58

-0.50

-0.57

-0.27
1.68
1.33
1.00
0.49
0.48
0.39
0.99
0.89
1.18
0.85
0.01
0.23
1.48
1.00
1.10
0.88
1.00
0.67
1.22
0.68
0.57
0.11
0.29
0.17
2.07
1.23
3.24
2.63
2.03
1.76
2.89
2.56

-2.50

-2.41

-2.07

-2.62

Po

-0.17
0.38
6.77
0.53
0.63
0.85

-0.29
0.18

-0.20

-0.23
0.03

-0.23
0.18
0.03
0.12

-0.20
1.79
0.77
0.94
0.
0.06
0.47
0.09
0.15
0.00
0.24

-0.23

-0.623
0.09
0.47
0.53
0.62
0.30

-0.06
0.32
0.12
0.59
0.09
0.18
0.33
0.41
0.27
0.32
0.41
0.09
0.32
0.47
0.06

-0.713

-0.70

-0.91

-0.79

S D
o« & s e
a0
o

=~ &
& o :

-

0.76
0.58
0.55
0.12

-0.20

-0.95
0.10

-0.06
1.59
0.7
2.2
1.91
1.83
1.67

2,37
2.45

-1.77

-2.31

-2.23

-2.55

Tamb

0.18
-0.17
0.25
0.07
0.28
0.14
0.11
-0.10
0.80
0.66
0.94
0.70
0.32
0.32
-0.13
0.32
1.14
1.01
0.87
0.73
1.0
0.83
1.21
0.87
1.08
0.83
0.45
0.28
0.80
0.70
0.45
0.32
0.32
0.32
0.14
-0.20
-0.31
-0.93
-0.34
-0.51
1.28
0.42
2.04
1.77
1.52
1.39
2.18
2.15
-1.69
-1.93
-1.83
-2.07

81

“Re

-0.02
0.72
0.37
0.49
0.49
0.52
0.41
0.37

-0.89

-0.96

-0.85

-0.85

-0.45

-0.33

-0.02

-0.45
0.25

-0.77

-0.38

-0.06

-1.47

-0.42

-1.79

-1.24

-1.00

-1.24

-0.53

-0.73

-1.28

-0.77

-0.69

-0.18

-0.69

-0.81

-0.57

-0.22
0.84
1.11

-0.10
0.72

-1.51

-0.49

-2.593

-2.06

-2.26

-1.75

-2.37

-3.00
1.46
2.21
1.70
2.32

M

-0.29
0.61
0.18
0.61
0.93
0.93

-0.04
0.07
0.07

-0.04
0.28
0.07
0.18

-0.04
0.07

-0.04
1.97
0.61
0.82
1.14
0.07
0.61

-0.04

-0.04

-0.25
0.07
0.07

-0.36

-0.38
0.18

-0.04
0.28

-0.04

-0.04

-0.47

-0.47
0.07

-0.47

-0.47
0.28
0.07

-0.04

-0.36

-0.25

-0.25
0.18
0.28

-0.15

-0.25

-0.04

-0.58

-0.36

1Di/Dg

0.0t

0.18
-2.08
-1.85
-1
-0.67
-0.10

0.69
-0.39
-0.10
-0.38

0.57

1.08

1.25

0.52
-1.12
-1.34
-1.91
-0.44
-1.29
-0.10

0.01

0.57

0.63

0.63

1.98

0.57

0.0t
-0.35
-0.44
-0.05
-0.10
-0.84
-1.57
-0.93
-2.02
-2.02
-2.13
-0.38
-1.29
-0.61
-1.12
-0.78
-0.89
-1.12
-0.95
-0.78
-0.22
-0.89
-0.44
-1.06

0.01

2.2

NoeRsgehag

—
—
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-0.77
-1.43
0.30



RUN  Ti(K} Tmeas(K} Z%Tmeas iPa 1To Tamb 1Re M %0i/hg ie 15
iso  meis
548 2%6.7 2937 -2.19 -0.29  -1.%6 169 2.2 -0.04  3.17 -515 0 -4.27 St
547 245.4  Z93.8 -2.83  -0.62 -2.3t -2.17 2.29 -0.15 3.31 3.34 3.53 7
546 248.0  292.6 -3.20 -0.70 -2.47  -2.3 2,40 -0.15 435 0.72 0.04 1.23
545 255.0  294.1 -2t -0,82 -2,79 -4 272 -0.15  L.0B -5.1S 0 -3.35 -0.12
540 244.2  291.4 -3.61 -0.91 -3.43 -2.72  3.30 -0.58 S.20 4.03 3.0 1.68
. 538 248.7 Z94.9 -2.47  -0.97 -2,1% -1.91 1.42 -0.90 4.47 2.63 1.86 1.50
i 936 283.8 297.5 -1.59  -0.99 -1.72 -1.43 1,58 0.07 -3.20 0,09 -1.85 -0.40
£ 535 282.8 297.5 -1.%8  -L.14 -2.20 -1.,79 123 -1.22 -3 0.0 00230 0.33
£ 532 309.0 301.0 -0.45 -1.,03 -1.83 -0.93 0.84 -0.25 2.2 0.11 1.2 0.7
¢ 5831 308.0  300.0 -0.77  -1.00 2,25 -1.17 1.66 -0.58 .76 -0.30  0.93 -0.94
;530 07,0  297.3 -1.67  -1.32 -2.66 -1.Bb 1.93 -0.36 .70 -1.81  -1.B80 -0.67
;529 308.0  299.4 -0,98 -0.94 -1,24 -0,93 0.5 -0.04 2,77 2.1 .66 -0.49
Maximum positive error 3.241 1,794 2,447 2,180 3.303 1.574 5.313 6.963 6.919 1.87
Maximum negative error -3.606 -1.321 -3.430 -2,723 -2.999 -1.221 -3.261 -6.887 -7.302 -1.415
Mean values:-
Po = 3.403 bar
To T 314339 K
"Tamb = 289.586 K $values are deviations from the given mean values.
Re = 2,555
L] = 0.93%
“DifDg = 1773
~Tmeas = 302,321 K

© ,iso values:-
0.729 ; 1.019 5 1.227 ; 1.413

© ,meas values:-
0.871 ; 1.218; 1.438; 1.616

Blowing rates:-
0,208 ; 0.365; 0.522; 0.831; 1.106
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1/D Runs Re L] Po To Tamb  Tmeas e 6 I Ii/fg
iso HEas

0L 636 438 2.494  0.931 3,410 382.050 294.700 315.048  0.915  0.767  0.209  0.313  1.763
I 637 639 2.496  0.931  3.412 382.200 294.950 316.369 0,909 (.78 0.208  0.326  1.7S
N 640 642 2,520 0.929  3.414 379.350 292,790 292.142 1223 1.007 0208 0.328 1.5
30 641 643 2,503 0.929  3.416 381.450 294.400 293.224 (.24 1.013  0.208  0.32%  1.760
P b4 648  2.578  0.930  3.414 372.450 287.500 272.545 1,433 1.176  0.207 0.3 1.743
300 647 649  2.564  0.928  3.416 374.150 288,350 272,470  1.442 118G 0,208 (0.8 1.7S2
JAH 689 690 2,568  0.939  3.428 375.850 290.200 312.209  0.874 0.743 0,360 0.0 LW
281 691 692  2.566  0.934  3.425 375.3%0 290.050 289.411  1.201 .08 037 0342 1.738
AT 694 695  2.563  0.932  3.407 373.750 289.600 269.032 1.468 1.245  0.365  0.382 L7
R 656 658  2.542  0.928  3.404 375.650 290.050 315.447  0.842 0,701 0.321 0.318  1.74
305 657 659 2.539 0.928  3.414 376.800 290.250 313.748  0.887 0.72¢ (.52 0.521 1.757
30T 660 662 2.543  0.933  3.421 377.500 291.050 288.7%9  1.227 1,026 0520 0.544  1.768
W b6l 663 2,530  0.928  3.414 377,750 291.400 289.198  1.238  1.026  0.522 0.344  1.766
30V 664 666 2,530  0.929  3.407 377.450 291.200 249.578  1.48 1.2S1 0.5 0.572 1791
I 665 667 2,535  0.929 3.399 376.100 291.800 269.840  1.477  1.261  2.525  0.573  1.784
apx 670 671 2.52  0.933  3.412 378.700 292.550 256.624  1.643  1.417 0.3 0.603  1.778
aDY 669 672 2.520  0.931  3.407 37B.650 292.300 256.682  1.643 1,413 0.322 0.598 1.7%@
300 673 675 2,544  0.938  3.428 378.600 292.100 318.534  0.817  0.695  0.826  0.852 1745
JAB 474 676 2.553  0.942  3.450 379.800 292,500 317,342 0.851 0.716 0.825  0.831 1.757
30C 478 680  2.549  0.931  3.401 374,900 289.850 286.999  1.190  1.034 0.831  0.916  1.768
3AD 481 683  2.537  0.931  3.400 376.050 291.050 269.968  1.421 1.248  0.837 0.945  1.789
JAE 482 484 2,538  0.733  3.407 376,750 291.400 271.804  1.401 1.230 0.831  0.927 1.779
. JAF 685 687  2.547  0.931  3.402 375.150 290.400 255.781 (.38 1.408  0.833 0.948 1.778
306 684 488  2.549  0.931 3.395 374.250 290.900 256.739  1.580  1.410 0.832 0.953  [.767
I 529 531 2.583  0.928  3.370 367.800 286.550 307.986 0.878  0.73%  1.099 1.223 1.B13
308 530 532 2.590  0.928  3.363 346.500 285.550 307.968  0.869 0,723 1.099 1.74  1.8(8
a6 535 536 2.591  0.925 3.374 367.000 284.900 283.258 1.206 1.020 1.106 1.387 171G
307 551 552 2.602  0.929 3.378 366.700 2B4.350 266,139  1.401  1.221 L0955 1.291 1.761
3K 549 S50 2.606  0.926  3.374 345.400 283.950 265.099  1.430 1.232 1.098 1.347  1.763
30F 545 548  2.618  0.930 3.384 345.450 283.650 255.838  1.554 1.340  £.109 1,202 1.Bi
3H 538 540 2.615  0.924  3.371 363.900 283.450 246.450  1.660  1.460  1.124  1.439  1.859
00 546 547 2.615 0,929  3.381 345.400 283.050 246.492  1.645 1.442 1,123 1,226  1.839
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Fig. 1.6 Non-dimensionalised Nusselt number against © for four
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Fig. 1.14 Endwall flow models by Klein and Langston [Ref.1.12].
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Fig. 1.15 Endwall static pressure contours [Ref.1.13].
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Fig. 1.17 Endwall Nusselt number contours [Ref.1.14].
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Fig. 1.18 Endwall film-cooling effectiveness contours [Ret.1.15].
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Figure 1.19 Burnt Out Platform
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Figure 4.3 Test Blade and Endwall
with Film—Cooling Holes
and Heat Transfer Gauges
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Figure 5.6 Injection Gas Cooling System
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Note that red/orange areas upstream of the cooling holes are

due to erroneous extrapolation by the contouring routines.

Fig. 7.17 Endwall Nu for G=1.11, ©=1.62 non-dimensionalised
with uncooled endwall Nu.




Fig. 7.18 Flourescent dye flow visualisation of the uncooled platform.
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