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FILM-COOLING OF A TURBINE NOZZLE GUIDE VANE ENDWALL

A b s t r a c t

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 v er ifies  the cooling design philosophy.

The secondary flow fie ld  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 i t  intersects with the casing near the trailing  edge. This 
leads to diminished film -cooling at this location. However, measured 
heat transfer rates indicate that over most of the outer endwall 
film -cooling reduces the Nusselt number by 50% to 75% except near the 
pressure side tra ilin g  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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NOMENCLATURE

The following is  a l i s t  of nomenclature in the thesis but excluding 
the appendix.

{
D
d
G
HP
h

h_o
h
I
ILPC
i
Kg
k
LE
LP
M
M .air
Mco2

M.1
m
NGV
Nu
Nu

constant in the film-cooling superposition model
constant in the film-cooling superposition model
sp ecific  heat
e lectr ica l capacitance
tangential chord
blade spacing at leading edge
density ratio
hole diameter
blowing rate
high pressure
heat transfer coefficien t when T.=T and there is unit

i g
difference between these and Tw
heat transfer coefficien t when T =T and there is  unitw g
difference between these and T.

1
datum heat transfer coefficient 
mean heat transfer coefficient 
momentum flux ratio  
isentropic ligh t piston cascade 
e lectr ic  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

* A ' a n d  B 'a r e  c o n s t a n t s  w i t h o u t  c o r r e c t i o n  f o r  b o u n d a r y  l a y e r  p r o p e r t y  
v a r i a t i o n s .
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NOMENCLATURE (continued)

Nuo,cp

n .1

amb
P.1
P
g

Px
Pt i
Ptg
P1
P2
PDE
PS

q

q
r
S
SS
St
SIP
s

S2
T
Taw
T
g

T.
1

tg
T. . t i

1
2

TE
TET

Nusselt number without film-cooling in a constant
property freestream
constant property correction factor
number of moles of the in jectant
number of moles of constituent x
ambient pressure
in ject ion gas pressure
freestream gas pressure
p a r t i a l  pressure of consti tuent x
inject ion gas to ta l  pressure
freestream gas to ta l  pressure
pump tube pressure before compression
pump tube pressure a f te r  compression
p a r t i a l  d i f f e ren t ia l  equation
pressure side
specif ic  heat transfer
specif ic  heat t ransfer rate
e le c t r i c a l  resistance
s lo t  width
suction side
Stanton number
strong inject ion parameter
distance along a pseudo-streamline
distance along a transverse-grid l ine
temperature
adiabatic wall temperature
freestream gas temperature
inject ion gas temperature
wall temperature
freestream gas to ta l  temperature
inject ion gas to ta l  temperature
pump tube temperature before compression
pump tube temperature a f te r  compression
t r a i l in g  edge
turbine entry temperature
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NOMENCLATURE (continued)

t time
u velocity in the axial direction
ug freestream gas velocity
0

u .1 injection gas velocity

Uin le t mid-passage gas velocity

Ublade--to-blade
mean gas velocity perpendicular to axial d irection

V e le c t r i c  voltage
V velocity perpendicular to axial direction
WIP weak in jection parameter
X distance in the axial direction

y distance perpendicular to axial direction
u thermal d i f fus iv i ty

* adiabatic index

Et turbulent eddy viscosi ty
adiabatic wall effect iveness

?g freestream gas density

? i in jection gas density
e temperature difference ra t io



To Jo
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1. INTRODUCTION

In the quest for increased eff iciency, durab i l i ty  and improved fuel
consumption the gas turbine industry is constantly extending the
f ron t ie rs  of technology. For th is  reason much research is  undertaken 
on a l l  components of a gas turbine in order to ensure that  every part 
is  operating at  i t s  most e f f i c ie n t .  One such area of research that
is the focus of much a t tent ion is the cooling of high pressure (HP)
turbine blades and nozzle guide vanes (NGV). This somewhat re f lec ts  
the par t icu la r ly  severe environment that these components endure; 
pressures in the range 10-30 bar and temperatures in excess of 
1800K. I t  also r e f le c t s  the highly complex 3-dimensional, turbulent 
nature of the flow in th is  region of the engine. Thus, studies in 
th is  research f ie ld  are aimed at improving the understanding of the 
flow and heat t ransfer  in a turbine blade passage thereby leading to 
designs for future engines which give be t te r  aerodynamic efficiency 
and a longer thermal l i f e .

1.1 Gas Turbine Film-Cooling

Present day gas turbines operate with turbine entry temperatures
(TET) which are s ign i f ican t ly  higher than those sustainable  by the
s ta to r  and rotor blade materials .  This is  because the thermal
eff iciency of a gas turbine is a function of the pressure ra t io  and
maximum cycle temperature such that  an increase in e i ther  of these

1 .1parameters produces an increase in cycle thermal eff iciency . So, 
one way for the turbine designer to improve engine eff iciency is to 
raise  the TET as high as possible. Consequently, the f i r s t  stage of 
the HP turbine requires cooling so that  i t  may have an acceptable 
operational l i f e  in a part icu la rly  harsh environment.

Various forms of cooling are employed which inevitably involve
bleeding re la t ive ly  cold a ir  from the compressor. However, in 
removing a i r  from the compressor the power output of the engine is  
reduced and so the benefi ts  provided by cooling must be optimised
against the loss of power due to the reduced core flow. The cooling
a i r  i t s e l f  is passed from the compressor to the turbine where i t  
flows through passages within the aerofo i ls .  These cooling passages 
are of complex shape and include r ibs  and p in-f in  turbulence/mixing 
generators to promote internal  heat t ransfer .  In some cases inser ts  
are used to d i rec t  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 a i r  has passed through the passages within the 
aerofo i ls  i t  is usually vented into the free stream via arrays of 
small holes across the aerofoils  and endwalls. This inject ion of a i r  
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 is known as 
film-cooling and together with the other forms of cooling prevents 
the metal temperature from exceeding a safe l im i t .

1.2 Previous Film-Cooling Research

Film-cooling has become a major research f ie ld  in i t s e l f  and has been
studied since the 1960's because of i t s  important contribution in
improving gas turbine performance. Original work by Goldstein

1 .2e t  al summarised in a review a r t i c l e  gives an excellent overview 
of the film-cooling process.

The work shown in Goldstein's review was based on a temperature 
d is t r ibu t ion  that  would be produced by a perfectly insulated (zero heat flux) 
surface. This temperature was termed an adiabatic
wall temperature (T ), and was used to determine an adiabatic  wall 
effectiveness (*j) defined as,

ri) - (T -T ) / (T . -T ) (1.1)i aw g l g

where T is  the adiabatic wall temperature aw
T is  the freestream gas temperature 
§

T̂  is  the in jec tan t  gas temperature

The research showed the decay in effect iveness downstream of a single 
hole inclined at  35° to the wall surface, f ig .  1.1. I t  can be seen, 
however, that  even a f t e r  40 hole diameters downstream of inject ion 
that  the in jec tan t  is  s t i l l  providing some protection to the surface 
(/y — 0.2). In te res t ing ly ,  i t  can also be seen that  at th is  distance 
downstream there is a s l igh t  r ise  in effect iveness  as one moves by 
one hole diameter perpendicular to the line d i rec t ly  downstream of 
the hole. This shows the la te ra l  diffusion of the coolant flow with 
distance from the point of inject ion. Fig 1.2 shows the variation of 
effectiveness with blowing rate (G) where blowing rate  is  defined as,
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(1.2)G . u .
1  1

/(

where
e s
Si
ug 
u .l

is  the density of the freestream gas 
is  the density of the inject ion gas 
is  the velocity of the freestream gas 
is  the velocity of the inject ion gas

I t  is  evident that  the effectiveness is  a maximum at a blowing rate  
of 0.5 for a given posit ion downstream of the cooling hole. Goldstein 
suggests that  for blowing rates below this  value the coolant remains 
close to the wall providing an insulat ing film; above th is  value the 
penetration of the in jectant  into the mainstream flow is  such that 
the coolant separates from the wall and allows the freestream gas to 
c i rcu la te  adjacent to the wall.

Most of the experiments by Goldstein employed a mass transfer
technique usually involving the inject ion of a small amount of
foreign gas along with the coolant. The coolant 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

1 3  1 4transfer  analogy has been performed by Ammari et al ‘ . The
experimental technique involved measuring the recession of a swollen 
polymer surface, using laser holography, before and a f te r  being 
subjected to a film-cooled flow f ie ld .  The in jectant  was a foreign 
gas at a higher temperature than the freestream. The work showed 
that  density ra t io  (coolant to freestream) had l i t t l e  e ffec t  on the 
normalized heat t ransfer  coeff icient  for a single  row of holes at 90° 
to the surface of the wall, see f i g . 1.3. However, for the more 
engine relevant case of a row of 35° holes a s ign i f ican t  e ffec t  on 
heat t ransfer  due to density ra t io  was found, see f i g . 1.4. 
Differences of 10%-20% in normalized heat t ransfer  occurred with a 
change of density r a t io  from 1.0 to 1.52; the higher heat t ransfer  
occurring at lower densi t ies .  The e ffect  of density ra t io  was most 
pronounced at the highest blowing rate  of 2.0, where the difference 
in heat t ransfer  rate for  the two density ra t io s  is 20%.
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An a l te rna t ive  to the use of adiabatic wall effect iveness is  the use
1 .5of superposition theory as proposed by Metzger et  al and

1 6formalised by Choe et  al Superposition theory allows the
correlat ion of cooled to uncooled heat t ransfer  via a simple l inear  
model involving a non-dimensional temperature difference ra t io ,  theta  
(0). 9 is defined as

9 = (T -T . ) / (T -T ) (1.3)g i g w

where 1\ is the in jec tant  temperature
T  ̂ is the wall temperature
T is  the freestream gas temperature §

and is used in superposition theory thus,

Nu/Nu = (Nu/Nu )(T /T )n = A+B6 (1.4)o,cp o w g

where Nu is Nusselt number with film-cooling
Nuq i s  Nusselt number without film-cooling
Nu is  Nusselt number without film-coolingo,cp

in a constant property freestream

The derivation of equation 1.4 is deta iled in sect ion 3.1. The use 
of superposition theory is now widespread and i t  enables true heat 
t ransfer  experiments to be correlated without having to rely on a 
mass t ransfer  analogy.

1 7  1 8Crawford et  al ‘ ’ performed some full-coverage film-cooling
experiments and adopted the superposition approach. The work 
examined the e f fec t  of blowing rate  and upstream i n i t i a l  conditions 
on the surface heat flux. I t  was found that  there was a minimum in 
Stanton number (St) which occurred at  a blowing ra te  of 0.4 to 0.5, 
see f i g . 1.5. The r ise  in St above G=0.5 was a t t r ibu ted  to a region 
of disturbed flow with high neat t ransfer  coeff ic ien t  behind the 
j e t s .  The upstream i n i t i a l  conditions were a l tered by varying the 
Reynolds number (based on enthalpy thickness and momentum thickness).  
I t  was found that  varying Reynolds number only had a second order
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effec t  on the surface heat flux. Three in ject ion  geometries were 
used in the ir  experiments; normal in ject ion ,  30° in ject ion  and 
compound angle inject ion (30° to the surface, 45° to the d irec tion of 
flow). The 30° injection configuration produced a lower heat flux 
d is t r ibu t ion  than normal in ject ion,  and the compound angle in ject ion 
produced lower St values than the 30° in jec t ion .  These r e su l ts  can 
also be seen in f i g . 1.5.

1 .9Forth, Loftus and Jones investigated the e ffec t  of density ra t io  
on the film-cooling of a f l a t  plate  with a single row of 35° holes 
employing true heat t ransfer  experiments and data analysis using the 
superposition model. F ig .1 .6 shows the i r  experimental data in the 
form of non-dimensionalised heat t ransfer  against 9 at a blowing rate  
of 0.76 and at four inject ion-to-freestream temperature r a t io s .  I t  
can be seen that the data validates the superposition model. I t  can 
also be seen that the level of cooling is  increased as the in jec t ion-  
to-freestream temperature ra t io  is reduced, i . e .  the denser the 
in jectant  re la t ive  to the freestream gas, the greater  the tendency 
for the coolant to remain close to the wall, thereby providing 
greater  cooling. . F ig .1.7 shows the variation of heat t rans fe r  (at 
0=1.3) with blowing rate  and inject ion-to-frees tream temperature 
ra t io  at a position of 8 hole diameters away from the point of 
in ject ion .  This figure shows that  there i s  a minimum in heat 
t ransfer  for a given temperature r a t io  and that  as the 
in jectant- to-freestream density ra t io  is increased (decreasing 
in jection-to-freestream temperature rat io)  the blowing rate  a t  which 
th is  minimum heat t ransfer  occurs is also increased.

1.10Loftus and Jones also examined the e ffec ts  of freestream gas-to-  
wall temperature ra t io  on heat t ransfer  with coolant in ject ion and 
showed that  the superposition model was valid for variations of such 
temperature ra t ios .  Figures 1.8 and 1.9 show th is  l inear i ty  of heat 
t ransfer  with gas-to—wall temperature at  two blowing rates and two 
inject ion temperatures.
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1.11Further work at Oxford University by Forth and Jones investigated
possible parameters for scaling film-cooled data. Their experiments
employed three cooling geometries; a 30° s lo t ,  a double row of 30°
holes and a single row of 30° holes. They iden t i f ied  two in ject ion
regimes; a weak injection regime and a strong in ject ion regime, and
were able to corre la te  their  data depending on the regime to which i t
was applicable. The weak inject ion regime is characterised by low
rates of in ject ion 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 inject ion hole. The strong
inject ion regime is  characterised by higher in ject ion rates where the
coolant no longer remains attached to the wall and is  said to " l i f t
off". The s lo t  injection and double row inject ion data were both
characterised by weak inject ion since there was no gross separation
of the coolant from the wall. These heat t ransfer  data permitted a

-2/3correlat ion against the parameter x/S(I) which is  based on the 
momentum flux ra t io ,  I ,  which is defined as,

I = p.u.  / o  u u  i Vg g 1 .5

The correlat ion of the s lo t  and double row data are shown in
f i g s . 1.10 and 1.11 respectively. The single row data exhibited both
inject ion regimes. At blowing rates less than that  at which a
minimum in heat t ransfer  can be found, f i g . 1.7, the flow was in the
weak inject ion regime; at higher injection rates the flow was in the
strong inject ion regime. The data in th is  strong in jection regime

-4/3was found to scale well with the parameter (x /d)(u . /u  ) which is
i S

based on the velocity ra t io  (u./u ). The corre lat ion of the single
i g

row data in the strong inject ion regime is  shown in f i g . 1.12.

The secondary flow in a turbine blade passage is  complex and highly
three-dimensional (3D) and our current understanding has been

1.12summarised by Sieverding . The flow features of importance in
considering endwall heat t ransfer  include the passage secondary flow,
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f i g . 1.13, and the horseshoe vortex, f i g . 1.14, which separates into
two, f i g . 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 
e ffect  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 ro l l ing  up of the endwall
boundary layer at  the blade leading edge. The vortex then wraps 
i t s e l f  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 e ffec ts  wil l  a ffect  the film-cooling 
process and heat t ransfer  d is t r ibu t ion .

Endwall heat t ransfe r  in the absence of film-cooling has been studied
by many investigators  in two-dimensional (2D) l inear  cascades. York

1.13et  al employed a combustor and convergent nozzle in order to
simulate the thermodynamic conditions in a nozzle guide vane. They 
found that  whilst  the endwall s t a t i c  pressure d is t r ibu t ion  was that  
to be expected from a s t r i c t l y  2D analysis ,  f i g . 1.15, and therefore 
suggestive of no strong endwall in te rac t ion ,  the pattern of heat
t ransfer  on the endwall was highly 3D. F ig .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 indicated by the 
curvature of the isotherms around the suction surface leading edge 
and by the penetration of the isotherms into the passage entrance 
region.

1.14Harasgama investigated the aerodynamic and heat t ransfer
charac te r i s t ic s  of an NGV using an isentropic l ight  piston cascade
(ILPC). His work showed an area of high heat t ransfer  on the NGV
casing close to the pressure side t r a i l i n g  edge, f i g . 1.17. He
a t t r ibu ted  th is  "hot spot" to the generation of a new boundary layer
subsequent to the passage of the horseshoe vortex. However, high
heat t ransfe r  at  the leading edge of the vane, which is usually
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associated with the horsehoe vortex, was not present. I t  was 
suggested that the absence of the high heat t ransfer  at  the leading 
edge could be caused by the radia l  pressure gradient driving the 
horseshoe vortex off  the surface of the outer endwall.

1.15Blair  , in some early work employing s lo t  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 
s lo t  coolant across the channel. This has the e f fec t  that  the 
cooling is reduced in the v ic in i ty  of the pressure surface corner 
region but enhanced on the endwall adjacent to the suction surface. 
F ig .1.18 shows the film-cooling effectiveness contours for a blowing 
rate  of 0.75 and shows the area of reduced cooling. However, s lo t  
cooling is not used in current engine configurations due to s t re ss  
problems. More recently,  Bourguignon1' ^^ studied the d is t r ibu t ion  of 
film-cooling effect iveness on the platforms of 2D l inear  cascades. 
However, l i t t l e  in the way of quanti ta t ive  data were published.

I t  can be seen that  research performed to-date on f i lm —cooling has 
shown the main parameters to be 0, G, ; 9 permits corre la t ion of 
true heat transfer  resu l ts  via superposition theory and cooling is  
increased with increasing 0; there is  an optimum value of G which 
gives the best cooling for a given ; and cooling is  increased 
with increasing .

1.3 Objectives of th is  Research

The aim of th is  research i s  to extend the understanding of 
film-cooling on a NGV platform in the presence of the highly 3D flows 
charac te r i s t ic  of turbine blades and provide quanti ta t ive  data on 
which future designs may be based. This is  an important area of heat 
t ransfe r  research due to the problem of platform burning which can 
occur in actual engines, f i g .1.19- Current knowledge of film-cooling 
is  mainly limited to 2D f l a t  plate  studies with some investigation of 
film-cooling in 2D l inear  cascades. As such, the design of turbine
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film-cooling configurations is  based on f l a t  plate co r re la t io n s . I t  
is thought, htwe.er, chat the film-cooling process is s ign i f ican t ly  
affected by the biade-to-blade pressure gradient, the passage vortex, 
and the horseshoe vortex within a turbine NGV. Thus, a research 
programme was in i t ia ted  in order to obtain qual i ta t ive  and 
quanti ta t ive  da* a :n the film-cooling process in a r e a l i s t i c  
NGV environment cy ccr ducting film-cooling --/perinerts on a f u l . y 
annular NGV ring. Inis thesis  discusses tre experiments and the 
conclusions of tr.e worx; the f i r s t  film-cooling research on a ful ly  
annular endwall.
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2 . EXPERIMENTAL FACILITY

This section describes the experimental f a c i l i t y  and how the 
film-cooling process is simulated. I t  also describes the measurement 
and analysis of the heat transfer  data.

2.1 The Isentropic Light Piston Cascade

The ILPC is a short-durat ion piston tunnel capable of simulating the 
aerodynamic conditions and heat t ransfer  of a modern HP turbine
nozzle guide 2.1vane Test conditions are steady for approximately
0.5 to 1 .0 second during which time pressure and heat t ransfer
measurements are take n. Figure 2.1 is a schematic repr■esentation of
the ILPC. The principle of operation of the ILPC is now described
with ref erenc e to th is diagram.

Air from the HP reservoir  is used to drive a l ight  weight piston 
along the pump tube. This compresses the te s t  gas ahead of i t  
i sen tropica l iy  ra is ing  i t s  temperature from T̂  to T̂  thus:-

y-i
T2/T1 = (p2/PT } * (2.1 }

When the te s t  gas has been compressed to the desired pressure (P^) a 
fas t -ac t ing  plug valve is  opened to allow the te s t  gas to flow 
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 th is  time heat transfer  and aerodynamic measurements are 
recorded. Fig. 2.2 shows the idealised pressure-time history for a 
t e s t .

2.2I t  has been shown by Sucec that  i t  is  acceptable to model the 
turbine component temperature ra t io  in such experiments rather  than 
having to achieve actual temperatures. This is  because i t  is  
su f f ic ien t  to reproduce the thermal boundary layer s i tua t ion  since 
the heat t ransfe r  coeff icient  is  proportional to the temperature 
gradient and not to absolute temperature levels . So, i t  is possible 
to simulate a turbine with TET of 1500K and blade temperature of 
1000K in the ILPC by a 4:1 compression of the tes t  gas within the
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piston tube. Assuming an i n i t i a l  ambient temperature of 288K th is  
implies a modest te s t  gas temperature of A3CK. Simulation of the 
blade Reynolds r.umoer and Mach number may be accurately and 
independently achieved by pre-se t t ing  the pressures in the piston 
tube and dump tan.K: the f ina l  pressure of the tes t  gas (p ) 
determines the Reynolds number and the ra t io  of th is  pressure (P } to 
that  of the : ank determines the Maori number.

2.2 Simulation of Film-Cooling in the ILPC

Previous authors, as discussed in section 1.2, have shown that  
coolant-to-gas density ra t io  has a s ignif icant  e ffec t  on the 
film-cooling process. Other parameters of importance are the blowing 
rate  and momentum flux ra t io  of coolant to gas. These l a t t e r  two 
parameters are re la t ive ly  simple to simulate because they merely 
pertain  to the mass flow and velocity of the coolant and the 
freestream gas.

For the present engine configuration i t  was required to simulate a
coolant to gas density ra t io  of 2.0. Consequently, the in jec tant  gas
must be a i r  at  an extremely low temperature in order to achieve the
correct  density ra t io ,  or the in jec tant  must be a denser foreign gas
at a modestly low temperature. Since condensation and freezing
problems were envisaged with in ject ion  of a ir  at the necessarily low
temperature i t  was decided to use a denser foreign gas to achieve the
correct  injection to freestream density ra t io .  The va l id i ty  of using
a foreign gas in these film-cooling experiments was confirmed in

2.3research by Teekaram et  al . This paper showed that  the use of 
carbon dioxide (CÔ ) as a foreign gas injectant  had a negligible  
e ffec t  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 s imilar ity  in thermofluid 
behaviour between a i r  and CÔ  for various density ra t io s ,  values of 
0, and non-dimensional distance from the point of in jection.

The vane under examination in the present film-cooling experiments is  
representative of current designs of military engines operating 
with a mid-passage freestream gas-to-wall temperature r a t io
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of 1.5 and inject ion gas to freestream gas density r a t i a  of 2.2. 
Typical freestream gas-to-waii temperatures of mil i tary blades l i e  in 
the range 1.3 - 1 . 8  and inject ion gas to freestream gas density
ra t io s  are in the range 1.6 - 2.2. The non-uniformity of the radial 
temperature profi le  at  exit  from the combustor, however, means that 
tne temperature ra t ios  are reduced at tne inner and outer endwaiis 
wn.cr. are the areas of in te res t  in these experiments. Tr.e r a t io  of 
freestream gas-to-wall temperature for tr.e endwall of this  blade is 
reduced tc 1.3 and the in ject ion gas to freestream gas density ra t io  
is  reduced to approximately 2.0. Since there is  no means of varying 
the wall temperature from ambient in the ILPC the freestream 
temperature and injection temperature become fixed, thus:-

T = 288Kw
T = 1 .3  Tw = 373K 
S

T. = 0.5 Tg = 188K (with a i r  as coolant) i  °

where subscript  w refers to the wall
g refers  to the freestream gas 
i  refers  to the in jectant

Since such a low inject ion gas temperature can only be achieved using 
expensive cryogenic techniques, i t  is  necessary to use air/CO^ 
mixtures at modestly low temperatures in order to model correct ly  the 
density r a t io .  Using the value of injection to freestream density 
r a t io  of 2.0 for the blade endwall this  provides the ra t io  of a i r  and 
CÔ  for inject ion as follows:-

(M T )/(M.T.) g g i i (2.2)

Now, P sf P. for inject ion at low blowing rates, and gas propert ies, 
g i

in ject ion temperature, and density ra t io ,  are known thus,

M. = Constantl (2.3)
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Equation 2.3 may be expressed usir.g a chemical composition equation 
based on mole fraction (m),

m M _ + (1 -  m) M . = M. ( 2 . 4 )co2 a:r

where M 0 = 4-u ksr/k”"?l co2
M  - /’•< K - z - ' - ' l“a i r

The Gibbs-Dalton law re la t ing  parciai pressures to mole f rac t ion  tan 
be applied,

x i x i

where subscript x refers  to a const ituent of the in jec tant .

Thus, i t  can be seen that  (m) will  represent the proportion of CÔ  by 
pressure in the in jectant  mixture; a i r  making up the difference.

2.3 Heat Transfer Measurement

The measurement of heat t ransfe r  data in the ILPC is achieved using
thin film platinum resistance thermometers and an e le c t r i c a l  analogue

2.4of the heat conduction process as pioneered by Schultz and Jones 
The blade is manufactured from a low thermal conductivity machinable 
glass ceramic, and, for the short duration of the flow, th is  allows 
the blade to be considered as semi- inf in i te  and the heat t ransfe r  as
one-dimensional. Thus, the heat t ransfer  to the blade is  governed by
the following equations,

“d q / d x  = -^C ?T/c)t (2.6)

q = -k c)T/<)x (2.7)

which gives the diffusion equation,

3 2T/9x2 = (^C/k) ^T /^ t  = (1/ot)^T/^t (2.8)
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These may be solved for the heat t ransfer  rate  q at the surface of a 
semi-infinite  medium in terms of the surfs  e temperature to give,

q = (^Ck)^f^T (2.9)

where the symbols with overbars are Laplace transformed variables and 
f is  the Laplace transfarm variable.

For the semi-infin i te  e lec t r i ca l  analogue the equivalent equations to 
2.6-2.9 are

^i/9x = -c^ V /^ t  (2.10)

i = - ( 1 / r )  ^V/^x (2.11)

3 2 V / 3 x 2 = r c  c ) v / c k  (2.12)

T  = ( c / r ) M v  (2.13)

Thus, i t  can be seen that current (i) i s  analagous to heat t ransfer
rate  (q) and voltage (V) to temperature (T), thereby allowing the

2.5 *direct  measurement of heat t ransfer  ra te  as a function of time 
While i t  is  possible to compute heat t ransfer  rate  from a d ig i t a l ly  
recorded temperature signal, i t  has been shown that  the quantizat ion 
error  when d ig i t i s in g  the film voltage waveform gives r i se  to 
spurious noise on the reconstructed heat t ransfer  rate  signal hence 
the use of an e le c t r i ca l  analogue. In order to compute heat t ransfer  
rate  i t  is  essent ia l  that  the blade is  i n i t i a l l y  isothermal so that  
the change in temperature of each heat t ransfer  gauge is  known.

* The flow of gas over each th in  film gauge changes the e l e c t r i c a l  propert ies  
of the gauge? the curren t  being proport ional  to the heat  t r a n s f e r  r a t e ,  as 
shown. Therefore, the curren t  demanded by each th in  f i lm gauge i s  measured 
giving a reading which is  proportional to  the heat t rans fe r  ra te  a t  the gauge 
loca t ion .
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3. THEORY

This section describes the superposition theory, the correct ion of 
data for constant propert ies ,  the inject ion parameters used, and how 
the ILPC data are scaled.

3.1 Superposition Theory

A review of the superposition

The enthalpy equation for a 
writ ten as

model .5,1.6,3.1 is

two-dimensional boundar

given.

laver may be

u^T/^x + v<̂ T/c)y = <̂ /<̂ y(<Xc)T/c)y - T ' v ' )  (3.1)

where overbars represent time-averaged values and ' represents 
instantaneous values.

The eddy v iscos i ty /d i f fu s iv i ty  concept i s ,

T'v'  = eJ^T/SyT J

and can be combined with the enthalpy equation to give,

(3.2)

u^T/^x + v^I/by  = c^/^y ( (oc + £ )chv^y (3.3)

Equation 3.3 is a homogeneous, l inear ,  second order p a r t i a l  
d i f f e re n t ia l  equation (PDE) in T and as such a solution to i t  may be 
formed by summing other solutions,  ie superposition may be used. One 
may pose a solut ion to equation 3.3 in the case of injection with zero temperature 

difference between injectant and mainstream and
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a further  one with film-cooling; i re  f inal  solution wil l be a 
linear combination of the two independent solutions.  A typical 
experimentally derived solution would be,

#
q h (T -T ) - g w i. (T -T. ) b g 1

1

= heat t ransfer  rate 
= wail temperature

and h is  the heat t ransfer  coeff ic ien t  when T.=T and there is a l g
unit difference between these and the wall temperature; whilst hh is
the heat t ransfer  coeff icient  when T =7 and there is unit differencew &w 0
between these and the injection temperature.

Reworking 3.4 to give Nusselt number Nu yields,

Nu = q/(K (T -T )) - a' + b'( T -T . ) / (T -T ) = A'' + B0 (3.5)g g w  g i  g w

where K = mainstream gas conductivity 
g

A' and B are constants for given f lu ids  and cooling geometry.

1.0,2.3Jones et  al " ’ have shown that i f  the coolant-to-gas density 
ra t io  is fixed, then the superposition model of equation 3.5 is  valid 
for both a i r  and CÔ .

Thus, by experimentally measuring values of Nu for given values of 9 
the corre la t ing parameters h' 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

T'-ce values of A'and B4' in equation 3.5 are determined by holding the
freestream and cool ant eruditions constant and varying 8 by a l ter ing

wall temperature. In icing so the gas-to-wall temperature
ra t io  is  changes, which also has an effect  cn the Nusselt number
because of property variations through the compressible thermal
boundary layer. The e ffec t  of property variations due to changes in

3 3 3 4
T /T have been quantif ied * ’ * and can be represented by,

2  W

Nu /Nu = (T /T )no o , cp w g (3.6)

where Nuo
Nuo,cp
n
n

Nusselt number without film-cooling 
Nu in a constant property freestream 
-0.07 for a laminar boundary layer 
-0.25 for a turbulent boundary layer

I t  is therefore possible to simulate the engine density r a t io  and 
correct  any property varia tions using,

Nu/Nu = Nu/Nu (T /T )n = A + B8 o,cp o w g (3.7)

and th is  equation is used as a correction to equation to 3.5. 
ra t io  of film-cooled heat t ransfer  to uncooled heat t ransfer  
serves as a measure of cooling effect iveness.

The
also
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3.3 In jec tio n  Parameters

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

Temoerature difference ra t io ,  9 = (T -T.) / (7  -T ) (3.8)g i g w

Blowing ra te , G = ? i ui /  ( p  u hg g (3.9)

Momentum flux ra t io , I - ( p . u . 2 ) / ( p  u 2 u  i “ g g (3.10)

Density ra t io , D = e f e 3.11 )

Weak inject ion parameter, WIP = (P -P )/(P -P ) (3.12)t i  g tg g

Strong inject ion parameter,

SIP P..-P )/(P. -P )) / ( ( P, . T )/(P. T,.t i  g tg g t i  tg tg t i 3.13

Adiabatic wall effectiveness , rt = (T -T ) / ( T.-T l aw g i  £ 3.14

1 101 11For low Mach number flows Jones et  al ’ have shown that  ^  
-B/A where -B/A is evaluated from equation 3.7.
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FILM-COOLING DESIGN4.

Tr.e design of the endwall fiira-cooling geometry was based on the 
current practice in 2D blade film-cooling configurations. An attempt 
was made to develop a technique for obtaining fu l l  coverage c e d in g  
in tne 3D flow within the NGV passage based on maintaining ur i form 
cooling in tne blade-to-blade pi.ane by placing cooling holes along an 
i s o—M a ~ o l i p ’3

Endwall film-cooling is  used on many current engines to prolong the 
l i f e  of the NGVs. I t  is  thought to be advantageous to maintain a 
constant blowing rate  and momentum flux ra t io  through the 
film-cooling holes across the enti re  passage in order to obtain 
uniform cooling. However, current designs tend to place the cooling 
holes in a s t ra igh t  line (constant axial plane) across the passage, 
f ig  4.1. This is due to the absence of any 3-dimensional design 
methods for the positioning of cooling holes. Since the s t a t i c  
pressure d is t r ibu t ion  across the passage varies from the vane suction 
to pressure side, such a design practice resu l ts  in non-uniform 
blowing rates which can lead to j e t  l i f t - o f f  and ineffect ive  cooling.

4.1The present cooling hole d is t r ibut ion  was designed such that  a l l
holes would be placed along a l ine of constant s t a t i c  pressure. This
would generate a constant momentum flux ra t io  which, for any given
density ra t io ,  wil l resu l t  in a constant blowing rate  across the
platform . A three-dimensional inviscid flow code was used to
compute the pressure d is t r ibu t ion  within the NGV passage and the
cooling holes were placed along a predicted iso-Mach (constant s t a t i c
pressure) l ine.  This three-dimensional code has been used before to
calculate endwall Mach numbers and comparisons with experiment show

1.14i t  to be very accurate in predicting the NGV aerodynamics . The 
outer platform Mach number d is t r ibut ion  is shown in f ig  4.2. 
Circular sectioned film-cooling holes were placed along the 0.25 
iso-Mach number l ine .  Fig 4.3 shows the film-cooled outer endwall as
manufactured. The holes are inc l ined 'a t 30° to the local surface
profi le  and aligned such that the j e t  exit l ie s on an
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axis normal to the local iso-Mach Line. The present cooling design
philosophy was intended tc re su l t  in improved c 0 0ling across the
en ti re  passage compared with a s t ra igh t  line - r* U. cooling holes .
However, i t  was expected that  the viscous nature the flow giving
r ise  tc secondary flows within the passage would modify the cooling
d i s t r ib u t io n .

The cool ir.g role diameters were sized in order that  cooling would be
1.11achieved along the length of the NGV passage. ,he corre lat ion

shown on f ig 4.4 indicates the variation of normalised cooled to
uncooled Nusselt number with distance downstream of the cooling
holes. The coolant to gas density ra t io  for the NGV is 2.0. Using
this  density ra t io  and a modest blowing rate of 0.5 shows that  the

*coolant effect iveness will p e rs i s t  for approximately 20 coolant hole 
diameters downstream of the in ject ion plane when the coolant hole 
diameter is fixed at 1.0 mm. The outer platform geometry enabled 19 
film-cooling holes to be placed across i t  which gave a distance 
between hole centres of 1.75 mm.

This cooling design was incorporated into an exis t ing mil i tary  NGV 
typical of current highly loaded designs. The vane was designed to 
operate at an ex i t  Mach number of 0.93 and Reynolds number based on 
chord of 2.55xl06 .

* a t  a value of Nu/NUq = 1.0 i . e .  the l imit  of cooling benef i ts .
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5. INJECTION SYSTEM

Film-cooling was performed or. the outer endwalls of a pair  of vanes 
and the inject ion mass flow was determined using pre-cal ibrated 
or i f ice  meters. The temperature of the injected mas was achieved 
using e ither  an e lec t r i~  heater for 'ho t '  runs (0 < ") or a raid a i r  
heat exchanger fcr  ' c o ls '  runs (0 > 1). The system is new discussed 
in more de ta i l .

5.1 Calibration of In jection Orifices

In order to determine the injection mass flow i t  was necessary to 
cal ibrate  four o r i f ic e s  of d i fferent  diameters (1.0, 1.5, 2.0, 2.5
mm). This provided o r i f ices  suitable for measuring the injection 
mass flow over the range of proposed blowing rates (BS o r i f ic e  plates  
were too large to use in the in jection system). The cal ibra t ion  
system is shown schematically in fig 5.1 and comprised a reservoir  
connected via a 26 mm diameter pipe to the ca l ib ra t ion  section 
containing the in ject ion  o r i f ic e  and from these to a Br i t i sh  Standard 
(BS1042) o r i f ice  plate  which was used as the reference flowmeter. 
The measurements made were reservoir  pressure, s t a t i c  temperature 
immediately upstream of the BS or i f ice  plate, s t a t i c  pressure drop 
across the BS o r i f i c e  p late ,  s t a t i c  pressure downstream of the BS 
or i f ice  plate near to the exit  to atmosphere and ambient pressure. 
Using these measurements and by cal ibra t ing  each of the o r i f ices  
f i r s t l y  with a i r  and then with carbon dioxide over a range of 
reservoir pressures i t  was possible to arrive at the cal ibra t ion  
constants described in the Appendix. Table 5.1 gives a tabulat ion of 
the calibrat ion constants for a i r  and CÔ  for each of the injection 
or i f ices  and figs 5.2 and 5.3 show the cal ibrat ion curves for the two 
gases.

5.2 HP and LP System

The inject ion system is  shown in f ig  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 is introduced in 
readiness for ~he constant blowing rate  injection when the short 
duration run taxes place. I t  is  important not to change the 
temperature of the endwall before the run commences since th is  would 
upset me i n i t i a l  iscmermal condition hence tne purging gas i s  kept 
at low pressure. The HP chamber contains the gas that performs the 
cooling cf tne er.dwal Is and this  gas is releasee immediately prior  to 
the introduction cf freestream a i r  through tne blade working section.

A driver  reservoir  ensures that  the flow from the HP chamber is  
maintained at a constant blowing ra te .  Both chambers are enclosed 
with an insulated jacket  through which hot or cold a ir  is blown to 
heat or cool the gases to be injected.

The release of the coolant gas from the two chambers is  controlled 
using two fas t -ac t ing  shutter  valves. I n i t i a l l y  they are in a 
posit ion such that both chambers are sealed. The LP shutter  is  f i red 
f i r s t ,  approximately 50 ms before the run s t a r t s  allowing LP gas to 
purge the system. This is followed by the f i r in g  of the HP shutter  
which closes off  the LP chamber and opens the HP chamber releasing the 
t e s t  coolant simultaneously with the establishment of maintream flow.

A system of valves controls the supply of a i r  and carbon dioxide to 
both chambers. There is  also a vacuum line connected to the in ject ion 
system which is  used to evacuate both chambers prior to f i l l i n g  with 
the required composition of te s t  gas (CÔ  and a i r  mixture).

5.3 In jec t ion  Gas Heating and Cooling

In order to achieve values of 0 other than unity i t  is necessary to 
e i ther  heat the te s t  gas (9 < 1) or cool the tes t  gas (0 > 1). In 
both cases heat was supplied to or removed from the tes t  gas using 
a i r  as the heat source or sink. In the case of heating the t e s t  gas 
the a i r  was preheated using two e le c t r i c a l  heaters with a rheostat  
control .  For cooling, the a i r  was passed through a he lica l  copper 
heat exchanger immersed in liquid nitrogen contained in an insulated 
vessel.  The two arrangements are shown in f igs  5.5 and 5.6.
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5.4 Bladed Cassette fo r In jec tion

The blade ring was manufactured with the f a c i l i t y  to take casset tes  
of four blades which could be withdrawn from the main blade ar.nulus. 
Two separate cassettes were prepared for the film-cooling 
experiments. One -f these cassettes contained f la ie s  manufactured 
from a low thermal conduct iv ity machineacle glass ceramic : I'acor)* 
and was used to : novice heat t ransfer  data. Tr.e second cassette  
contained blades manufactured from an aluminium alloy and was used to 
obtain aerodynamic data.

In each casset te ,  the two centre endwalls were configured for 
film-cooling each with one line of 19 cooling holes along a predicted 
isomach l ine of 0.25. The holes were of 1.0 mm diameter and pitched 
at  1.75 mm in te rvals ,  and were d r i l led  at an angle of 30° to the 
surface and normal to the isomach l ine .  Fig 4.3 shows the layout of 
a casset te  with film-cooling holes.

5.5 Measurements

The two endwalls of the Macor (heat transfer)  casset te  were 
instrumented with thin film platinum resistance gauges to determine 
the heat t ransfer  d is t r ibu t ion .  32 thin film gauges were arranged on 
the f i r s t  endwall and 36 on the second endwall such that  the 
superposition of the two sets  of gauges produced a single se t  of 
interspaced gauges. However, the presence of the plenum feeding the 
holes prevented thin film gauges being s i tuated any closer than 
approximately 8 mm to the cooling holes. This was for two reasons: 
the plenum had to be as close to the holes as possible to prevent a 
s ign if ican t  change in temperature of the in jectant  in passing from 
the plenum to the cooling holes, and, holes were required to be 
d r i l led  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 f ig  5.7.

*Macor - trademark of Corning Glass, Corning, USA.
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The aluminium cassette  was instrumented with s t a t i c  pressure tappings 
on both of i t s  film-cooled endwalls. The posit ions of t re  tappings 
were chosen to coincide with those of the thin film gauges to give a:, 
ident ica l  d is t r ibu t ion  of instrumentation.

Tr.e temperature of the coolant gas was measured during a run by four'
t.oermc couples; two in each of the plenums feeding the cooling : l e s .
A cress-re  tap p ing in each cf the two plenums was used to record the
plenum injection gas pressure.

The LP and HP injection chambers were instrumented with three 
tnermocouples each to determine the temperature of the coolant gas 
prior to in ject ion .  Another thermocouple was si tuated downstream of 
the LP and HP shutters .

The composition (par t ia l  pressures) and pressure in the two chambers 
was determined using a Wallace and Tiernan 15 bar absolute pressure 
gauge, with an accuracy of 0.07% over the measurement range.
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6. TEST PROGRAMME

The experiments were performed at a nominal design ex i t  Mach numter 
and Reynolds number for the blade ring of 0.93 and 2.55x10“
respectively. The freestream gas-to-wall temperature ra t io  was
nominally set to 1.30 and the injection-to-freestream density ra t io  
was set to 1.30.

For the neat transfer  cassette  an investigation was performed at five 
blowing rates:  0.21, 0.37, 0.52, 0.83, 1.11.

The complete tabulation of runs is given in table 6.1 together with 
the main calculated parameters.

At a blowing rate  of 0.21 three values of 9 were explored: 0.87,
1.22, 1.44. For each of these values of 0 two runs were required in
order to obtained data from both se ts  of heat t ransfer  gauges. Table
6.1 shows how the runs were paired to produce a fu l l  coverage of heat 
t ransfer  data. In addit ion,  each condition was repeated, to provide 
further  confidence in the data, making a to ta l  of four runs per 9 
value. The highest 0 of 1.44 was a l imiting value imposed by severe
icing problems in the coolant injection mechanism. This was due to 
the low mass flow of the coolant, at th is  low blowing ra te ,  requiring 
a colder pre-in jection temperature in order to compensate for heat 
gain in i t s  path from the HP and LP chambers to the in ject ion plenums.

The same values of 0 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 9 of 1.44 was imposed due to icing d i f f i c u l t i e s .

For G = 0.52 four values of 9 were tested:  0.87, 1.22, 1.44, 1.62. A 
fu l l  set  of repeat runs were also performed for a l l  9.

At a blowing rate  of 0.83 the same four values of 0 were explored as 
for G = 0.52. Repeats were performed f o r - a l l  values of 0 apart from 
0 = 1.22.

For G = 1.11 the same four values of 0 were examined as for G = 0.52. 
Repeats were performed for a l l  values of 0 apart from 0 = 1.22.
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On completion of these experiments the film-cooling ncies in the heat 
transfer  cassette  were f i l l e d  with super-epoxy resin and uncooled 
tes ts  were performed to establ ish  a heat t ransfer  latum. I t  was 
subsequently found, though, that  a hole en each platform was 
pa r t ia l ly  unblocked thereby allcwing a small amount of a i r  to flow 
from the gas stream, into the injection plenum during the da~_m tes ts .  
However, in comparing these uncocled resul ts  with previous uncocled 
data i t  could be seen that  the effect  of the leaks on the heat 
transfer  d is t r ibu t ion  was minimal.

Finally, the aluminium cassette  was ins ta l led  in order to provide 
data on the s t a t i c  pressure d is t r ibu t ion  on the endwall under the 
influence of film cooling. Two runs at each of the blowing ra tes  of 
0.52, 0.83 and 1.11 were performed. 0 was maintained at  1.0 for a l l  
blowing ra tes .

A tabulation of the t e s t s  performed is given in table 6.1.
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7. EXPERIMENTAL RESULTS

T’ne resu l ts  presented in this  section are principally  values of 6 and 
Nusselt number measured over the i n i t i a l  part of each of the run time 
h is to r ie s .  The wall tnermal boundary condition is  s l igh t ly  
non-isothermal in practice.  The mean wail temperature was found tc 
be 302K with a maximum excursion of +3.5%. The in le t  turculence 
level,  generated by an upstream bar grid, was found to be around 
6.5%, as measured with a hot-wire anemometer/ ’1. Uncertainties in 
the various measurements can be quantif ied as +7% in Nu on a 95% 
confidence level 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 inject ion pressure versus time plot 
for the film-cooling experiments, the pa r t icu la r  values of 0 and G 
for th is  case being 0.87 and 0.83 respectively. The opening of the 
LP chamber at  t  = 30 ms is  c learly  seen by the i n i t i a l  pressure r i se .  
As the LP gas purges the system so the pressure f a l l s  to a level 
where the mass flows into and out of the plenum are matched. I t  is
important to note that th is  level is above the pressure in the 
working section, indicating that  inject ion and not ingestion is 
taking place. Approximately 50 ms a f te r  the LP gas has been 
introduced, the HP shutter  f i re s  allowing HP te s t  gas to i n i t i a t e  the 
film-cooling process. This occurs marginally before the tunnel a i r  
flows into the working sect ion.  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 f ig  7-2. I t  i s  l ike ly ,  therefore ,  
that  a small amount of ingestion occurred before in ject ion could take 
place. For th is  reason the resu l ts  for the blowing ra tes  of 0.37 and 
0.21 are not treated as fu l ly  as the three higher blowing ra tes .
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Fig 7.3 shows a typical plenum inject ion temperature versus time plot 
(for the case 6 = 0.87, G = 1.11). I n i t i a l l y ,  LP coolant gas only is 
flowing, followed by HP coolant gas at approximately t=0.05 seconds 
which causes the sudden peak in the trace by compression heating in 
the plenum. After the peak, the HP injection conditions remain
steady for approximately 400 ms of the run before s ta r t ing  to decay
as the gas in the HP reservedr is depleted. Within each plenum there 
is a difference between the two tnermoccuple readings of 
approximately 10°C. This temperature variation within the plenum is 
caused by heat t ransfer  taking place between the in jectant  and the
plenum walls. In the data analysis an average of a l l  four
thermocouples is used to evaluate the film coolant propert ies .

7.2 In terpolat ion 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-fi lm 
gauge/pressure tapping locations.  This was achieved by applying a 
bi-quadratic  f i t  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 d is t r ibu t ion ,  see f ig  4.2. A comparison between 
the bi-quadratic  f i t  and the raw data showed the acceptabi l i ty  of the 
interpola ted contoured data, see f ig  7.4, which shows the f i t  for 2 
grid l ines .  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.  I t  was found that  i f  the contouring routine was 
applied to the actual data, the absence of information upstream of 
the cooling holes gave a false  impression of lower heat t ransfer  in 
th is  region. To compensate for th is  absence, i t  was assumed that  the 
Nusselt number was constant along streamlines upstream of the cooling 
holes, and th is  enabled the contouring routine to give more r e a l i s t i c  
r e su l ts  in the region of coolant in ject ion.

Results shown hereafter  are interpolated data unless otherwise 
indicated .
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7-3 Endwall Mach number d is tr ib u tio n

Figs 7.5 and 7.6 compare the endwall Mach number d is t r ibu t ion  as 
predicted by a three-dimensional inviscid flow code with the Mach
number d is t r ibu t ion  from ur.cooled experimental da ta f ' 1. I t  can be 
seen that  there is a slig.nt tendency for the three-dimensional 
inviscid code to under-predict the flow velocity at a given location. 
However, at the place of film-cooling (M=0.25) this  difference is  
minimal. Also, the Mach number contours for the experimental case 
exhibit a more dramatic change in direction towards the suction side. 
This may be due to extrapolat ion of the experimental data to the 
suction side where no data have been measured.

The sparsi ty  of s t a t i c  pressure measurements in the region of film
cooling can be seen in f ig  5.7. This lack of data caused a
dis tor t ion  of the Mach number d is t r ibu t ion  for the cooled case when
the data were interpola ted.  The data are, however, in reasonable
agreement with the uncooled case and hand contouring of the Mach

1 16number d is t r ibu t ion  is  shown in f ig  7.7. Indeed, Bourguignon * in 
her film-cooling study showed that  the coolant had only a small 
influence on the Mach number d is t r ibu t ion .

These r e su l ts ,  in pa r t icu la r  the agreement between the predicted and 
uncooled Mach number d i s t r ib u t io n s , indicate that  the film cooling 
holes must l i e  on or very close to the actual M=0.25 contour. 
Therefore, the or ig ina l  design c r i te r ion  of uniform blowing rate
across the platform has been achieved.

7-A Endwall heat t r an s fe r  d is t r ibu t ion

In order to describe the resu l ts  i t  is necessary to explain a few 
terms and def in i t ions ,  as follows. Contouring grid l ines in the 
direction of the potent ia l  flow are termed pseudo-streamlines
and distances along a pseudo-streamline (s) are measured re la t ive  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 l i n e s  in the b la d e - t o - b la d e  d i r e c t io n  p a r a l l e l  to  the p lane o f  

f i lm  c o o l in g  are termed tr a n sv e r s e  g r i d l i n e s  and d i s t a n c e s  a long  

t h e s e  (s2 )  are measured r e l a t i v e  to  the  s u c t io n  s id e .  The t a n g e n t ia l  

chord (c = 70.1 mm) and d i s ta n c e  from s u c t io n  s id e  to  p r e s su r e  s id e  

a t  the lea d in g  edge (c2  = 49 .9  mm) are used as non -d im en sion a l i s : n g  

s c a l i n g  param eters.

F ig  7 .8  shows the v a r ia t i o n  o f  Nu w ith  9 fo r  a g iv en  b low ing  r a te  

(G=1.11) and a t  a f i x e d  lo c a t io n  from the plane o f  f i l m - c o o l i n g  

( s / c ^ = 0 .4 )  fo r  s e v e r a l  p s e u d o - s tr e a m l in e s .  This p lo t  i n d i c a t e s  th a t  

the  e x te n t  o f  c o o l i n g  i s  in c re a se d  by in c r e a s in g  9, as one would 

e x p e c t .  However, t h i s  e f f e c t  i s  somewhat d im in ished  as the  p ressu re  

s i d e  o f  the endwall i s  reached .

F ig  7 -9  i s  the v a r ia t i o n  o f  Nu w ith  G fo r  9=1.62  and a t  a f ix e d  

l o c a t i o n  from the p lan e  o f  f i l m - c o o l i n g  ( s /c ^ = 0 .4 )  a lon g  s e v e r a l  

p s e u d o -s tr e a m l in e s .  T h is  shows th a t  c o o l in g  i s  in c r e a s e d  as the  

blow ing  r a te  i s  in c r e a s e d  fo r  the range o f  b lowing r a t e s  e x p lo r e d .  

I t  a l s o  shows s i m i l a r  r e s u l t s  to  f i g  7 .8  in th a t  the l e v e l  o f  Nu 

d e c r e a s e s  as one moves from the p r e ssu re  s id e  to  the s u c t io n  s i d e .  

F ig  7 .1 0  i s  a p lo t  o f  Nu a g a in s t  d i s ta n c e  a c r o ss  the  endw all  a t  

s /c ^ = 0 .4  which shows t h i s  f e a tu r e  in  more d e t a i l .

The stream wise v a r ia t i o n  o f  Nu on the endwall a t  the m id-passage  

l o c a t i o n  i s  shown in  f i g  7 .1 1 .  I t  can be seen th a t  Nu i n c r e a s e s  w ith  

in c r e a s in g  d is ta n c e  downstream o f  the c o o l in g  h o le s  thus showing a 

r e d u c t io n  in the c o o l in g  c a p a b i l i t y  o f  the c o o la n t  as i t  m ixes w ith  

the mainstream f lo w . The g r e a t e s t  red u ctio n  in  heat t r a n s f e r  i s  

shown to  be a t  the h ig h e s t  va lu e  o f  9 . For v a lu e s  o f  9 g r e a t e r  than 

1 .0 i t  i s  e v id e n t  th a t  th e re  i s  a drop in N u sse l t  number a t  the  p o in t  

o f  c o o la n t  i n j e c t i o n  but fo r  v a lu e s  o f  9 l e s s  than 1 .0  ( f i lm - h e a t i n g )  

the N u s s e l t  number r i s e s  a t  the p o in t  o f  i n j e c t i o n .

An o v e r a l l  p ic tu r e  o f  the f i l m - c o o l i n g  on the endw all can be seen  

from the co lou r  contour  p l o t s  shown in f i g s  7 .1 2  to 7 .1 7 .  I t  shou ld  

be noted th a t  the la c k  o f  data  in  the reg ion  o f  the f i l m - c o o l i n g  

h o l e s ,  se e  f i g  5 . 7 ,  means th a t  the  con tou rs  im m ediately  upstream and 

downstream o f  the p lan e  o f  f i l m - c o o l i n g  may not  be f u l l y
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r e p r e s e n t a t iv e  o f  the r e a l  f low  s i t u a t i o n .  F ig  7 .1 2  shows the  datum 

uncooled  case  a lo n g s id e  the three  v a lu e s  o f  9 i n v e s t i g a t e d  at  G=0.37. 

This p lo t  shows th a t  th e r e  i s  l i t t l e  d i f f e r e n c e  between the uncooled  

c a se  and any o f  the  f i lm - c o o le d  c a s e s .  This i n d i c a t e s  th a t  a 

com bination o f  low b low ing  r a te  and p a r t i a l  i n g e s t i o n  have produced 

i n e f f e c t i v e  c o o l in g .  I t  i s  a l s o  c l e a r  th a t  th e re  i s  an area o f  high  

heat t r a n s f e r  ( ’ hot s p o t ' )  on the endw ail a t  the p r e s su re  s id e  

t r a i l i n g  e i g e .  F ig  7 .1 3  shows the fou r  v a lu e s  o f  9 exp lored  a t  

G=0.52. Here, th ere  i s  a pronounced in c r e a s e  in  c o o l in g  as 9 i s  

in c r e a se d  and even the  9=0.87 case  e x h i b i t s  lower v a lu e s  o f  Nu than 

the uncooled c a se  shown in  f i g  7 .1 2 .  I t  i s  e v id e n t  from f i g  7 .1 3  

however th a t  the 'h o t - s p o t*  reg ion  at  the t r a i l i n g  edge i s  r e c e iv in g  

l i t t l e  c o o l in g  f lo w .  T h is  i s  due to  the secondary f low  sweeping the  

c o o l in g  f low  a c r o ss  the  endwail from p r e ssu re  s id e  to  s u c t io n  s id e  

due to  the b la d e - t o - b la d e  pressu re  g r a d ie n t .

F lu o r e sc in g  dye f low  v i s u a l i s a t i o n s  had p r e v io u s ly  been c a r r ie d  out  

on the uncooled p la tfo r m , se e  f i g  7 .1 8 ,  in  order  to  in d i c a t e  the  

nature  o f  the secondary f low . A green  dye was a p p l ied  to  the  

en d w alls  up to  the p lane  o f  the blade le a d in g  edge and t h e r e a f t e r  a 

red dye was used on both  the  endw alls  and the b la d e s .  F ig  7 .1 8  shows 

the ou ter  endw ail and i n d i c a t e s  where the  green  dye has been swept 

in t o  the red dye producing y e l lo w  s t r e a k in g  when i l lu m in a te d  under 

u l t r a - v i o l e t  l i g h t .  I t  i s  c l e a r  th a t  th ere  i s  a s i g n i f i c a n t  m igration  

o f  the f low  towards the  s u c t io n  s id e  o f  the b lade  which su b seq u en t ly  

reach es  the vane m id -h e ig h t  a t  the t r a i l i n g  edge .

F ig s  7 .14  and 7 .1 5  show a l l  the v a lu e s  o f  9 i n v e s t i g a t e d  a t  the  

blow ing r a te s  o f  0 .8 3  and 1.11 r e s p e c t i v e l y .  These both show a 

s im i la r  p ic tu r e  as the  G=0.52 c a s e ,  s e e  f i g  7 .1 3 ,  in  th a t  c o o l in g  

in c r e a s e s  as 9 i s  in c r e a s e d .

In comparing the th r e e  blow ing r a te s  a t  9=1 .62  i t  can be seen  th a t  

the  l e v e l  o f  c o o l in g  in c r e a s e s  as b low ing r a te  i s  in c r e a s e d ,  s e e  f ig .
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7 .1 6 .  In a l l  c a s e s ,  however, the  'h o t - s p o t '  r e g io n  p e r s i s t s  even fo r  

the high blowing r a te  ca se  o f  G=1.11, 9 = 1 .4 4 .  Fig 7 .1 7  shows t h i s  

n o n -d im e n s io n a l is e d  w ith  the uncooled  datum c a s e .  The l e v e l  o f  

N u s s e l t  number i s  reduced by up to 80% im m ediately  downstream o f  the  

f i l m - c o o l i n g  h o le s  a lth ou gh  a t  the p ressu re  s id e  t r a i l i n g  edge the  

r e d u c t io n  i s  on ly  25%. I t  i s  c l e a r ,  t h e r e f o r e ,  th at  the l e v e l  o f  

c o o l in g  ach ieved  i s  very s i g n i f i c a n t .  In terms o f  mean l e v e l s ,  t h i s  

c o o le d  to  uncooled comparison i n d i c a t e s  a red u ctio n  o f  50% to 60% 

over  the whole p la tform  which w i l l  r e s u l t  in  a s i g n i f i c a n t  r e d u c t io n  

in  m etal tem perature and c o n se q u e n t ly  an improved l i f e  fo r  the  

component.



8. ANALYSIS OF RESULTS

4 1Harasgama and Burton ' concluded chat the s u p e r p o s i t i o n  model o f  

f i l m - c o o l i n g  was the b e s t  way o f  s c a l i n g  ILPC data  to apply to  engine  

r e p r e s e n t a t iv e  c o n d i t i o n s .  This s e c t i o n  d i s c u s s e s  the a p p l i c a t i o n  o f  

the s u p e r p o s i t io n  model to  the p resen t  f i l m - c o o l i n g  data  and compares 

the exper im en ta l d a ta  w ith  c o r r e l a t i o n s  in the  absence o f  p ressu re  

g r a d i e n t s .

8 .1  A p p lic a t io n  o f  th e  s u p e r p o s i t io n  model

A c o r r e c t io n  fo r  p rop erty  v a r ia t io n s  in  the f i lm - c o o le d  boundary 

l a y e r  i s  a p p l ied  to  the  d a ta .  This ta k es  the form o f  c o r r e c t i n g  fo r  

g a s - t o - w a l l  tem perature r a t i o .  I t  i s  shown (eq u a tio n  3 .7 )  t h a t ,

Nu/Nu = Nu/Nu (T /T )n - o ,c p  o w g

where n i s  - 0 .0 7  f o r  a laminar boundary la y e r  and - 0 .2 5  fo r  a 

tu rb u len t  boundary l a y e r .  The va lu e  fo r  a tu r b u le n t  boundary la y e r  

i s  used in  t h i s  a n a l y s i s .

F igs  8.1 to  8 .3  show th e  a p p l i c a t io n  o f  s u p e r p o s i t i o n  theory  to  the  

f i l m - c o o l i n g  data  f o r  s e v e r a l  p o s i t i o n s  a c r o ss  the passage  at  

d i f f e r e n t  s / c ' s  fo r  th r e e  v a lu e s  o f  G. I t  can be seen  th a t  in  a l l  

c a s e s  the data are w e l l  d e sc r ib e d  by s t r a i g h t  l i n e s  thus v a l id a t i n g  

the use o f  s u p e r p o s i t io n  theory  as an a n a l y s i s  t o o l  f o r  t h e s e  d a ta .  

C onsequently , i t  i s  p o s s i b l e  to e x t r a p o la t e  the  exp er im en ta l  data  to  

a c h iev e  a c o o led  to  uncooled  N u s s e l t  number r a t i o  a t  eng ine  

c o n d i t io n s .  The nominal eng ine  9 fo r  the n o z z le  gu ide  vane a t  the  

endw all reg ion  i s  1 .7 5 .

F ig s  8 .4  to  8 .6  show the  f i l m - c o o l i n g  e f f e c t i v e n e s s  (-B /A ) fo r  

v a r io u s  s tr e a m lin e s  a t  d i f f e r e n t  G 's .  I t  i s  e v id e n t  th a t  in  a l l  

c a s e s  th ere  i s  a r e d u c t io n  in  e f f e c t i v e n e s s  in moving from the  

s u c t io n  s id e  to  the p r e ssu re  s i d e .  This i s  a consequence o f  the
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secondary f low  reduc in g  the e f f e c t i v e n e s s  a t  the p r e s su r e  s i d e  by 

sweeping the c o o l i n g  f low  a c r o s s  the endwall p la tform  to  the s u c t io n  

s i d e .  I t  i s  a l s o  c l e a r  from f i g s  8 .4  to  8 .6  th a t  th ere  i s  a 

r e d u c tio n  in  e f f e c t i v e n e s s  a lo n g  a p se u d o -s tr e a m lin e ,  or in  o th e r  

words, the e f f e c t i v e n e s s  decays as one moves a long  the  passage  away 

from the c o o l in g  h o l e s .  This i s  caused by the c o o l i n g  j e t  m ixing  

w ith  the hot mainstream gas as i t  p r o g r e sse s  downstream.

F ig  8 .7  shows the c r o s s - p a s s a g e  v a r ia t io n  o f  the f i l m - c o o l i n g  

e f f e c t i v e n e s s  which aga in  confirm s the two o b s e r v a t io n s  made from the  

stream w ise  v a r ia t io n  p l o t s .

8 . 2  E m pirica l c o r r e l a t i o n  o f  d a ta

The data from the f i l m - c o o l i n g  experim ents  are compared w ith
1.11tw o-d im ension al f l a t  p l a t e  c o r r e l a t i n g  parameters . For the weak

i n j e c t i o n  regime f i l m - c o o l i n g  e f f e c t i v e n e s s  (-B/A) i s  c o r r e la t e d  w ith
- 2 /3a s l o t  w a ll  j e t  parameter (x / d ) ( I ) , and fo r  the s tr o n g  i n j e c t i o n

regime n o n -d im e n s io n a l is e d  N u s s e l t  number (a t  8=1 . 3)  i s  c o r r e la t e d

w ith  s l o t  w a l l  j e t  parameter m odified  fo r  s tr o n g  b low ing  
- 4 / 3( x / d ) ( u . / u  ) . F ig s  8 .8  to  8 . 1 0  show f i l m - c o o l i n g  e f f e c t i v e n e s s*1 2*

6 - 2 / 3a g a in s t  s l o t  w a l l  j e t  parameter ( x / d ) ( I )  f o r  data  a t  a l l

p o s i t i o n s  on the endw all and a t  b lowing r a te s  o f  0 . 5 2 ,  0 .8 3  and 1.11
3k

r e s p e c t i v e l y .  As can be s e e n ,  fo r  a g iv en  x - v a lu e  the  e f f e c t i v e n e s s  

i s  s i g n i f i c a n t l y  below the c o r r e l a t i n g  l i n e .  This i s  to  be e x p ec ted  

s in c e  the comparison i s  between exp er im en ta l  data  from a row o f  h o le s  

and a c o r r e l a t i o n  r e p r e s e n t in g  s l o t  i n j e c t i o n .  However, apart from 

in d ic a t in g  the d i f f e r e n c e s  between the two types  o f  i n j e c t i o n ,  the  

r e s u l t s  show the la r g e  in c r e a s e  in  e f f e c t i v e n e s s  between b low ing  

r a t e s  o f  0 . 52  and 0 . 83  and a s m a l le r  in c r e a s e  from 0 . 83  t o  1 . 11 .

The spread o f  data  on th e se  p l o t s  i s  a t t r i b u t e d  to  the

th r e e -d im e n s io n a l  nature  o f  the f low  f i e l d  where secondary  f lo w ,  and

a x i a l  and b l a d e - t o - b la d e  p r e ssu re  g r a d ie n ts  w i l l  a l l  have an e f f e c t .

F ig  8.11 shows the c a se  o f  G=1.11 w ith  an e m p ir ic a l  c o r r e c t io n  fo r
0. 2stream w ise  p r e s su re  g r a d ie n t  o f  (u/ u.  , ) as su g g e s te d  by

E ckert0 ,  This c o r r e c t io n  moves the data  c lo s e r  to  the  c o r r e l a t i n g  

l i n e  but does not h e lp  to  reduce the spread . However, when a s i m i l a r

*  n o t e  t h a t  u  i s  t h e  l o c a l  v e l o c i t y  a t  a  p a r t i c u l a r  w a l l  l o c a t i o n ,  y
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0 2
c o r r e c t io n  o f  ( u^2.ade —t o —b 1 ade7"’"1  ̂ * i s  aPPlie c i  to  the b la d e - t o - b la d e  
p ressu re  g r a d ie n t  on f i g  8 . 12  the data s t a r t  to  c o l l a p s e  a l b e i t  w ith  

the e x c e p t io n  o f  data  near to  the p ressu re  s i d e  t r a i l i n g  edge o f  the  

b la d e .  T h is  area  o f  the  en d w all ,  as p r e v io u s ly  d i s c u s s e d ,  does not  

r e c e iv e  very much c o o l i n g  because the secon dary  f lo w  sweeps the  

c o o la n t  away from t h i s  r e g io n .  I t  i s  encouragin g  to note  th a t  making 

the s tream w ise  and b ia d e - t o - b la d e  p ressu re  g r a d ie n t  c o r r e c t io n s  to  

the p r e sen t  data  b r in g s  them reason ab ly  c l o s e  to the s l o t  w a ll  

c o r r e l a t i n g  param eter. In t h i s  manner i t  has been p o s s ib le  to  

accou n t,  to  some e x t e n t ,  f o r  the th r e e -d im e n s io n a l  f low  f i e l d  in  the  

p resen t  e x p e r im en ts .  Such a procedure may then be a p p l ied  to  

e v a lu a te  the c o o l in g  e f f e c t i v e n e s s  in the p r e l im in a r y  d es ig n  s ta g e s  

o f  a f i l m - c o o le d  NGV p la tfo r m . The a b i l i t y  to  c o r r e l a t e  the p resen t  

data w ith  tw o-d im en sion a l  t e s t  c a se s  i s  p a r t i c u l a r l y  important  

because a la r g e  amount o f  data  fo r  tw o-d im en sion a l  f i l m - c o o l i n g  

g e o m e tr ie s  e x i s t s .  The p resen t  c o r r e l a t i n g  parameters may, 

t h e r e f o r e ,  be u t i l i s e d  on such tw o-d im ension a l data  bases  fo r  the  

u s e fu l  d e s ig n  o f  f i l m - c o o l i n g  c o n f ig u r a t io n s  in  a th r ee -d im e n s io n a l  

f low  f i e l d .

The c o r r e l a t i o n tech n iq u e  i s taken a s ta g e  f u r th e r in  f i g s 8 . 1 3  to

8 . 15 which show (A + 1 . 3B) ( i e  Nu/Nu at  0 = 1 . 3 )0 a g a in s t the s l o t

w a ll j e t parameter m od if ied fo r  s tr o n g  b low ing regime fo r blowing

r a te s o f 0 . 5 2 , 0 .8 3  and 1. 11 r e s p e c t i v e l y .  In th e se  c a s e s  the

c o r r e l a t i n g  l i n e  i s  f o r  a s i n g l e  row o f  c o o l in g  h o le s  and, t h e r e f o r e ,  

a l lo w s  a d i r e c t  comparison wi t h the ex p er im en ta l  d a ta .  I t  i s  e v id e n t  

th a t  the d ata  are a l o t  c l o s e r  to  the s i n g l e  row c o r r e l a t i o n  than the  

s l o t  c o r r e l a t i o n  p resen ted  e a r l i e r .  The d a ta  a t  low x - v a lu e s
- 4/3

( ( x / d ) ( u . / u  ) <  1 ) ,  th a t  move above the c o r r e l a t i o n ,  are data  a t  

i n j e c t i o n  r a t e s  beyond th a t  g iv in g  a minimum in  N u s s e l t  number. The 

high b low ing r a te  in  t h e s e  c a s e s  cause  the c o o l i n g  j e t s  to  l i f t  o f f  

the s u r f a c e .

In comparing the th r ee  blowing r a te s  i t  can be seen  th a t  the data  

f o l lo w  the trend o f  the c o r r e l a t i o n  and move towards lower v a lu e s  o f  

Nu/Nuq c p=A+B9 wi t h in c r e a s e  in  blowing r a te  as  e x p e c te d .  F ig  8 . 1 6  

shows the ca se  o f  G = 1.11 wi t h the same e m p ir ic a l  c o r r e c t io n  to  the  

data  fo r  s tream w ise  p ressu re  g r a d ie n t  as used in  f i g  8 . 1 1 .  This  

c o r re c u io n  i s  s u c c e s s f u l  in th a t  i t  moves the  data  c lo s e  to  the
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c o r r e l a t i o n  w ith  a maximum er ro r  o f  around +11%. I t  may, t h e r e f o r e , 

be concluded th a t  by making the a p p ro p r ia te  c o r r e c t io n  f o r  s tream w ise  

p r e ssu re  g r a d ie n t  the p resen t  data c o r r e l a t e s  w ith  tw o-d im en sion a l  

data  even though the f lo w  f i e l d  i s  q u i t e  s t r o n g ly  t h r e e - d im e n s io n a l .  

The p resen t  data  were c o r r e la t e d  a long  g r id  l i n e s  

(p se u d o -s tr e a m lin e s )  f o l lo w in g  the geom etr ic  con tou rs  o f  the NGV 

e n d w a ll .  I t  i s  a l s o  p o s s ib l e  to  apply t h e s e  same tec h n iq u es  a lon g  an 

a c tu a l  endwall s tream w ise  path as in d ic a t e d  by the f l o w - v i s u a l i s a t i o n  

t e s t s ,  s e e  f i g  7 . 1 8 ,  or by a com putational techn iqu e  which c a l c u l a t e s  

the endw all s tr e a m lin e  p a t te r n .  I t  i s  exp ected  th a t  by c o r r e l a t i n g  

along  skewed s tr e a m lin e s  more ac c u r a te  r e s u l t s  would be produced than  

c o r r e l a t i n g  a long  g r id  l i n e s  f o l lo w in g  the geom etr ic  con tou rs  o f  the  

NGV endw all s in c e  the data would then have been a n a ly sed  a lon g  tru e  

s tr e a m lin e s  ra th er  than assumed s t r e a m l in e s .
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9. CONCLUSIONS

Endwall heat t r a n s f e r  measurements have been made on a tu rb in e  n o z z le  

gu ide  vane w ith  and w ithout  f i l m - c o o l i n g .  The r e s u l t s  a l lo w  the  

f o l l o w in g  c o n c lu s io n s  to  be drawn.

(1) The o r i g i n a l  d es ig n  concept o f  p la c in g  f i l m - c o o l i n g  h o le s  a lon g  

an iso-M ach l i n e  has been shown to  be an e f f e c t i v e  method o f  

f i l m - c o o l i n g  an NGV p latform  e x c ep t  fo r  some s h o r t f a l l  o f  c o o l i n g  

near the  p r e s su r e  s id e  t r a i l i n g  edge due to  secondary f low  e f f e c t s .

(2) The c o n f ig u r a t io n  t e s t e d ,  o f  h o le s  a long a c o n s ta n t  s t a t i c  

p ressu re  l i n e  to  g iv e  co n sta n t  b low ing r a t e ,  used 1.48% o f  the  th r o a t  

mass f lo w  fo r  the h ig h e s t  b low ing r a te  (G = 1 . 11)  and gave up to  75% 

r e d u c t io n  in  heat t r a n s f e r  r e l a t i v e  to  the uncooled  c a s e ,  w ith  a 

minimum r e d u c t io n  o f  heat t r a n s f e r  o f  25% in  the p r e ssu re  s id e  

t r a i l i n g  edge c o rn er .

(3) The use  o f  carbon d io x id e  and a i r  m ix tures  in  s im u la t in g  en g in e  

d e n s i ty  r a t i o s  has proved s u c c e s s f u l .

(4) The s u p e r p o s i t io n  theory  o f  f i l m - c o o l i n g  has been v a l id a t e d  fo r  

endw all heat t r a n s f e r  and e n a b le s  the p r e sen t  work to  be e x tr a p o la t e d  

to  o th e r  en g in e  c o n d i t io n s  o p e r a t in g  a t  h igh er  0 .

(5) Simple e m p ir ic a l  c o r r e l a t i o n  o f  the  data have been re a so n a b ly  

s u c c e s s f u l .  I t  i s  shown th a t  by c o r r e c t in g  fo r  the a x i a l  p r e s su r e  

g r a d ie n t  i t  i s  p o s s ib le  to  c o r r e l a t e  the p r e sen t  data  a g a in s t  

tw o-d im en sion a l  f l a t  p la te  zero  p ressu re  g r a d ie n t  data  to  w i th in  +11%.

I t  i s  c o n s id er e d  that th e se  c o r r e l a t i o n s  may be used in  the  

p re lim in a ry  d e s ig n  o f  f i lm - c o o le d  p la tform s in  tu rb in e  NGV's.
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10. RECOMMENDATIONS

Based upon the  work t o - d a t e  and the above-m entioned c o n c lu s io n s  i t  i s  

recommended th a t  fu r th e r  work be done on improving the e m p ir ica l  

c o r r e l a t i o n  scheme. This would take the m ethodology fu r th e r  in  

a p p ly in g  i t  a long  the skewed s tr e a m lin e  path on the e n d w a ll .  F i n a l ly ,  

i t  i s  c l e a r  th a t  a c a l c u l a t io n  tech n iq u e  must be ge n e r a te d  which  

g i v e s  r e l i a b l e  p r e d ic t io n s  o f  endw all s t r e a m l in e s  i f  the c o r r e l a t i o n  

techn iqu e  i s  to  be p rogressed  and t h i s  w i l l  r e q u ire  some 

com p utationa l e f f o r t .
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APPENDIX - Calibration of Injection Orifices

This appendix d e s c r ib e s  tr.e tneory used to  a n a ly s e  the or  

c a l i b r a t i o n s .

Each o r i f i c e  ( 1 . 0 ,  1 . 5 ,  5 . 1  and 2 . 5  mm diameters'- was c a l  i t  

s e p a r a te ly  wi t h  a i r  and 1 : _ .  The metnod o f  c a l i b r a t i o n  i s  de* 

in s e c t i o n  5.1 and a schem atic  diagram o f  the c a l i b r a t i o n  arrar.y 

i s  shewn in  F ig  5 . 1 .  C a l i t r a t io n  curves fo r  eacn c i n e m a t i c  

o r i f i c e  and t e s t  gas  are shown in  F igs  5 .2  and 5 . 3 .

The theory  to  determ ine  the mass f low  through the B r i t i s h  St a  

o r i f i c e  has been taken from BS 1Q42 and i s  g iv e n  below.

where a 

b

Pamb

P1
T1

R

$1
C
Z

E

EPS

D

oC

m
uncorr

P1 a -  b P
1 amb

o = P /RTtl  1 1

2 1
m = C x Z x E x EPS x D x ( p m ) 2 x ocuncorr 1̂

Re = 4m /  Duuncorr ^

m = m x ZRuncorr

= p r e s su r e  drop acros BS o r i f i c e  (Pa)

= gauge p r e ssu r e  downstream o f  BS o r i f i c e  (Pa)

= a tm ospher ic  p ressu re  (Pa)

= p r e s su r e  upstream o f  BS o r i f i c e  (Pa)

= tem perature  o f  gas upstream o f  BS o r i f i c e  (K)

= c h a r a c t e r i s t i c  gas c o n sta n t  (J/kgK)
3

= d e n s i t y  o f  gas  upstream o f  BS o r i f i c e  ( kg/m )

= d is c h a r g e  c o e f f i c i e n t  

= c o r r e c t i o n  on C due to  Reynolds number 

= v e l o c i t y  approach f a c t o r  

= e x p a n s i b i l i t y  f a c t o r  

= BS o r i f i c e  d iam eter (m)

= 3 .4 7 8 8  x 10 6 (Im peria l  to  SI c o n v e r s io n )

= mass f low  through BS o r i f i c e  ( u n c o r r e c te d ) (k g /s )
2

= g a s  dynamic v i s c o s i t y  (Ns/m )

i f  i c e

m te d  

a i l e d  

m e n t  

n o f

ndard

(A. 1 ) 

( A. 2) 

(A. 3) 

( A. 4) 

( A. 5)
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Re = Reynolds number (based on 1)
Dpipe = p ipe d iam eter  (m)

ZR = e m p ir ic a l  c o r r e c t io n  to  mass flow  due to  Re and D^/Dpipe^ 

m = mass flow  through BS o r i f i c e  ( c or r e c t e d)  (Kg/ s)

i c e  c a l i b r a t i o n  y i e ld e d  measured mass flow  a g a in s t  c o o l in g  r e s e r v o ir  

pressu re  in  the form,

m = A + B P ( A . 6 )r e s ,g a u g e

where A and B are c o n s ta n t s  o f  p r o p o r t io n a l i t y .

Hence,

m  -  k  +  B  ?  + B P . - B P ,r e s ,g a u g e  amb amb

g i v in g ,

m = A B P  K -  B P  ,  r e s ,a b s  amb ( A. 8)

and c o r r e c t in g  f o r  i n j e c t i o n  gas  temperature and in c o r p o r a t in g  (R/2f ) 2 

in to  the c o n s ta n ts  o f  p r o p o r t io n a l i t y  g i v e s ,

i l l  i
mT.2 = AT.2 + BT. 2P . -  BT. 2P .i l l  r e s ,a b s  l  amb

Let A* = AT.2 
* ^  

and B = BT. 2

BT. P ui  amb

( A. 9)

Then the c o o la n t  mass f lo w  a t  any d r iv in g  p r e ssu re  and tem perature  

may be g iv en  a s ,

m = (A* + B*P . ) /  T .2 ( A. 10)r e s , abs i

Equation A . 10 may now be used fo r  both CÔ  and a i r  in d e p e n d e n t ly ,  or  

fo r  any com bination t h e r e o f .

53



When u s in g  b inary  gas m ixtures  i t  w i l l  be n e c e ssa r y  to  modify the  
*

and r v a lu e s  as f o l l o w s .

A
*

An e q u a t io n  for  a i r  would be,

ma
ft *

( A + B Pa a r e s .a b s

C02 FC02 r e s ,

Let the f r a c t io n  o f  CÔ  used = x ( s a y ) ,  then the amount o f  a i r  would 

be ( 1 -  x) -  y  ( s a y ) .

So t o t a l  mass f lo w  m = m +a C02

t h e r e f o r e ,

m = x { A *  +  B_ *P , ) / T 2 + y (A * + B *P . ) / T . 2
l02 C02 r e s ,a b s  1 a a r e s ,a b s  1 ( A . 13)

and rearran g in g  g i v e s ,

m = xA */T.* +  yA * / T. *  + P . (xBr * / t J  + yB * / T. * )  ( A. 14)C02 1 a l  r e s ,a b s  C02 l  J a l

ft
T h ere fo re ,  when u s in g  a m ixture o f  CCL and a i r  the v a lu e s  o f  A and 

* ^
B may be m od if ied  to  read,

a . * = xa * + yA *mix C02 J a A. 15

# % %
B . = xB000 + yBmix C02 J a ( A. 1 6 )

Equations A . 15 and A. 16 may be s u b s t i t u t e d  in eq u ation  A. 10 to  g iv e ,

* ft i
m = ( A . + B . P . ) /  T . 2mix mix r e s ,a b s  i

A. 17)

which i s  the i n j e c t i o n  mass flow  fo r  any com bination  o f  a i r  and CO

at i n j e c t i o n  tem perature T. and r e s e r v o ir  p r e s su r e  P , .J l  r e s ,a b s

2

ft ft
A t a b u la t io n  o f  the raw data  and d e r iv e d  A and B fo r  both a i r  and

C0^ fo r  each o r i f i c e  i s  g iv e n  in  ta b le  5 . 1 .
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Table 5.1 Tabulation of Injection Orifice Calibrations

CALIBRATION OF ORIFICE NO.ifDIAHET£R=i,COUSINS AIR 
QSNEY LABS., 9th Nov 1937.

2 EPS c z PANBiilll.HS) R(J/K3.K) XHU DPIPE(oi)
0.1I370E+01 Q.iOOOOE+Ol 0.60600E+00 0.10000E+01 0.757502*03 0.207002+03 0.17200E-04 0.26000E+02

PROCESSED - RESULTS FDLLON
F(PSI3? TIDES.0 A(IN,H20) B(IN,H20) D01H1 PI(PA) RH0(KS/CU.H) NIKS/S)

0 .10000E+03 0.1S70OE+O2 0.90000E-01 O.300OOE-O1 0.179402+02 0.101082+06 0,120742+01 0,12S16E-02
0.I5OOOE+03 0,107002+02 0,220002+00 0.80000E-01 0.179402+02 0,10110E+06 0.120762+01 0,200402-02
0,200002+03 0.18700E+02 0.390002+00 0,16000E+00 0.179402+02 0.101122+06 0.12079E+01 0.266S5E-02
0.250002+03 0.185002+02 0.62000E+00 0,260002+00 0.179402+02 0,101152+06 0.120912+01 0,336632-02
0,300002+03 0,184002+02 0.89000E+00 0.39000E+00 0.179402+02 O,10119E+06 0.12099E+01 0.40346E-02
0,350002+03 0 ,18100E+02 O,122002+01 0.530002+00 0,179402+02 0,101232+06 0.12H7E+01 0.47272E-02
0.40000E+03 0.173002+02 0.144002+01 0,700002+00 0,179402+02 0,101252+06 0,121312+01 0.513832-02
0,450002+03 0.173002+02 0.202002+01 0.390002+00 0,179402+02 0,10134E+06 0,121648+01 0,609452-02
0.500002+03 0.167002+02 0.248002+01 0,109002+01 0,179402+02 O.10141E+06 0,121972+01 0,676202-02
0.550002+03 0.161002+02 0.298002+01 0,131002+01 0,17940E+02 0.1014SE+06 0,122312+01 0=742262-02
0,600002+03 0.155002+02 0,351002+01 0.155002+01 0,179402+02 0,10155E+06 0.122652+01 0,306692-02

P(PSIO) RE n ZR ĈORRlKG/3)
0.100002+03 0.528772+04 0.47610E+00 0, 104002+01 0,13329E-02
0,150002+03 0.826302+04 0,476102+00 0,103902+01 0,203222-02
0.200002+03 0,ilClOE+05 0.47610E+00 0,103702+01 0,276722-02
0.250002+03 0,139382+05 0,476102+00 0. 103502+01 0,348412-02
0,300002+03 0,166462+05 0.47610E+00 0,103302+01 0.41377E-02
0.35000E+03 0,195032+05 0.4761OE+OO 0.102902+01 0.48643E-02
0.400002+03 0,212012-05 0.47610E+00 0. 102702-01 0.52775E-02
0.450002-03 0,251442+05 0,476102+00 0,102502+01 0,624632-02
0.500002+03 0.27898E+05 0.476102+00 0,102402-01 0.692432-02
0.55000E+03 0,306242+05 0.47610E+00 0.102302+01 0,759332-02
0,600002+03 0.332S2E+05 0,476102+00 0.102202+01 0.82444E-02

CALIBRATION CONSTANTS ; A = -0,1015612-05 B = 0,1376512-04

CORRECTED CONSTANTS ; A* = -0,345583E-02 B* = 0.2347432-03

RE
0.52877E+04 
O.B2680E+04 
0. iiOlOE+05 
0.138882+05 
0.I6646E+05 
O,I9503E+05 
O.212O1E+05 
0,25144E+05 
0,278982+05 
Qi30624h+Uo 
0.332322+05
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CALIBRATION Of Hit ORIFICE NO,1,9IAi1ETER=l.0aa,USIN8 AIR
OSNEY LABS,, 9th Nov 1937,

E EPS C Z PA“8;N!1,HS5 R(J/K8,K) m DPIPEim)
0 .10300E+01 0,100002+01 0,606502+00 0,100002+01 0.757502+03 0,20700E+03 0,172002-04 0,260002-02

PROCESSED - RESULTS FOLLOW
P(PaIS) TIDES.0 A(IN.H20) 8(IN,H20) Pi(PA) RHOiKS/CUxil) NiKS/S)

0.50000E+02 0.20700E+02 0.15000E-00 0.30000E-01 0,127002+02 0,101092+06 0,119932+01 0.74926E-03
0.10000E+03 0.20600E+02 0.57000E+00 0.14000E+00 0,127002+02 0.101172+06 0,120062+01 0.146142-02
0.15000E+03 0.20600E+02 0.120002+01 0.310002+00 0,127002+02 0,101232+06 0.12020E+01 0,212162-02
0* 20000E+03 0.205002+02 0.212002+01 0.550002+00 0,127002+02 0,101452+06 0,12044E+01 0,202282-02
0.25000E+03 0.20300E+02 0.328002+01 0,360002+00 0,127002+02 0,101672+06 0,12073E+01 0,351602-02
O,300002+03 0,201002+02 0,470002+01 0,12200E+C1 0.127002+02 0,101932+06 0.121172+01 0.421572-02
0.350002+03 0.19700E+02 0.62800E+01 0,16500E+01 0,127002+02 0=102222+06 O.121682+01 0.4S833E-02
0.40000E+03 0,193002+02 0,812002+01 0,214002+01 0,127002+02 0,102552+06 0,122252+01 0.556572-02
0,450002+03 0,109002+02 0,103302+02 0,272002+01 0,127002+02 0.102972+06 0,12291E+01 0.630992-02
0.50000E+03 0.183002 0̂2 0,12700E+02 0,332002*01 0.12700E+02 0,103402+06 0,123602+01 0,700122-02
0,550002+03 0,17600E+02 0.153002+02 0.399002+01 0.127002+02 0.103332+06 0,124552+01 0.77116E-02

P(PSIS) RE * ZR ■CQRRIKS/S;
0.50000E+02 0.43667E+04 0,23059E+00 0,103002+01 0.771742-03
0.10000E-+03 0,851702+04 0.238592+00 0.102502+01 0.149792-02
0,150002+03 0,123652+05 0,23859E+00 0= i 0210E+-01 0.21662E-02
0.20000E+03 0,164512+05 0.233592+00 0.101702+01 0.28708E-02
0,250002+03 0.20491E+05 0.23859E+00 0.1C140E+01 0.35652E-02
0,300002+03 0,245692+05 0.23B59E+00 0,10130E+01 0.427052-02
0,350002+03 0,204602+05 0.23359E+00 0,10130E+01 0.49467E-02
0.400002+03 0,324372-05 0,238592 0̂0 0,101202+01 0,563252-02
0.45000E+03 0,367742+05 0.233592-00 O.lOllOE-Ol 0.63793E-02
0,500002+03 0,408032+05 0,238592+00 0,101102+01 0,70732E-02
0,550002+03 0.449442+05 0.233592+00 0. lOlOOE+Oi 0.770372-02

CALIBRATION CONSTANTS ; A = 0,7250112-04 3 = 0,1399102'-04

CORRECTED CONSTANTS ; A* = -0.22:6629E-02 B* = 0.239422E-03

RE
0,43667E+04 
0.851702+04 
0,123a5E+05 
0,16*512+05 
0=2049iE-05 
0.245692+05 
O,284602+05 
0.32437E+05 
0.367742+05 
0.40B03E+05 
0.449442+05
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CALIBRATION OF HII ORIFICE NQ.2,DIAHETER=i,5f6S,USINS AIR
OSNEY LABS.,9th Nav 1987.

E EPS C Z PANBUlil.HS) R(J/KS.K5 XNU DPIPE'.ia)
0 .i0300E+0I 0.iOOOOE+Ol 0.60650E+00 O.lOOOOE+Ol 0.75750E+03 O.287OOE+03 O.17200E-04 0.26000E+02

PROCESSED - RESULTS FOLLOW
PfPSIS) TIDES.0 A(IN.H20) B(IN.H20) D(«N) PI(PA) RHO(K3/C0.H) W! K8/S) RE

0.50000E+02 0.1S900E+02 O.6Q0OOE+OO 0. 15000E+00 O.127OOE+02 0.10117E+06 0.12077E+01 0.15037E-02 0.87639E+04
0.10000E+03 0.19100E+02 0.20500E+01 0.54OOOE+0O O.12700E+02 0.10144E+O6 O.12100E+01 0.27822E-D2 0.16215E+05
0.15000E+03 0.I8900E+02 O.435O0E+01 0,1160QE+01 0.12700E+02 O. IO1O6E+06 0.12158E+01 0.40526E-02 0.23677E+05
0.20000Et03 0,18800E+02 O.760OOE+O1 0.20OOOE+01 O.12700E+02 0. 10246E+06 O.12234E+01 0.53366E-02 Q.31393E+05
0.25000E+03 0. 18400E+02 0.12100E+02 0.31200E+01 0.12700E+02 0.103303-̂ 06 O.12352E+01 O.632933-02 0.398Q2E+05
0.30000E+03 0.I7900E+02 O.16950E+02 0.44000E+01 0. 12700E+G2 0.104193 0̂6 O.124S0E+01 0,812473-02 O.47351E+05
0.32500E+03 0=I6900E+02 O.1995CE+02 0.512C0E+01 O.I2700E+02 O.1O476E+06 0.12591E+01 0.33536E-02 0.51599E+05

P(PSIS) RE N ZR NCORRIKG/S)
0.50CC0E-S-02 0.S7639E+04 0.23859E+00 0.10000E+01 O.15037E-O2
0.10000E+C3 0,16215E+05 0.23859E+00 0.10140E+01 0.2B212E-02
0.15000E+03 0.23677E+05 O.23859E+00 0.10140E+01 0.41195E-02
0.20000E+03 O.31393E+05 0,23859E+O0 O.10120E+01 O.54513E-02
0.25000E+03 0.39SC2E+05 0.23859E+00 0. 10110E+01 0.69045E-02
0.3C0DCE+03 0.473513+05 0.23859E+00 0.1D1OOE+01 0.82059E-02
C.325Q0E+03 0.51599E+05 0.23859E+00 0. ICIOOE+Ol 0.89422E-02

CALIBRATION CONSTANTS ; A = 0.I067I1E-03 B = 0.270555E-04

CORRECTED CONSTANTS ; A* = -0.494479E-02 8* = 0.461979E-03
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CALIBRATION OF HTl ORIFICE NO.2,DIAMETERS,5ai,uSIN5 AIR
OSNEY LABS., 9th Ngv 1987

E EPS C Z PANBIilH.HS) RM/K8.K) MU DPIPE(aa)
0.11370E+01 0.10000E+01 0.60600E+00 0.iOOOOE+Ol 0.75750E+03 0.28700E+03 0.17200E-04 0.26000E+02

PRGCESSEii - RESULTS FQLLQH
P(PSIG) TIDES.C! A(IN.H2Q) B(IN.H20) SHNH) PI(PA) RHO(KS/CU.H) y (KB/S') RE

0.50000E+02 0.19000E+02 0.liOOOE+OO 0.40000E-01 0.17940E+02 0.10I08E+06 0.12041E+01 0.14162E-02 0.5E428E+04
0 .10000E+03 0.18900E+02 0.29000E+00 0.16000E+00 0.17940E+02 0.10110E+06 0.12067E+01 0.23000E-02 0.94893E+04
0=15000E+03 o.ieeooE+02 0.84000E+00 0.3SC00E+00 0. 17940E+02 0.10110E+06 0.12082E+01 0.39168E-02 0.1&160E+05
0.200QQE+03 0.13600E+02 0.15000E+01 0.S5000E+00 0.17940E+02 0.10127E+06 0.12101E+01 0.52382E-02 0.21612E+05
0.25000E+03 0.18100E+02 0.23200E+01 O.IOOOOE+Oi 0.17940E+02 0.10139E+06 0.12136E+01 0.65239E-02 0.2691SE+05
0=300000+03 0,17600E+02 0.33000E+01 0.I4500E+01 0.I7940E+02 0.10152E+06 0=12173E+01 0.77925E-02 0.32150E+05
0.3500CE+03 0.17000E+02 0.43S00E+01 0.19200E+01 0=17940E+02 0.101S7E+06 0.12216E+01 0.S9727E-02 0.37019E+05
0.40000E+03 0,16100E+02 0.57000E+01 0.25000E+0! 0.17940E+02 0.1013SE+06 0.12276E+01 0.102S5E-01 0.42433E+05
0.45000E+03 0.15100E+02 0.72200E+01 0.32000E+01 0.17940E+02 0.10208E-06 0.12344E+01 0.11407E-01 0.47887E+05
0.50000E+03 0.13900E+02 0.B9000E+01 0.390D0E+0I 0.17940E+02 0.10231E+04 0.12425E+01 0.12929E-01 0.53342E+05

P(PSIS) RE H ZR MCGEECKS/S)
0.50000E+02 0.5S428E+04 0.4761QE+0Q 0. 10400E+01 0.14728E-02
0 .10000E+03 0.94S93E+04 0.47610E+00 0.103S0E+01 0.23S74E-02
0.15000E+03 0.16I60E+05 0.47610E+00 0.10320E+01 0.40421E-02
0.20000E+03 0.2I612E+05 0.47610E+00 0.102S0E+O1 0.53S49E-02
0,25000E+03 0.2691SE+05 0.47610E+00 0,10260E+01 G.66935E-02
0.30000E+03 0.32150E+05 0.47610E+-00 0. 10240E+01 0.79795E-02
0.35000E+03 0.37019E+05 0.47610E+00 0. 10220E+01 0.91701E-02
0.40000E+03 0.42433E+05 0.47610E+00 0.10210E+01 0.10501E-01
0.45000E+03 0.47B87E+05 0.47610E+00 0.10200E+01 0.11839E-01
0.50000E+03 0.53342E+05 0.47610E+00 0.10190E+01 0.13175E-01

CALIBRATION CONSTANTS ; A = 0.507096E-04 B = 0.262320E-04

CORRECTED CONSTANTS ; It -Q.568428E-Q2 B* = 0.447069E-03
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CALIBRATION OF NTi ORIFICE N 0.2, DI AHETER=1, Ssai, L*S I NS AIR
03NEY LABS., 9th Nov 1987.

E EPS c Z PhHB!NH,H85 R <J/KS.K) XHU DPIPEIsi)
0 * 11370E+01 O.iOOOOE+Oi 0.60600E*00 O,lOOOOE+Ol 0.75750E+03 0.2S700E+03 O.1720OE-O4 0.26000E+02

FR0CE5SEI1 - RESULTS FOLLOW
P(PSIO) TIDES.0 A (IN-. H2Q) BCIN.H20) DIMM! PI(PA) RHOiKS/Cu.HS W(KS/S! RE

0.5C000Ef02 0.1S300E+02 0.1OOOOE+0O 0.40000E-01 0.17940E-S-02 O.1010SE+06 0.12090E+C1 0.13519E-02 0.55775E+04
O.IOOOGE+03 D. 13400E+02 O.4CO0OE+OO O.17OO0E+00 O.1794OE+02 O.10112E+06 0.1209IE+0I 0.27039E-02 0.11156E-j-05
O.15CO0E+O3 0.1S400Et02 O.860GOE+0O 0.36000E+00 0.17940E+02 O.10119E+06 0.12099E+01 0.39660E-02 0.16363E+05
0.2O000E+O3 0.133O0E+02 G.i5200E+0l 0.860O0E+0O O.17940E+02 0,10128E+06 0.121143+01 0.52753E-02 0.21767E+05
0.25O0OE+03 0. 17900E+02 0.23300Et0i 0.I0200E+01 O.17940E+02 0.1OI39E+06 0.12144E+0! 0.65401E-02 0.269S3E+05
0.30000E+03 0.1740QE+Q2 0.33200E+01 O.14500E+01 0.17940E+02 O.10153E+06 O.12102E+01 D.78189E-02 0.32259E+05
0.35OOOE+03 0.IaOO0E+O2 0.43900E+O1 0.192OCE+01 0.17940E+02 O.10l6SEt06 O.12225E+01 O.9O07OE-O2 0.37161E+05
0.400008+03 0.16000Et02 0.570OOE+0! 0.25000E+01 O.17940E+02 O.10IB6E+06 0.1220 iE+Oi 0.1O287E-01 0.42440E+05
G.45OOOE+03 0.15000E+02 O.72300E+0I 0.31800E+0I 0.17940E+02 0 .102O7E+O6 O.12349E+01 0.11617E-01 0.47931E+05
O. SOOOOE-i-03 O.13300E+02 O.895O0E+01 0.37800E+01 0. 179408̂ -02 O.lO235Et06 O.12435E+01 0.12970E-0 i 0.53512E+05

PIPSIS) RE n ZR NC0RRIK8/5)
0.5OOODE+02 0.55775E+04 0.47610E+00 0.10400E+01 O.14060E-02
O.iOOCOE+03 0.11156E+O5 0.476 L OE+OO 0.1O33OE+01 0.27985E-02
O.15000E+O3 0. 163&3E+05 0.47610E+00 0.10340E+01 0.41000E-02
0.20OOOE+03 0.21767E+05 0.47610E-00 0.102OOE+01 0.34235E-02
0,2500CEt03 0.26933E+05 O.47610E+00 D.1027OEtOI 0.67167E-02
O.30000E+03 0.32259E-05 0.47610E+00 O.10250E+01 O.80144E-O2
0.35OOOE+O3 0.3716 IÊ 05 0.47610E+00 0.1023OE+01 G.92142E-02
O.40OOCE+O3 O.4244OE+05 0.4761 OÊ-OO 0.10210E+01 0.1O303E-O1
0.45OO0E+O3 0.47931E+O5 0,47610E+00 O,10200E+01 O.1185OE-01
0.500008 0̂3 0.535i2E+05 0.47610E+0C o.ioieoE+01 0.132O4E-01

CALIBRATION CONSTANTS ,* A 0 .132436E-03 B 0.259A58E-04

CORRECTED CONSTANTS A* = -0.337120E-02 B* 0.442319E-03
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CALIBRATION OF HT1 ORIFICE N0.3,DIAHETER=2.0m ,USING AIR
OSNEY LABS., 9th Nov 1987.

E EPS C Z PAMB(HK.HG) R(J/KG.K> XHU DPIPE(am)
0.11370E+C1 0 .10000E+01 0.60600E+00 0.10000E+01 0.75750E+03 0.2B700E+03 0.17200E-04 0.26000E+02

PROCESSED - RESULTS FOLLOW
PIPSIB) TIDES.0 AIIN.H20) BIIN.H20) DIMM) PI(PA) RHO(KG/CU.M) NIKG/S) RE

0.25000E+02 0.18400E+02 0.11000E+00 0.40000E-01 0.17940E+02 0.10108E+06 0.12086E+01 0.14176E-02 0.58489E+04
0.50000E+02 0.1B500E+02 0.36000E+00 0.15000E+00 0.17940E+02 0.10111E+06 0.12086E+01 0.25646E-02 0.10581E+05
0.75000E+02 0.18500E+02 0.76000E+00 0.33000E+00 0.17940E+02 0.10117E+06 0.12093E+01 0.37273E-02 0.15378E+05
0.10000E+03 0.18500E+02 C.12700E+01 0.56000E+00 0.17940E+02 0.10124E+06 0.12101E+01 0.48199E-02 0.19B86E+05
0.12500E+C3 0.18400E+02 0.19200E+01 O.B6QOGE+O0 0.17940E+02 0.10133E+Q6 0.12116E+01 0.59300E-02 0.24466E+05
0.15000E+03 0.1B000E+02 0.26500E+0I 0.12000E+01 0.17940E+Q2 0.10142E+06 0.12144E+01 0.69743E-02 0.2B776E+05
0.17500E+03 0.17500E+02 0.35500E+01 0.15700E+01 0.17940E+02 0.10156E+06 0.12181E+01 0.80849E-02 0.33356E+05
0.20000Ê 03 0.I7200E+02 0.45500E+01 0.20100E+01 0.17940E+02 0.10170E+06 0.12210E+01 0.91641E-02 0.37B09E+05
0.22500E+Q3 0 .1670QE+02 0,5i:00E+0! 0.25000E+C1 0.17940E+02 0.10184E+06 0.12248E+01 0.10192E-01 0.4204BE+C5
0.25000E+03 0.16200E+02 0.68900E+01 0.30800E+01 0.1794QE+02 0.10201E+06 0.12291E+0I 0.113I4E-01 0.46679E+05
0.27500E+03 0.15400E+02 0.83800E+C1 C.36300E+01 0.17940E+02 0.10225E+06 0.12353E+01 0.12509E-01 0.51610E+05
0.30000E-»-03 C.14600E+02 0.99200E+01 0.4390GE+01 0.17940E+02 0,10244E+06 0.1241iE+Oi 0.13642E-01 0.56285E-05

f;psis) RE N ZR WC0RRIKG7S)
0.25000E+02 0.584892+04 0.47S10E+00 0.10400E+01 0.14744E-02
0.5000QE+02 0.105E1E+05 0.47610E+00 0.10370E+01 0.26595E-02
0.75000E+02 0.15373E+05 0.47610E+Q0 0. 10330E+01 0.38503E-02
0.100CCE+03 0. 198B6E+05 0.47610E+00 0.1029QE+01 0.49597E-02
0.12500E+03 0.24466E+05 0.47610E+00 0.10270E+01 0.60901E-02
0.15000E-03 0.2S776E+05 0.476I0E+00 0.10250E+01 0.71491E-02
0.17500E+03 0.33356E+05 0.4761OE+OO 0.10240E+01 0.82790E-02
0.20QCQE+C3 0.37809E+C5 0.47610E+00 0.1C220E+Oi 0.93657E-02
0.225008+03 0.42048E+05 0.47610E+00 0.1O21OE+Q1 0.10406E-01
Q.250CCE+03 0.46679E+05 0.47610E+00 0.10200E+01 0.11540E-01
0.27500E+03 0.5I610E+05 O.4761OE+O0 0.10190E+01 0.12747E-0!
0.30000E+03 0.56285E+05 0.4761OE+OO 0.101B0E+01 0.13808E-01

CALIBRATION CONSTANTS ; A = 0.442720E-03 B = 0.446646E-04

CORRECTED CONSTANTS ; A* = -0.360486E-02 8* = 0.761233E-03



CALIBRATION OF ORIFICE NO.3,DIAMETERS.0»a,USIN6 AIR
OSN.EY LABS,, 9th Nov 1937.

E EPS C Z PANS INN.HO) R(J/KE.K) DP IPE(as)
0.11370E+01 O.IOOOOE+Oi 0,60600E+00 0, lOOOOE+Oi 0.75750E+03 0,2870GE+03 0.17200E-04 0.26000E+02

PROCESSED - RESULTS FOLLOW
P(PSIS) TIDES,0 AIIN.H20) BIIN.H20) DiHH) pupa) RH0IK3/CU.H) I4IK8/S! RE

0.25000E+02 0.18900E+02 0.10000E+00 0.40000E-01 0,17940E+02 0.10108E+06 0.12065E+01 0,I3505E-02 0.55718E+04
0.50000E+02 0. I9000E+02 Q.3300QE+00 0,13000E+00 0.17940E+02 O.iOiiiE+06 0.12065E+01 0.24533E-02 0.10122E+05
0.750Q0E+02 0,19I00E+02 0.71000E+00 0.30000E+00 0.17940E+02 0.10116E+06 0.12067E+01 0.35988E-02 0.14S48E+05
0.1OG0OE+O3 0.19100E+02 0.12400E+D1 0.52000E+00 0.17940E+02 0.IOI24E+06 0.12077E+01 0.47578E-02 0.19630E+05
O.125Q0E+03 o.iaeooE+02 0.19100E+01 0.87000E+00 0.17940E+02 0,10132E+06 0.12099E+01 0.59103E-02 0.24384E+05
0.15000E+03 10700E+02 0,267008̂ 01 0.11700E+01 0.I7940E+02 0,10144E+06 0.12116E+01 0.69931E-02 0.28S52E+05
0.17500E+03 0.18200E+02 0.35500E+01 0,15600E+01 0.17940E+02 0.10156E+06 0.12152E+01 0.80753E-02 0.33317E+05
0.20000E+03 0,17700E+02 0.45200E+01 0.20000E+01 0.I7940E+02 0.10169E+06 0.12189E+01 0.91253E-02 0.37651E+05
0.22500E+03 0,17100E+02 0.56000E+01 0.25000E+01 0.17940E+02 0.10184E+06 0.12231E+01 0,10175E-01 0.41981E+05
0.25000E+03 0.15500E+02 0.69000E+01 0.31000E+OI 0.17940E+02 0.10201E+06 0.12320E+01 0.11336E-01 0.46769E+05
0.27500E+03 0.15100E+02 0.82000E+01 0.37000E+01 0,17940E+02 0.1021SE+06 0.12358E+01 0,12377E-01 0,510648+05
0.3000CE+03 0.14200E+02 0.99500E+01 0.43500E+01 0. 17940E+02 0.10246E+06 0,12430E+01 0,13673E-01 0.56413E+05

P(PSIG) RE H ZR WCQRR(KG/S)
0.25000E+02 0.55713E+04 0.47610E+00 0.10400E+01 0.14045E-02
0.50000E+Q2 0.10122E+05 0,476108+00 0.10370E+GI 0.25441E-02
0.75000E+02 0, 14843E+05 0.4761OE+OO 0.10330E+01 0.37176E-02
0.10000E+03 0=19A30E+05 0.47610E+00 0.10290E+01 0.4S958E-02
0.12500E+03 0.24384E+05 0.47610E+00 0,10270E+01 0.60699E-02
0.15000E+03 0.28852E+05 0.47610E+Q0 0,10250E+01 0.71679E-02
0.17500E+03 0.33317E+05 0,476108+00 0.10240E+01 0,8269 IE-02
0.20000E+03 0.37651E+05 0.4761OE+OO 0.10220E+01 0.93266E-02
Q.22500E+03 0.41931E+05 0.47610E+Q0 0.i02i0£+0i 0.10309E-01
0.25000E+03 0.46769E+05 0.47610E+00 0, 10200E+01 0.1I563E-01
0.27500E+03 0.51064E+05 0.47610E+00 0.10190E+01 0.12612E-01
0.30000E+03 0.56413E+05 0.47610E+00 0,10180E+01 0.13919E-01

CALIBRATION CONSTANTS ; A = 0.349077E-03 0.449691E-04

; A* = -0.527951E-02 8* =CORRECTED CONSTANTS 0.766807E-03



CALIBRATION OF ORIFICE NG.4,DIAi1ETER=2.5§a,USINB AIR
OSNEY LABS., 9th Nov 1987.

E EPS C 2 PAHB(ilM.HS) RU/KS ,K) XNU DPIPE(isa)
0 ,i 1370E+01 0 .iOOOOE+Ol 0.606008+90 0.100008+01 0.75750E+03 0.2B700E+03 C.17200E-04 9.26009E+02

PROCESSES!1 - RESULTS FOLLOW
PIPS IS) TIDES,0 AIIN.H20) 8IIN.H20) DIM) PUPA) RHOIKS/CU. SI) WIK3/S) RE

0.25000E+02 0,10300E+02 0.2800OE+0O 0. 11000E+00 0.17940E+02 0,lOilOE+06 0.12073E+01 0.22605E-02 0.93263E+04
0.500008+02 0.19000E+02 0.95OOOE+OO 0.43000E+90 0.179408+02 0,101198+06 0,12075E+01 0.41642E-O2 0.1718OE+05
O.75Q0OE+02 0 .I3900E+02 O.I9O0OE+O1 0,860008+00 0.17940E+02 O.10132E+06 0.12094E+01 0.5S933E-02 0.24316E+05
G.10000E+03 0,I3700E+02 0.3160QE+01 0.13800E+01 O.1794OE+02 0.10151E+06 0,121258+Dl 0,761048-02 0.313988+05
0.12500E+03 O.1O3OOE+02 O,47000E+01 O.2O50OE+O1 0.17940E+02 0.10172E+06 0.12167E+01 0,929768-02 0.38360E+05
0.15000E+03 0.179008+02 0,640008+01 0.28500E+01 O.17940E+02 0,101958+06 0,122118+01 0,100698-01 0.44S43E+O5
0.17500E+03 O.i 7200E+02 0.S6800E+01 0.38400E+01 0.1794OE+02 0.1C227E+06 0.12279E+G1 0.126938-O1 0.523688+05
0.20000E+03 O,1B000E+Q2 0,114008+02 0.494008+01 0. 179408+102 0,102678+06 0,123798+01 0,146058-01 0.6O253E+O5

PIPS IS) RE « ZR WCORRIKB/S)
0.25000E+02 0,932638+04 0.47610E+00 0,10400E+01 0,23509E-02
0.50000E+02 0.171S0E+O5 0.47610E+00 0,1G300E+OI 0,42091E-02
0.75000E+02 0.243168+05 0.476108+00 0, 10260E+01 O.60470E-O2
0,100008+03 0.313988+05 0.47610E+00 O,lO24OE+0i 0,779308-02
0.12500S+03 0.38360E+05 0.476108+00 0.10220E+01 0,950228-02
O.150008+03 0,443438+05 0.4761CE+00 O,10200E+01 0,11086E-C1
O,17500E+03 0,523638+05 0.47610E+00 O, I0190E+01 O.12934E-01
O.2OOOOE+03 0.60258E+05 0.47610E+0Q 0,iOlSOE+Ol O.14S68E-01

CALIBRATION CONSTANTS ; A 0.697758E-03 B 0 = 70321 IE-04

CORRECTED CONSTANTS A* = -0,567074E-02 8* 0.120Q10E-02
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CALIBRATION OF illl ORIFICE NO.4,DIAMETER 2.5aa,USINS AIR
OSNEY LABS., 9th Nav 1987.

E EPS C Z PAUBiHH.HB) R (J/KS.K) I WJ  DPIPEIa®)
0.i1370E+01 O.iOGOGE+OI 0.60600E+00 0.10000E+01 Q.75750E+03 0.2870QE+03 0.17200E-04 0.26000E+02

PROCESSED - RESULTS FOLLOW
p;psis) TIDES. 0 A(IN.H20! B(IN,H20) DIMM) PI(PA) RHO(KG/CU.M) W(K3/3! RE

0.50000E+02 0.20100E+02 0.9B0C0E+00 0.42000E+00 0.17940E+02 0.10120E+06 0.12030E+01 0.41783E-02 0,I7238E+05
0.10000E+03 0.20300E+02 0.30500E+01 0.13900E+01 0.17940E+02 0,10148E+06 0.12055E+01 0.74552E-G2 0,30753E-05
0.!5000Et03 0.20000E+02 0.64000E+01 G,2S500Ê 01 0.17940E+02 G,10175E+06 0.12123E+01 0.10830E-01 0.44682E+05
0.20000E+03 0.I9000E+02 0.iI200E+02 0.48000E+01 0.17940E+02 0.I026dEt06 0.12250E+01 0.14401E-01 0.59415E+05

P(FSIS) RE H ZR WCORROC8/S)
0.50000E+02 0.1723SE+05 0.476I0E+00 C.10310E+01 0.43078E-02
0.!0000Et03 0.30758E+05 0.4781^*00 0.1C250E+01 0.76416E-02
0.15000E+03 0.446B2E-S-05 0.476 iOE-f-OO 0.10230E+01 0.! 1079E-01
0.20000E+03 0.59415E+05 0.47610E+00 0.101S0E+0I 0.14E60E-0!

CALIBRATION CONSTANTS ; A = 0.79S413E-03 B = 0.689902E-04

CORRECTED CONSTANTS ; A? = -0.363U2E-02 B* = 0.LI0092E-02
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CALIBRATION OF fill ORIFICE NO, 1 DI ANET£R= l. Oas, US I NS C02
QSNEY LABS,, 10th Nov 1937,

E EPS C Z PAHB(Nfl.HS) RIJ/KS.K) KHU BPIPEias)
0.10300E+G1 0,1OOOOE+01 0,606503+00 0,10000E+01 0.755503+03 0.18900E+03 0,13800E-04 0.26C00E+02

PROCESSED - RESULTS FOLLOW
PIPS IS) TIDES,0 AIIN.H2D) BIIN.H20) 0(1111) PI (PA) RHDIKS/CU.H) w(KS/S) RE

0,500003+02 0,204003+02 0.160003+00 0.20000E-01 0,127003+02 0.10083E+06 0.18183E+01 0.95283E-03 0.692133+04
0,10D00E+03 0,202003+02 0,560003+00 0.i 4000E+00 0,127003-02 0.100903+06 0,13208E+01 0,170303-02 0,129573+05
O.150003+03 0. 19300E+02 0.123003+01 0.32000E+00 0,127003+02 0,101023+06 0,13286E+01 0.26493E-02 0.19245E+05
0.20000E+03 0.13300E+02 0,215003+01 0.57000E+00 0.127003+02 0.101193+06 0.10379E+01 0.35116E-02 0.25508E+05
0.250003+03 0,168003+02 0.341003+01 0.90000E+00 0.127003+02 0,10142E+06 0,18517E+0! 0.44390E-02 0.322443+05
o . m o o w z 0,14400E+02 0.495003+01 0,13000E+01 0,12700E+02 0,101713+06 0.187243+01 0.537803-02 0.3-0653+05
0.350003+03 0,ilOOOE+02 0.678003+01 0,178003+01 0.12700E+02 0.102043+06 0.190113+01 0,634213-02 0.460693+05
0.400003+03 0,7S000E+01 0.898003+01 0,236003+01 0.12700E+02 0.102453+06 0. 19303E+01 0.735493-02 0,534253+05
0.45000E+03 0.380003+01 0,114003+02 0,300003+01 0,12700E+02 0.10289E+06 0.196673+01 0,836463-02 0.607603+05
0,500003+03 -0.80000E+00 0,142003+02 0.372003+01 0.127003+02 0,10341E+06 0.201003+01 0.943773-02 0.68555E+05

P(PSIS) RE N ZR NCORRIKS/S)
0.50000E+02 0.692133+04 0.238593+00 0,10250E+01 0.976653-03
0.100003+03 0,129573+05 0.238593+00 0,101903+01 0.181773-02
0.15000E+03 0,19245E+05 0,238593+00 0.101403+01 0,263643-02
0.200003+03 0,255083+05 0.238593+00 0.101303+01 0.355733-02

253 1CE+03 0.32244E+05 0,233593+00 0.101203+01 0.449223-02
0,300003+03 0,390653+05 0.23859E+00 0,101203+01 0.544253-02
0,330003+03 0,460693+05 0.23859E+00 0,101103+01 0,641193-02
C.40000E+03 0,53 2̂53+05 0,23859E+00 C,10i00E+01 0.74284E-02
0,450003+03 0,607603+05 0,23859E+00 0.10090S+01 0,843993-02
0,500003+03 0.68555E+05 0.23859E+00 0.100S0E+01 0.951323-02

ChLIBRATIC!N CONSTANTS ; A = -0,1''69633-03 B = 0.1395S63-04

CORRECTED CONSTANTS ? fi* = -0.7003BIE-02 8* = C.320770E-03
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CALIBRATION OF Mil ORIFICE NO.l,DIAHETER=l,Omi,USING C02
OSNEY LABS., 10th Nov 19B7.

E EPS C Z PAHB(HH.HG) R(J/KG.K) XMU DPIPE(m )
0.10300E+01 0.10000E+01 0.6Q650E+00 0.1Q000E+01 0.75550E+03 0.1B900E+03 0.13S00E-04 0.26000E+02

PROCESSED - RESULTS FOLLOW
F'(PSIS) TIDES.0 A (1020) B (IN.H20) D(HK) PI(PA) RHOlKB/CU.H) W(KB/S) RE

0.50000E+02 0.1B800E+02 0.15000E+00 0.30000E-01 0.12700E+02 0. 100B3E+06 0.18282E+01 0.92508E-03 0.67197E+04
G.10000E+03 0.18400E+02 0.56000E+00 0.14000E+0G 0.12700E*02 0.10090E+06 0.1B321E+0I 0.I7893E-02 0.12997E+05
0.15000E+03 C.17800E+02 0.12000E+01 0.32000E+00 0.12700E+02 0.1C102E+06 0.18379E+01 0.26235E-02 0.19057E+05
0.2G0C0E+03 0.16600E+02 0.21600E+01 0.56000E+00 0,12700E+02 0.10119E+06 0.1B48BE+0! 0.35302E-02 0.25643E+05
G.25000E+03 0.14800E+02 0.3300GE+0I 0.S7QDCE-00 0.12700E+02 0.10140E+06 0.18642E+01 0.43815E-02 0.3IS27E+05
0.22500Ê 03 0.14300E+02 0.265G0E+01 0.70000E+00 0.12700Ê 02 0.10128E+Q6 0.1B652E+01 0.39275E-02 0.23529E+05
0.17500E+03 C.14400E+02 o.iiiooE+c: 0.42000E+00 0.12700E+02 0.10109E+06 0.28611E-01 0.30579E-02 0.22212E-J-05
0.12500E+03 0.143GCE+02 0.85000E+00 0.22000E+00 0.12700E+02 0.10035E+06 0.IS559E+01 0.22I88E-02 0.16117E+G5
0.7500CE+02 0.I5400E-02 0.320C0E+00 O.7G0O0E-01 0.12700E+G2 0.10086E+06 0.18503E+01 0.13593E-02 0.9S740E+0*

8(8518) RE M ZR WCORRiKG/S)
0.50000E+02 C.67I97E+04 0.23859E+0C 0.10250E+01 0.94821E-C3
0.10000E+03 0.12997E+05 0.23359E+00 0.IGIROE+Ol 0.18233E-02
0.15000E+03 0.19057E+05 0.23859E+00 0.10140E+Q1 0.26602E-02
0.20000E+03 0.25643E+05 0.23859E-S-00 0.10130E+01 0.35761E-02
0.25000E+03 0.31827E+05 0.23859E+0C 0.10120E+01 0.44341E-02
0.22500E+03 0.28529E+05 0.233598 0̂0 0.10I30E-?-01 0.39785E-G2
0.175G0E+C3 0.22212E+05 0.23B59E+00 0.10140E+01 0.31007E-02
0.12500E-5-03 Q.16U7E+05 0.23B59E+00 0.10150E+01 0.2252IE-02
0.75000E+02 0.98740E+04 0.23859E+00 0.102G0Ei 01 0.13S65E-02

CALIBRATION CONSTANTS ; A = 0.770374E-04 B = 0.173825E-04

CORRECTED CONSTANTS ; A* = -0.30088SE-02 B* = 0.295652E-03
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CALIBRATION OF ill I ORIFICE NQ.2,31ANETER=l.5aa, US I NS C02
OSN.EY LABS., 10th Nov 1987.

E EPS C Z PAHBIM.HS) RIJ/KB.K) XMU DPIPE(aa)
0.10300E+01 0. lOOOOE+OI 0.60650E+00 0.lOOOOE+Ol 0.75550E+03 0.13900E+03 0.13000E-04 0.26000E+02

PROCESSED - RESULTS FOLLOW
P(PSIS) TIDES.0 AIIN.H20) BIIN.H20) SIMM) Pi CPA) RHOCKS/CU.M) NIK3/S) RE

0.50000E+02 0.22900E+02 0.64000E+00 0.16000E+00 0.I2700E+02 0.IC092E+08 0.1S106E+01 0.1901 EE-02 0.13S13E+05
0,10000E+03 0.21200E+02 0.20300E+01 0.55000E+00 0,12700E+02 0.10I18E+06 0.13196E+0i 0.34367E-02 0,24964^05
0.15000E+03 0.19300E+02 0.43300E+01 0. 11300E+01 0.12700E+02 0=10161E+06 0.1S361E+01 0.50096E-02 0.3A339E+05
0.20000E+03 0,17500E+02 0.80000E+0? 0.21000E+01 0.12700E+02 0.I0227E+06 0. ;0626i:+vl 0.63191E-02 0.49534E+05
0.25000E+03 0.14500E+02 0.12520E+02 0.33000E+01 0.12700E+02 0 .10309E+06 0.18973E+01 0.96097E-Q2 0.62540E+05
0.300008-̂ 03 0.10200E+02 0.1735DE+02 0.46700E+01 0.12700E+02 0 .10408E+06 0.19445E+0I 0.1040BE-01 0.75599E+05

PIPS IS) RE n ZR sCORRIKS/3)
0.50000E+02 0.13013E+05 0.23859E+00 0.10200E+01 0.19396E-02
0.10000E+03 0.24964E+05 0.23859E+00 0.10130E+01 0.34S14E-02
0.15000E+03 0.363B9E+05 0.238598+00 0.10I20E+01 0.50697E-02
0.20000E*03 0.49534E+05 0.23S59E+C0 0.lOiOOE+Ol 0.68873E-02
0.25000E+03 0.62540E+05 0.23859E+00 0.10090E+01 0.36872E-02
0.30000E+03 0.75599E+05 0.23359E+00 0.10080E+01 0.1Q491E-01

CALIBRATION CONSTANTS ; A 0.735959E-04 B 0.343947E-04

CORRECTED CONSTANTS A* = -0.731108E-02 B* 0.586393E-03
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CALIBRATION OF HT1 ORIFICE N0.2,DIftHETER=t.5ia,USINB C02
O-SNEY LABS., 10th Nov 1987.

E EPS C 2 PAHBlfM.HB) R(J/KS.K) KNU DPIPE(iSfn)

0.11370E+01 0 .lOOOOE+Oi 0.60600E+00 0 .lOOOOE+Ol Q.75550E+03 O.18900E+03 0.I3800E-04 0.26000E-S-02

PROCESSED - RESULTS FOLLOW

P(PSIS) T(DEB.C) Af IN.H20) B(IN.H20> D(HH) PI(PA) RHO (KE/CU. !1) MiKS/S) RE

0.25000E+03 -0.30000E+01 0.25100E+01 0 .ilOOOE+Ol 0 .17940E+02 0 .10115E+06 0 .19821E+01 0.86721E-02 0.44594E+05

0.40000E+03 -0.42000E+01 0.63500E+01 0.28000E+01 0 .17940E+02 0.10160E+06 0.20015E+01 0 .13861E-01 0.71275E+05

0.375008+03 -0.75000E+01 0,565008+01 0.24800E+01 0 .17940E+02 0 .10159E+G6 0.20244E+01 0.13149E-01 0.67617E+05

0.35000E+03 -0.54000E+01 0.48600E+01 0.21200E+01 0.17940E+02 O.10143E+06 0.20064E+01 0.12141E-01 0.62432E+05

0.32500E+03 -0.65000E+01 0.42000E+01 0. 18300E+01 0.17940E+G2 0 .10I39E+06 0.20129E+01 0. H305E-01 0.58131E+05

0.30000E+03 -0.5200CE+01 0.36200E+01 0 .15600E+01 0.17940E+02 0.10131E+06 0.20018E+01 0 .i04i6E-Oi 0.53817E+05

P(FSIE) RE H ZR hICQRR (K3/3)

0.25000E+03 0.44594E+05 0.47610E+00 0. 10230E+01 0,8S716E-02

0.40000E+03 0-.71275E+05 0.47610E+00 0 ,1017CE+01 0. 1409SE-01

0.37500E+03 0.67S17E+05 0.4761OE+OO 0 .10170E+01 0 .13373E-01

0,350008+03 0.62432E+05 0.47610E+00 0.101B0E+01 0.123A0E-01

0.32500E+03 0.58131E+05 0.47610E+00 o.ioiaoE+oi 0 .11508E-01

0.30000E+03 0.53S17E+C5 0.47A1OE+OO 0 .10190E+01 0.10685E-0!

CALIBRATION CONSTANTS ; A = 0.103288E-03 B = 0.351266E-04

CORRECTED CONSTANTS ; A* = -0 .670808E-02 8* = 0.574886E-03
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CALIBRATION OF HTl ORIFICE SG.3,DIAHETER=2.0aa,USINB C02
OSNEY LABS., IOth Nqv 1987.

E EPS C Z PAHB(NH.HO) RU/KS.K) XHU DPIPE(ia)

0.113708+01 Q.IOOOQE+Ol 0.60600E+G0 O.IOOOOE+Ot 0,755508+03 0.18900E+03 0.13800E-04 0.26000E+02

PROCESSES]I - RESULTS FOLLOW

P(PSIS) t id e s .o ASIN.H20) BIIN.H20) D(HH) Pi(PA) RH01KS/CU.H) 8(KB/S) RE

0.35000E+03 -0.440008+01 0.142508+02 0.630008+01 0,179408+02 0.10270E+06 0.20245E+01 0.20S33E-01 0,107398+06

0.325008+03 -0.270008+01 0.125008+02 0,552008+01 0.179408+02 0 .10254E+06 0,200718+01 0,194748-01 0 ,10014E+06

0.300008+03 -0 . I2000E+01 0.106808+02 0.464008+01 0,179408+02 0,102308+06 0,199148+01 0,179318-01 0.92203E+05

0.27500E+03 -0 . iOOOOE+GO 0,385008+01 0.390008+01 0,179408+02 0,102038+06 0,197918+01 0.162638-01 0.336528+05

0.25000E+03 0.230008+01 0.745008+01 0.323008+01 0,179408+02 0.101058+06 0.195748+01 0.148478-01 0.763488+05

0.200008+03 0.560008+01 0.478008+01 0,210008+01 0,179408+02 0,101468+06 0,192698+01 0,113008-01 0.606778+05

0 .15000E+03 0.690008+01 0.270008+01 0,122008+01 0,179408+02 0,101168+06 0,191238+01 0,883468-02 0.45430E+05

0,100008+03 0.890008+01 0.130008+01 0,530008+00- 0,179408+02 0.100938+06 0,139528+01 0,610278-02 0.313328+05

0.750008+02 0,101008+02 0,780008+00 0.3500CE+00 0,17940E+02 0,100908+06 0.183588+01 0,471548-02 0,242488+05

0,500008+02 0.124008+02 0.400008+00 0,160008-00 0,179408+02 0.100368+06 0,186908+01 0,336248-02 0,172908+05

P(PSIG) RE n ZR aiCORRIKS/S)

0.35000E+03 0 .10739E+06 0.47610E+00 0,101408+01 0,211758-01

0.325008+03 0.100148+06 0.47610E+00 0,10140E+01 0.197478-01

0.300008+03 0.922038+05 0.476108+00 0.101508+01 0,132008-01

0,275008+03 0.B3S52E+05 0,476108+00 0 .10160E+01 0,165288-01

0.25000E+03 0.76340E+05 0.476108+00 0 .10160E+01 0.150058-01

0.200008+03 0.606778+05 0.476108+00 0.101708+01 0. 12000E-01

0.15000E+03 0.45430E+05 0,476108+00 0.101908*01 0.900258-02

0.100008+03 0.313828+05 0,476108+00 0, 10210E+01 0.623098-02

0.750008+02 0,242438+05 0,476108+00 0=102608+01 0.483808-02

0.50000E+02 0,172908+05 0.476108+00 0.103008+01 0.346328-02

CALIBRATION CONSTANTS ; A = 0,3033638-03 B = 0.5939038-04

CORRECTED CONSTANTS ; A* = -0,9390248-02 B* = 0.9803368-03
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CALIBRATION OF HT1 ORIFICE N0.3,DIAHETER=2.0f1H,USINS C02
OSNEY LABS., iith Ncv 1987.

E EPS C Z PAHS'(Hil.HS) R(J/K8.K) m  DPIPECsa)

0.11370E+01 0.10000E+01 Q.60600E+00 0 ,10000E+01 0.747Q0E+03 0. IB800E+03 0 .13800E-04 0.26000E+02

PROCESSED - RESULTS FOLLOW

P(PSIS) TIDES.0 AiIN.H20) BCIN.H20) D (Hil) PI(PA) RHOIKS/CU.H) W fKS/5) RE

0.50000E+02 0 .16600E+02 0.34000E+00 0 .14000E+00 0.17940E+02 0.99712E+05 0 .1S217E+01 0.30599E-02 0 .15735E+05

0 .10000E+03 0. 15500E+02 0.11000E+01 0.50000E+00 0. 17840E+02 0.99811E+05 0 .18305E+01 0.53170E-02 0.28370E+05

0 .15000E+03 0 ,12900E+02 0.27000E+01 0 .12000E+01 0.17940E+02 0 .10004E+06 0,185138+01 0,869258-02 0.44699E+05

0 .20000E+03 0.92000E+01 0.47000E+01 0.20400E+01 0 .17940E+02 0 .10032E+06 0 .1B810E+01 0 .11560E-01 0.59446E+05

0.25000E+03 0.29000E+01 0.73500E+01 0.32000E+01 0.1794CE+02 0 .10070E+06 0.19311E+01 0 .14643E-01 0.75322E+05

0.30000E+03 -0.33000E+01 0 .10600E+02 0.46000E+01 0.17940E+02 0 ,10116E+06 0 .19845E+0! 0 .17332E-01 0.91697E+05

0 .35000E+03 -0.12600E+02 0.14400E+02 0.63000E+01 0.17940E+02 0 .10163E+06 0.20660E+01 0.21207E-01 0 .10905E+06

P(PSIS) RE H 2R WCCRRiKS/S)

0.50000E+02 0. 15735E+05 0.47610E+00 0. 10350E+01 0.31670E-02

0 . IOQOOE+03 0.28370E+05 0.47610E+00 0 .10270E+01 0.56660E-02

0 .15000E+03 0.4*6898+05 0.47610E+00 0 .10210E+01 0.88751E-02

0.2000QE+Q3 0.59446E+Q5 0.476IDE+00 o.ioieoE+oi 0.117688-01

0.250Q0E+03 0.75322E+05 0.47610E+00 0.101608^01 0 .14882E-01

0.30000E+03 0.816878+05 0.47610E+00 0 .10130E+01 0 .18100E-01

0.35000E+03 0. 10905E+06 0.47610E+00 0 .10140E+01 0.21504E-01

CALIBRATION CONSTANTS ; A = -0.274606E-03 B = 0.613456E-04

CORRECTED CONSTANTS ; A* = -0.193891E-01 8* = 0 .102474E-02
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CALIBRATION OF Nil ORIFICE NQ.4,DIAi1E7ER=2.5Ni11!jSINS C02
OSNEY LABS., 11th Nov 1997.

E EPS C 2 PAHB(ilH.HG) RIJ/KO.K) m DPIPE(sa)

0.11370E+01 O.iOOOOE+Oi Q.60600E+00 0 . lOOOOE+Ol 0.74^00E+03 0 .18900E+03 0 .13S00E-04 0.2600QE+02

PROCESSED -  RESULTS FOLLOW

P(PSIB) T(DEB.C) AUN.H2Q! B( IN.H20) DIMM) PI(PA) RHO(KS/CU,H! WIKS/S) RE

0.25000E+02 0 .19300E+02 0.600009-01 0 .iOOOOE+OO 0.17940E+02 0.992529+05 0.17935E+01 0 .12754E-02 0-.655359+04

0.50000E+02 0 .1S-600E+02 0.10000E+01 0.42000E+00 0.17940E+02 0.99406E+05 0 .13037E+01 0.52216E-02 0.2685IE +05

0.75000E+Q2 0.16400E+02 0 .18200E+01 0.79000E+00 0,179409+02 0.99521E+05 0.181959+01 0.70752E-02 0.363829+05

0.10000E+03 0.12600E+02 0.32400E+01 0 .14000E+01 0.17940E+02 0.997209+05 0 .13474E+01 0.951219-02 0.439149+05

0.150009+03 0.640009*01 0.700009+01 0.30000E+01 0. 17940E+02 0 .10026E+06 0.139869+01 0.141749-01 0.728869^05

0.200009^)3 -0.25000E+01 0.12100E+02 0.52000E+01 0 .17940E+02 0.100989+06 0 .19752E+01 0. 190079-01 0.97740E+05

0.22500E+03 -0.720009*01 0.15200E+02 0.65000E+01 0.17940E+02 0 .10143E+06 0.20190E+01 0.215399-01 0.110769+06

P(PSIS) RE n ZR NCORRiKB/S)

0.25000E+02 0.655059*04 0.47610E+00 0, 10400E+01 0,13264E-02

0.50000E+02 0.263519+05 0.47610E+00 0.102709+01 0.53626E-02

0,750009+02 0.363029+05 0.47610E+00 0. 10250E+01 0.72520E-02

0.100009*03 0.48914E+05 0.47610E+00 0. 10200E+01 0.97024E-02

0.15000E+03 0.72386E+05 0.47610E+00 0 .10160E+01 0.14401E-01

0.20000E+03 0.977409+05 0.47610E+00 0 .10150E+01 0 .19292E-01

0.22500E+03 0.110769+06 0.47610E+00 0 .1014CE+01 0.21S40E-01

CALIBRATION CONSTANTS ; A = -0 .3 l2247E-03 B = 0.986213E-04

CORRECTED CONSTANTS ; A* = -0.29Q855E-01 B* = 0.165704E-02
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CALIBRATION OF Mil ORIFICE N0.4,DIAHETER=2.5HH!USIN6 C02
QSNEY LABS,, 11th Nqv 1987.

E EPS C Z PAiM II.HG) R(J/K8.K) XHLi DP IPE(a*)
0.11370E+01 0 .10000E+0L O,606OCEtOO 0, lOOOOE+Ol O.744OOE+03 O.189G0E+O3 O.13S00E-O4 0.26000E+02

PROCESSED - RESULTS FOLLOW

F(PS 13 > TIDES,C! A( IN,H20) B(IN,H20) D(«ID PI(PA! RHOiKO/CU.H! (*f (KG/S > RE

0.2500CE+02 0.2Q100E+02 O.240OOE+00 0 ,12000E-5-00 0 ,17940E+02 0.99291E+05 O,17924E+01 0.255OOE-02 0 .13113E+05

O.5O0OOE+O2 o.ieeooEtoo 0.99000E+OG 0.42000E+00 O.17940E+02 0.994O4E+O5 O:18024E+01 0.51936E-G2 O.26707E+O5
0.75000E+02 0.1570OE+O2 O,19OOOE^01 G.SsOOOE+DO 0 ,17940E+O2 G.99521E+05 G,1S239E+01 0.72377E-O2 0.3721SE+05

0,10000E+03 O.12700E+02 O,32000E-D1 0. 14200E+01 O,17940E+02 O.99705E+05 0.13465E+01 0.945D9E-O2 0,48599E-H35
0 .150C0E+03 0.71000E+01 0,70000E+01 O.3OOOOEt0l 0 .17940E+02 0 ,10G26E+G6 0.18938E+G1 O.14156E-01 0.72794E*05

O.20OOOE+O3 -O.30000E+00 0.121OOE+02 Q.52OO0E+Oi O.I7940E+02 G,1009OE+Oi O,19593E+01 0. 1393 IE -01 0.97345E+05

■ 0.22500E+03 -0.&9000E+C1 0 ,i3100E+02 O.66O0OE+O1 0 .17940E+O2 0 .10138E+06 O.20153E+01 0.2145OE-OI O,1103OE+06

P(PSIS) RE H ZR wCORR(K8/3)

0.25000E+02 O.13113E+05 0.4761OE+0O 0 .10370E+01 0.26444E-02
0.30000E+02 O.26707E+O5 0.47610E-j-00 O.1027OEf0i 0.5333SE-02
0.75C0OE+O2 0.37218E+05 0 ,'7610E+00 O,1025CE+G1 0.74IS7E-G2

0 .1O00OE+O3 0.40599Et05 0.4761OE+O0 G, 102OOE+O1 0.96399E-02
0.1500CE+O3 0,72794Et05 O.4761CE+O0 O.10160E+01 0,143S3E-01

0.2COOOE+O3 0.97345E+05 0.47610E+00 0 ,10150E+01 O.19214E-01

0.22500E+03 0 ,11030E+06 C.4761OE+00 0 .1014OE+C1 0.21751E-01

CALIBRATION CONSTANTS ; A 0.346912E-03 B 0.944924E-04

CORRECTED CONSTANTS A* = -0 .170256E-01 B* 0 ,15S891E-02

78



Table 6.1 Tabulation of Film-Cooling Experiments

Run Re XRe H XM Po To Tamb Tin.] € 6 I Di/Dg WIP SIP Cd
150 meas

695 2.554 -0.024 0.928 -0.254 3.397 373.5 290.1 269.0 1.253 1.461 ■ *i66 0.316 1.773 0.313 0.177 0.489
694 2.573 0.720 0.936 0.606 3.416 374.0 289.1 269.1 1.236 1.474 0.364 0.367 1.776 0.364 0.205 0.451
692 2.564 0.366 0.932 0.176 3.429 375.7 290.3 290.0 1.003 1.205 0.369 0.355 1.736 0.351 0.202 0.470
691 2.567 0.485 0.936 0.606 3.421 375.0 289.8 288.8 1.012 1.197 0.372 0.329 1.740 0.325 0.187 0.491
690 2.567 0.485 0.939 0.929 3.425 375.6 290.4 312.8 0.737 0.867 0.360 0.359 11752 0.356 0.203 0.454
689 2.568 0.524 0.939 0.929 3.432 376.1 290.0 311.6 0.749 0.881 0.360 0.340 1.761 0.337 0.191 0.466
688 „ 2.565 0.407 0.930 -0.039 3.393 372.1 289.9 255.3 1.421 1.575 0.837 0.952 1.771 0.951 0.537 0.645
687 2.564 0.368 0.931 0.069 3.409 373.8 239.3 254.5 1.412 1.589 0.336 0.942 1.785 0.941 0.527 0.645
686 2.532 -0.885 0.931 0.069 3.396 376.4 291.9 2-58.2 1.399 1.585 0.827 0.954 1.763 0.954 0.541 0.638
685 2.530 -0.963 0.930 -0.039 3.395 376.5 291.5 257.1 1.4(35 1.582 0.829 0.955 1.771 0.955 0.539 0.638
684 2.533 -0.846 0.933 0.284 3.404 377.2 292.3 274.3 1.212 1.390 0.826 0.959 1.766 0.959 0.543 0.635 i
683 2.533 -0.846 0.931 0.069 3.395 376.2 291.6 271.0 1.244 1.419 0.337 0.937 1.783 0.937 0.526 0.647
682 2.543 -0.454 0.932 0.176 3.409 376.3 290.5 269.3 1.247 1.413 0.836 0.895 1.792 0.894 0.499 0.660
681 2.541 -0.533 0.930 -0.039 3.404 375.9 290.5 269.0 1.252 1.424 0.837 0.953 1.795 0.953 0.531 0.640
680 2.554 -0.024 0.931 0.069 3.407 374.8 289.2 286.1 1.036 1.195 0.823 0.919 1.782 0.919 0.516 0.647
678 2.543 -0.454 0.930 -0.039 3.396 375.0 290.5 287.9 1.031 1.185 0.833 0.912 1.753 0.911 0.520 0.659
676 2.561 0.250 0.945 1.574 3.464 380.5 292.9 319.4 0.697 0.835 0.819 0.818 1.749 0.817 0.467 0.685
675 2.535 -0.768 0.936 0.606 3.429 379.5 292.5 320.4 0.679 0.808 0.325 0.874 1.739 0.874 0.502 0.669
674 2.545 -0.376 0.938 0.821 3.435 379.1 292.1 315.2 0.734 0.S66 0.830 0.843 1.765 0.842 0.477 0.680
673 2.553 -0.063 0.941 1.144 3.427 377.7 291.7 316.6 0.710 0.326 0.828 0.829 1.750 0.827 0.473 0.688
672 2.517 -1.472 0.931 0.069 3.405 379.0 292.5 257.8 1.401 1.611 0.521 0.590 1.771 0.587 0.331 0.510
671 2.544 -0.415 0.936 0.606 3.419 377.5 292.0 256.5 1.415 1.635 0.519 0.588 1.773 0.535 0.330 0.503
670 2.509 -1.785 0.930 -0.039 3.406 379.9 293.1 256.7 1.419 1.651 0.523 0.618 1.783 0.614 0.345 0.498
669 2.523 -1.237 0.930 -0.039 3.408 378.3 292.1 255.6 1.424 1.675 0.522 0.606 1.784 0.603 0.338 0.502
667 2.529 -1.003 0.928 -0.254 3.403 377.0 292.7 270.4 1.265 1.500 0.524 0.570 1.784 0.566 0.317 0.520
666 2.523 -1.237 0.931 0.069 3.411 378.9 292.0 268.0 1.276 1.498 0.526 0.581 1.808 0.578 0.320 0.513
665 2.541 -0.533 0.931 0.069 3.395 375.2 290.9 269.3 1.256 1.453 0.525 0.576 1.783 0.572 0.321 0.513
664 2.536 -0.728 0.927 -0.361 3.402 376.0 290.4 271.1 1.225 1.437 0.523 0.562 1.773 0.558 0.315 0.524
663 2.522 -1.277 0.925 -0.576 3.406 377.7 291.9 289.7 1.026 1.242 0.522 0.535 1.763 0.531 0.301 0.538
662 2.535 -0.768 0.932 0.176 3.419 378.1 291.6 289.7 1.022 1.215 0.520 0.556 1.765 0.552 0.313 0.525
661 2.537 -0.689 0.930 -0.039 3.421 377.8 290.9 288.7 1.025 1.235 0.521 0.552 1.772 0.548 0.309 0.527
660 2.550 -0.180 0.933 0.284 3.424 376.9 290.5 287.8 1.031 1.239 0.520 0.531 1.771 0.528 0.298 0.537
659 2.537 -0.689 0.930 -0.039 3.413 377.2 290.5 313.8 0.731 0.882 0.522 0.497 1.758 0.494 0.281 0.558
658 2.534 -0.807 0.930 -0.039 3.401 376.5 291.1 315.6 0.713 0.844 0.522 0.509 1.745 0.505 0.289 0.554
657 2.540 -0.572 0.926 -0.469 3.414 376.4 290.0 313.7 0.726 0.891 0.521 0.545 1.756 0.542 0.308 0.533
656 2.549 -0.220 0.926 -0.469 3.407 374.8 289.0 315.7 0.689 0.839 0.520 0.526 1.737 0.522 0.301 0.544
649 2.576 0.837 0.931 0.069 3.423' 373.6 288,1 274.3 1.161 1.427 0.206 0.326 1.737 0.322 0.186 0.274
648 2.583 1.111 0.926 -0.469 3.406 370.8 286.9 272.5 1.172 1.443 0.207 0.326 1.735 0.322 0.186 0.276
647 2.552 -0.102 0.926 -0.469 3.409 374.7 288.6 270.6 1.209 1.456 0.209 0.350 1.766 0.347 0.196 0.265
646 2.573 0.720 0.933 0.284 3.421 374.1 288.1 272.6 1.180 1.424 0.207 0.343 1.750 0.340 0.194 0.267
643 2.516 -1.511 0.931 0.069 3.417 380.3 293.3 292.7 1.007 1.221 0.208 0.307 1.762 0.304 0.173 0.283
642 2.537 -0.689 0.930 -0.039 3.412 377.2 290.8 290.8 1.000 1.214 0.208 0.321 1.753 0.317 0.181 0.278
641 2.490 -2.529 0.927 -0.361 3.414 382.6 295.5 293.8 1.020 1.261 0.208 0.342 1.759 0.338 0.192 0.269
640 2.502 -2.059 0.928 -0.254 3.417 381.5 294.7 293.5 1.014 1.235 0.208 0.334 1.757 0.330 0.188 0.272
639 2.497 -2.255 0.928 -0.254 3.406 381.2 294.0 316.1 0.746 0.894 0.208 0.332 1.753 0.329 0.187 0.273
638 2.510 -1.746 0.732 0.176 3.414 380.6 293.6 315.0 0.754 0.899 0.208 0.310 1.756 0.307 0.175 0.282
637 2.494 -2.373 0.933 0.284 3.419 383.2 295.9 316.6 0.763 0.923 0.208 0.321 1.759 0.318 0.181 0.276
636 2.478 -2.999 0.929 -0.146 3.405 383.5 295.8 315.1 0.780 0.931 0.209 0.316 1.769 0.313 0.177 0.280
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Run - Re ZRe M W Po To Taab Tinj e 6 I Di/Dg WIP SIP Cd
iso aeas

552 2.592 1.464 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 3.379 365.7 284.0 264.9 1.234 1.427 1.096 1.298 1.765 1.305 0.739 0.724
550 2.598 1.698 0.925 -0.576 3.372 366.0 284.3 266.9 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 3.376 364.8 283.6 263.3 1.250 1.442 1.100 1.323 1.773 1.331 0.751 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 1.829 1.281 0.701 0.728
547 2.613 2.286 0.929 -0.146 3.382 365.7 283.3 245.4 1.460 1.673 1.126 1.078 1.867 1.080 0.578 0.793
546 2.616 2.403 0.929 -0i146 3.379 365.1 282.8 248.0 1.423 1.616 1.120 1.374 1.850 1.383 0.748 0.702
545 2.624 2.716 0.929 -0.146 3.375 363.9 282.6 255.0 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 1.865 1.521 0.815 0.671
538 2.591 1.424 0.922 -0.899 3.370 366.3 285.2 248.7 1.450 1.646 1.123 1.369 1.852 1.378 0.744 0.705
536 2.595 1.581 0.931 0.069 3.383 367.9 285.4 283.8 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 3.364 366.1 284.4 282.8 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 1.250 0.689 0.732
531 2.597 1.659 0.925 -0.576 3.369 365.9 286.2 308.0 0.727 0.879 1.096 1.208 1.804 1.214 0.673 0.742
530 2.604 1.933 0.927 -0.361 3.358 364.4 284.2 307.0 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 3.371 369.7 286.9 308.0 0.745 0.877 1.101 1.238 1.822 1.244 0.683 0.733

Re = Blade Reynolds nuaber ( Mean = 2.555E6 )
m = Mach nuaber ( Mean = 0.930 )
Po = Inlet total pressure (bar)
To = Inlet total teaperature (K)
Taab = Aabient teaperature (K)
Tinj = Injection teaperature (K)
© = Non-diaensional teaperature difference ratio
(iso = isotheraal wall value ; aeas = aeasure point value)

6
I
Di/Dg

= Blowing rate
: Moaentua flux ratio
= Injection to freestreaa density ratio

HIP = Heak 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 leve l student T - f i t .

%Re and %M are deviations from mean values of Reynolds number and Mach number 
resp ec tiv e ly .
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RUN T i (K) TaeasfKj iTmeas ZPo ZTo XTaub ZRe ZN XDi/Dg IQ
iso #eas

Z6

695 269.0 302.0 -0.11 -0.17 -0.22 0.18 -0.02 -0.25 0.01 2.09 1.63 0.23
694 269.1 302.8 0.17 0.38 -0.09 -0.17 0.72 0.61 0.18 0.70 2.54 -0.32
692 290.0 304.6 0.76 0.77 0.36 0.25 0.37 0.18 -2.08 -1.58 -1.08 1.05
691 •288.8 303.0 0.22 0.53 0.18 0.07 0.49 0.61 -1.85 -0.69 -1.73 1.87
690 312.8 303.1 . 0.27 0.65 0.34 0.28 0.49 0.93 -1.17 1.07 -0.51 -1.41
689 311.6 302.9 0.20 0.85 0.47 0.14 0.52 0.93 -0.67 2.71 1.18 -1.41
688 255.3 298.0 -1.45 -0.29 -0.60 0.11 0.41 -0.04 -0.10 0.58 -2.51 0.77
687 254.5 298.7 -1.19 0.18 -0.14 -0.10 0.37 0.07 0.69 -0.06 -1.65 0.65
686 258.2 301.8 -0.16 -0.20 0.55 0.80 -0.89 0.07 -0.55 -0.98 -1.89 -0.43
685 257.1 301.0 -0.43 -0.23 0.58 0.66 -0.96 -0.04 -0.10 -0.55 -2.06 -0.19
684 274.3 303.2 0.28 0.03 0.76 0.94 -0.85 0.28 -0.38 -1.25 -3.33 -0.55
683 271.0 302.0 -0.10 -0.23 0.50 0.70 -0.85 0.07 0.57 1.35 -1.33 0.77
682 269.3 300.6 -0.58 0.18 0.52 0.32 -0.45 0.18 1.08 1.60 -1.73 0.65
681 269.0 300.8 -0.50 0.03 0.42 0.32 -0.53 -0.04 1.25 2.01 -0.97 0.77
680 286.1 300.6 -0.57 0.12 0.12 -0.13 -0.02 0.07 0.52 1.66 -1.88 -0.31
678 287.9 301.5 -0.27 -0.20 0.18 0.32 -0.45 -0.04 -1.12 1.17 -2.69 0.29
676 319.4 307.4 1.68 1.79 1.65 1.14 0.25 1.57 -1.34 -4.42 -4.14 -1.39
675 320.4 306.4 1.33 0.77 1.38 1.01 -0.77 0.61 -1.91 -6.89 -7.30 -0.67
674 315.2 305.4 1.00 0.94 1.27 0.87 -0.38 0.82 -0.44 0.66 -0.61 -0.07
673 316.6 303.8 0.49 0.71 0.90 0.73 -0.06 1.14 -1.29 -2.64 -5.17 -0.31
672 257.8 303.8 0.48 0.06 1.25 1.01 -1.47 0.07 -0.10 -0.83 -0.30 -0.18
671 256.5 303.5 0.39 0.47 0.84 0.83 -0.42 0.61 0.01 0.16 1.17 -0.56
670 256.7 305.3 0.99 0.09 1.49 1.21 -1.79 -0.04 0.57 0.44 2.20 0.20
669 255.6 305.0 0.89 0.15 1.06 0.87 -1.24 -0.04 0.63 0.79 3.64 0.01
667 270.4 305.9 1.18 0.00 0.71 1.08 -1.00 -0.25 0.63 3.06 4.32 0.40
666 268.0 304.9 0.85 0.24 1.22 0.83 -1.24 0.07 1.98 3.96 4.21 0.78
665 269.3 302.3 0.01 -0.23 0.23 0.45 -0.53 0.07 0.57 2.33 1.08 0.59
664 271.1 303.0 0.23 -0.03 0.44 0.28 -0.73 -0.36 0.01 -0.19 -0.05 0.20
663 289.7 306.8 1.48 0.09 0.90 0.80 -1.28 -0.58 -0.55 0.68 1.92 0.01
662 289.7 305.3 1.00 0.47 1.00 0.70 -0.77 0.18 -0.44 0.29 -0.28 -0.37
661 288.7 305.6 1.10 0.53 0.92 0.45 -0.69 -0.04 -0.05 0.58 1.34 -0.18
660 287.8 305.0 0.88 0.62 0.68 0.32 -0.18 0.28 -0.10 1.17 1.67 -0.37
659 313.8 305.4 1.00 0.30 0.76 0.32 -0.69 -0.04 -0.84 0.24 1.25 0.01
658 315.6 304.4 0.67 -0.06 0.58 0.52 -0.81 -0.04 -1.57 -2.22 -3.11 0.01
657 313.7 306.0 1.22 0.32 0.55 0.14 -0.57 -0.47 -0.95 -0.44 2.30 -0.18
656 315.7 304.4 0.68 0.12 0.12 -0.20 -0.22 -0.47 -2.02 -5.52 -3.64 -0.37
649 274.3 304.0 0.57 0.59 -0.20 -0.51 0.84 0.07 -2.02 -5.41 -0.73 -0.88
648 272.5 302.6 0.11 0.09 -0.95 -0.93 1.11 -0.47 -2.13 -4.51 0.34 -0.40
647 270.6 303.2 0.29 0.18 0.10 -0.34 -0.10 -0.47 -0.38 -1.50 1.28 0.56
646 272.6 302.8 0.17 0.53 -0.06 -0.51 0.72 0.28 -1.29 -3.86 -0.96 -0.40
643 292.7 308.6 2.07 0.41 1.59 1.28 -1.51 0.07 -0.61 -1.18 0.26 0.08
642 290.8 306.0 1.23 0.27 0.76 0.42 -0.69 -0.04 -1.12 -1.87 -0.33 0.08
641 293.8 312.1 3.24 0.32 2.21 2.04 -2.53 -0.36 -0.78 0.09 3.47 0.08
640 293.5 310.3 2.63 0.41 1.91 1.77 -2.06 -0.25 -0.89 -0.50 1.41 0.08
639 316.1 308.5 2.03 0.09 1.83 1.52 -2.26 -0.25 -1.12 2.30 2.64 0.08
638 315.0 307.6 1.76 0.32 1.67 1.39 -1.75 0.18 -0.95 3.40 3.19 0.08
637 316.6 311.1 2.89 0.47 '2.37 2.18 -2.37 0.28 -0.78 4.63 6.00 0.08
636 315.1 310.1 2.56 0.06 2.45 2.15 -3.00 -0.15 -0.22 6.96 6.92 0.56
552 267.4 294.8 -2.50 -0.73 -1.77 -1.69 1.46 -0.25 -0.89 -1.58 -4.39 -1.12
551 264.9 295.0 -2.41 -0.70 -2.31 -1.93 2.21 -0.04 -0.44 0.54 -0.77 -0.94
550 266.9 296.1 -2.07 -0.91 -2.23 -1.83 1.70 -0.58 -1.06 -1.17 -1.43 -1.03
549 263.3 294.4 -2.62 -0.79 -2.55 -2.07 2.32 -0.36 0.01 1.84 0.30 -0.58
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RUN Ti(K) Taeas(K) ZTmeas Wo 2 To ZTamb ‘/Re m 20i/Dq •tA
150

©
me as

IS

548 256.7 295.7 -2.19 -0.29 -1.96 -1.69 n n j -0.04 3.17 -5.15 -4.27 0.51
547 245.4 293.8 -2.83 -0.62 -2.31 -2.17 ? 09 -0.15 5.31 3.34 3.53 1.77
546 248.0 292.6 -3.20 -0.70 -2.47 -2.34 2.40 -0.15 4.35 0.72 0.04 1.23
545 255.0 294.1 -2.71 -0.82 -2.79 -2.41 2.72 -0.15 1.08 -5.15 0 OC “J.uU -0.12
540 244.2 291.4 -3.61 -0.91 -3.43 -2.72 3.30 -0.58 5.20 4.05 3.60 1.68
538 248.7 294.9 '-2.47 -0.97 -2.15 -1.51 1.42 -0.90 4.47 2.63 1.86 1.50
536 283.8 297.5 -1.59 -0.59 -1.72 -1.45 1.58 0.07 -3.20 0.09 -1.85 -0.40
535 282.8 297.5 -1.58 -1.14 -2.20 -1.79 1.23 -1.22 -3.26 0.09 -0.23 0.33
532 309.0 301.0 -0.45 -1.03 -1.53 -0.93 0.84 -0.25 2.21 0.11 1.20 -0.76
531 308.0 300.0 -0.77 -1.00 -2.25 -1.17 1.66 -0.58 1.76 -0.30 0.93 -0.94
530 307.0 297.3 -1.67 -1.32 -2.66 -1.86 1.93 -0.36 1.70 -1.81 -1.80 -0.67
529 308.0 299.4 -0.98 -0.94 -1.24 -0.93 0.56 -0.04 2.77 2.16 0.66 -0.49

Maximum Dositive error 3.241 1.794 2.447 2.180 3.303 1.574 5.313 6.963 6.919 1.871
Maximim 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 r 374.339 K
Tamb = 289.586 K 
Re = 2.555 
M r 0.930 
Di/Dg = 1.773 
Tmeas = 302.321 K

%values are deviations from the given mean va lues.

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

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

Bloving rates:- 
0.208 : 0.365 : 0.522 ; 0.831 ; 1.106
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638
639-
642
643
648
649
690
692
695
658
659
662
663
666
667
671
672
675
676
680
683
684
687
688
531
532
536
552
550
548
540
547

Re M Po To Taab Taeas €) 6 1
iso me as

2.494 0.931 3.410 382.050 294.700 315.048 0.915 0.767 0.209 0.313
2.496 0.931 3.412 382.200 294.950 316.369 0.909 0.755 0.208 0.326
2.520 0.929 3.414 379.350 292.750 292.142 1.225 1.007 0.208 0.328
2.503 0.929 3.416 381.450 294.400 293.224 1.241' 1.013 0.208 0.325
2.578 0.930 3.414 372.450 287.500 272.545 1.433 1.176 0.207 0.335
2.564 0.928 3.416 374.150 288.350 272.470 1.442 1.185 0.208 0.338
2.568 0.939 3.428 375.850 290.200 312.209 0.874 0.743 0.360 0.350
2.566 0.934 3.425 375.350 290.050 289.411 1.201 1.008 0.370 0.342
2.563 0.932 3.407 373.750 289.600 269.032 1.468 1.245 0.365 0.342
2.542 0.928 3.404 375.650 290.050 315.647 0.842 0.701 0.521 0.513
2.539 0.928 3.414 376.800 290.250 313.748 0.887 0.729 0.522 0.521
2.543 0.933 3.421 377.500 291.050 288.759 1.227 1.026 0.520 0.544
2.530 0.928 3.414 377.750 291.400 289.198 1.238 1.026 0.522 0.544
2.530 0.929 3.407 377.450 291.200 269.578 1.468 1.251 0.525 0.572
2.535 0.929 3.399 376.100 291.800 269.840 1.477 1.261 0.525 0.573
2.526 0.933 3.412 378.700 292.550 256.624 1.643 1.417 0.521 0.603
2.520 0.931 3.407 378.650 292.300 256.682 1.643 1.413 0.522 0.598
2.544 0.938 3.428 378.600 292.100 318.534 0.817 0.695 0.826 0.852
2.553 0.942 3.450 379.800 292.500 317.342 0.851 0.716 0.825 0.831
2.549 0.931 3.401 374.900 289.850 286.999 1.190 1.034 0.831 0.916
2.537 0.931 3.400 376.050 291.050 269.968 1.421 1.248 0.837 0.945
2.538 0.933 3.407 376.750 291.400 271.804 1.401 1.230 0.831 0.927
2.547 0.931 3.402 375.150 290.400 255.781 1.586 1.408 0.833 0.948
2.549 0.931 3.395 374.250 290.900 256.739 1.580 1.410 0.832 0.953
2.583 0.928 3.370 367.800 286.550 307.986 0.878 0.736 1.099 1.223
2.590 0.928 3.363 366.500 285.550 307.968 0.869 0.723 1.099 1.254
2.591 0.925 3.374 367.000 284.900 283.258 1.206 1.020 1.106 1.387
2.602 0.929 3.378 366.700 284.350 266.159 1.401 1.221 1.095 1.291
2.606 0.926 3.374 365.400 283.950 265.099 1.430 1.232 1.098 1.347
2.618 0.930 3.384 365.450 283.650 255.838 1.554 1.340 1.109 1.202
2.615 0.924 3.371 363.900 283.450 246.450 1.660 1.460 1.124 1.439
2.615 0.929 3.381 365.400 283.050 246.692 1.645 1.442 1.123 1.226
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FIGURES
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Fig. 1.1 Axial effectiveness distributions for injection through a single
hole at an injection angle of 35° and blowing rate of 0.5 [Ref. 1.2].

BLOiVING R A T E

Fig. 1.2 Comparison of the centre-line film cooling effectiveness for single hole and multiple 
hole injection at an injection angle of 35° and various blowing rates [Ref. 1.2].
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Fig. 1.3 Effect of density ratio on h/hQ for normal injection through a row of holes [Ref. 1.4].
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Fig. 1.4 Effect of density ratio on h/hQ for 35° injection through a row of holes [Ref. 1.4].
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Fig. 1.5 Variation of Stanton number with blowing rate for three injection geometries [Ref. 1.7].
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Fig. 1.6 Non-dimensionalised Nusselt number against 0  for four 
injection-to-freestream temperature ratios [Ref. 1.10].

BLOWING RATE

Fig. 1.7 Variation of level of heat transfer with blowing rate and
injection-to-freestream temperature ratios at 0=1.3 [Ref. 1.10].
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Fig. 1.8 Variation of heat transfer with gas-to-wall temperature 
difference at a blowing rate of 1.45 [Ref.1.10].
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Fig. 1.9 Variation of heat transfer with gas-to-wall temperature 
difference at a blowing rate of 0.45 [Ref. 1.10].
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Fig. 1.10 Correlation of film-cooling data - slot data [Ref. 1.11].
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Fig. 1.11 Correlation of film-cooling data - double row data [Ref.1.11],
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Fig. 1.13 Classical secondary flow model of Hawthorne [Ref. 1.12].

Stream surface

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].

Fig. 1.16 Endwall adiabatic temperature contours [Ref.1.13].

Fig. 1.17 Endwall Nusselt number contours [Ref.1.14].
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G = 0.75

Fig. 1.18 Endwall film-cooling effectiveness contours [Ref. 1.15].
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Fig. 2.1 Schematic representation of the 1LPC facility [Ref.2.1].
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Fig. 2.2 Idealised pressure-time history [Ref.2.1].
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Fig. 2.3 Similarity in the thermofluid behaviour of air and CO2 in the fllm-cooling process [Ref.2.3].
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Fig. 4.1 Current engine endwali cooling configuration [Ref.4.1].



Fig. 4.2 Predicted endwall Mach number distribution [Ref.4.1].
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Fig. 5.1 Schematic diagram of injection orifice calibration system.
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Fig. 5 .3  Injection orifice calibrations tor C O 2*
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Fig. 5.4 Film-cooling injection system.
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Fig. 5.5 Injection gas heating system.
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Fig.5.7 Endwall instrumentation coverage.
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Fig. 7.5 Predicted Mach number distribution without cooling.
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Fig. 7.6 Experimental Mach number distribution without cooling.
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Fig. 7.7 Experimental Mach number distribution with cooling.
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Fig. 7.17 Endwall Nu for G = l.l l ,  9=1.62 non-dimensionalised
with uncooled endwall Nu.
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