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I
, ABSTRACT

Two topics have been studied related to the cooling of
the end wall of a turbine passage . The first concerns the deve-
lopment of a method for measuring the adiabatic wall effectiveness
and -heat transfer coefficient of a film cooling system for

protecting a surface from high heating derived from a hot compres-
sib le flow. The second concerns the measurement of the heat
transfer rate distribution to a turbine cascade end wall tn order
to choose an appropriate film cooling system . These are related
to provi ding the background to the final phase of the study in
which the effectiveness of a film cooling system to cool a turbine
end wall wi ll be made , combined with the measurement of the aero-
dynamic losses incurred by such a system .
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INTRODUCTION

-~ 
- Film cooling is increasingly being used to protect

heated components in advanced gas turbine eng ines used in aero- H
space applications. For manufacturing and strength reasons , the
in jection of coolant onto the surface Is usually through a grouping

of incl ined holes. In the region near the wall downstream of
In jection when the film is most effective in protecting the blade
surface the flow behaviour is dominated by three-dimensional
effects mainly of a viscous nature . In applying cooling 

- to
surfaces in passages between blades in small gas turbines , the
flow Is further compl icated by the three -dimensional behaviour
associated with the exis tence of pronounced secondary flows.
The resul ting situation is such that at present it is necessary
to place most reliance on experimentally based empirical relations
to provide information for designers .

The major ity of fundamental research studies on film
L cooling have been carried out under incompressible flow situations

(ref.1) and a large proportion of these have been In slot cooling.
Such studies provide the fundamental bases for prediction methods
emp i rical or otherw i se , however accurac y in calculating real
turbine flows can only be expected to be achieved under more
realist ically simulated conditions. Blow down tunnels have been
used to provide both Mach number and Reynolds number simulation
(ref. 2) bu t the temperature field simulation has sometimes been
ignored. More recently, short duration wind tunnels have been
ap plied to the turbine film cooling problem to provide more
ap propriate temperature field scaling (e.g, ref.3 & 4 )

The work involved in this research is related to studies
carried out in piston driven short duration tunnels on the heat

• - transfe r to surfaces in an inlet guide vane passage and the effect
of film cool ing such a passage. The first part of the study ,
repor ted In ref. 5, was concerne d with the examination of the effect
of wall curvature , pressure gradient , Mach number , Reynolds number
and flow tem perature on film cooling effectiveness In two—dimensional
flow situations.
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The isothermal wall effectiveness parameter (1 - q~/q0) was used
to anallze the results. It was discussed that the usefulness of
the data however could be extended by determining an “adiabatic ”
film cooling effectiveness derived from experiments carried out
with different coolant temperatures. The development and use of
this technique in the small compression tube CT-i is described in
the present report. Reported in the second part of this report
are the measurements of heat transfer on the end wall of a cascade
of vanes typical of that in an advanced turbine. These studies
provide the ingredients to the final years study of the measurement
of film cooling effectiveness in regions of secondary flow .
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PART 1 - FILM COOLING OF A TWO-DIMENSIONAL SURFACE

1. DISCUSSION OF FILM COOLING EF FECTIVENESS

The hea t transfe r at a particular position on a film
cooled turbine blade is usually represented by the equation

qf = lif (Taw -Tv) (1)

where Taw is the adiabatic wall temperature of the flow
(closel y related to the local temperature of the film ) and hf is

: the associated heat transfer coefficient which has a value not too
far different from that without film cooling in a flow with main-

.1 !  stream recovery temperature , Tm ’ given In the relation

-
• 

q0 = h0 (Tm - Tw) (2)

The ad iabatic wall temperature Taw ’ is normally defined
in terms of the film cooling adiabatic wall effectiveness para-
me ter , n given by

= 

Trm - 
Taw 

(3)
Trm Trc

where Trc is the recove ry temperature of the coolant.
In design work; the hea t transfer rate is normally determined from
values of i-i and hf (availa ble from experiments , empirical relati on-
ships or predi ctive techniques ), us ing the relationship

qf = h f (T rm - 

~~~~~~~ 

(1 - 

~ 0) (4)

where 0 is a compress ible flow version of the non—dimens ional
parameter firs t introduc ed by Metzger et al (ref. 6) defining
the level of the coolant temperature with respect to the wall
temperature In terms of the mainstream temperature :i.e

a = 

Trm - Trc (5)
Trm~~~Tw

—. 
~
----5
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In order to avoid the difficulty of dealing with the adiabatic

wall temperature , an alternat ive relation to eq.1 is

q f = h (T rm - T
~
) (6)

In this relation the only parameter that can reflect the behaviour

of the coolan t tempera ture i s th is newl y defined heat transfer

coeffic ient h. Its effect can be seen by combining eqs.(6)and(4),i .e.:

h = hf (1 — 

~o) (7)

wh ich equation is plotted in fig.1 with the heat transfe r coef-
fic ients non-dimensionalized by dividing by h0. Then hf and n
can be determined from the measurement of the heat transfer coef-
ficient h at two values of 0, i.e.:

h 1 = hf (1 — n O i)

h2 = hf (1 fl0 2) (8)

wh = 
1 .. h 2 - h 1
h=O 2 0 1 102

and h — h — h20 1- h 1e2 10f — 0=0 — 
01 02 -

The assumption of lineari ty of the temperature field , implied in
eqs.(1),(2) and (6), should be examined for the design case In
wh i ch total , wall and coolan t temperature may be at levels of the
order of 2000. K , 1200 K and 600 K respectively for a future pro-
jected turbine. The fluid temperature and hence the gas density
grad ient are so hig h as to suspect the accuracy of an assumption
concern ing a constant property fluid even though the flow Mach
num ber may be small and experimen ts are necessary to examine the
Implications of this. However , the ach ievement of linearity In
the relationshi p h ‘

~~ e is not essential as long as measurements
are made In the 0 range of Interest. This range is normally from
1.25 to 1.75 for aircraft propuls ion units.

_ _  - — —- - -5— -—-- 55-5-— —5-- -5-- --— ~~~--—-5- - 5 - -  
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In such a situation an assumption of linearity can be used to

approximate the results to get appropriate values of hf and ~
by extrapolation, used together to determine h of qf in the
region of i nterest , the original measurement accuracy will be

- 

real ized in a des 4gn calculation.

I
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2. EXPERIMENTAL EQUIPMENT FOR FILM COOLING STUDY.

2.1 The isen tropic light piston tunnel Cli

The VKI isen tropic light piston tunnel (ILPT) CT1 is
used for this part of the study - (fig. 2) The test gas contained
in a 3.25m long 102mm diameter tube is compressed and heated isen- —

tropically by a 60g free running nylon piston driven by gas ente-
ring from a 40 atm pressure reservoir. When the gas achieves the
pre-desi gnated pressure and hence temperature , a fast operating
shut ter valve is opened in 4msec allowing the test gas to flow

H through the test section. The volumetric flow of the gas entering
the tube from the reservoir and the gas leaving the tube through
the test secti on are ma tched so that , the pressure and flow condi-
ti ons remain cons tant un til the p i ston reaches the end of the
tube. The tube pressure then continues to rise until the incoming
gas flow is stopped. In the test section , pressure and temperature
follow a steplike variation which is most suitable for the appli-
cat ion of a transient heat transfer measurement.

The test section used -in this study has typically a -

throat area of 1.5cm 2 with a rectangular channel and is connected
to a dump tank having a volume equivalent to the volume of the
tube. Su bsonic operation is achieved by using a throat downstream
of the test section. The dump tank pressure Is kept low enough
to keep the main flow sonic through this throat during a test.
Before fi ring, the tube is set to the desired Initial pressure .

— After presetting the Instrumentation , the tunnel is set into ope-

• ration by opening qu ickly a manually operated ball value.
-• The compression lasts about 1 sec and the test duration 0.1 sec

Afte r a test the system is brought to room pressure , the piston
reset at the end of the tube ready for the next test.

• — - -~~ - - - -.- -5---— -- _ _ ____ _ _ j _  -‘5 -5— — __ _A_



2.2. Secondary gas supply

For film cooling experiments ,the secondary gas (air)
H is taken from a 50 litre reservoir precharged at a pressure up

to 3~ atm at room temperature . The temperature is adjusted to
the desired level as the gas passes through a small regenerative
heat exchanger and~the mass flow controlled by a choked calibrated
orifice close to the test section. A pneumatically operated ball
valve then initiates the gas injection into the test section (fig.3).

The heat exchanger is made of a stack of brass gauze
screen matrices in a 25 mm diameter and 40 cm long steel tube .

/ - 
It has been designed to heat or cool the secondary gas at the
maximum coolant mass flow rate with a temperature variation of
less than 1% during the test with minimum pressure losses. The
heat exchanger temperature can be ad justed between -40° and +120°C
by a low pressure secondary open loop system using an electrical
hea ter or a cooler made of an alcohol bath whose temperature can
be decreasc~d down to 

_700 by addition of dry ice. After a few

m inutes of heating or cooling, when the required temperature Is

reached , the heat exchanger is isolated from the low pressure
loop and connected to the high pressure reservoir ready for a
test.

The cal ibrated orifice has been placed after the heat
exchanger to minimise the volume between itself and the test

- 

I 
section : the coolant pressure can then adjust itself to the main
flow pressure and follow even a very small pressure fluctuation
within a delay of one or two msec giving a nearly constant mass
flow rate into the test section during the test . This is parti-
cularly important for small injection rates when coolant pressure
is very close to main flow static pressure . 

—-- — —---  - -



2.3 Instrumentation

All the pressures In the tube , the test section and
secondary gas supp ly are measured with Validyne variable reluctance
diaphragm transducers , the response time of these transducers being

H 
- 

compatible with the relatively slow pressure variations during the
test.

- i

Heat transfe r rates are measured , using a transient sur- t
face temperature technique , with standard thin film platinum
resistance thermome ters , brush painted and fired on quartz Inserts

associated wi th appropriately designed analogue circui ts (ref.7)

Main flow temperature was measured in a test series
prior to the present one with a fine tungsten wire probe used as
an equilibrium temperature probe . The temperature is assessed
from the change in resistivity of the wire during the test and this
is corrected for conduction end losses to the wire su~ port (ref. 8).
Response time s of less than I msec are achieved. This rapid

• response time enabled subtle variations in temperature to be
eas ily detected.

For film cooling tests, the temperature of the secondary
flow is measured at 2 poInts inside of the heat exchanger , up-
stream of the flow meter and in the small settling chamber just
before the injection holes, using thermocouples made with 0.1 mm
diameter chrome l alumel wires. The reponse time was found to be
of the order of 20 msec. This slow response is due to very low
gas velocity at various measurement points. Coolant pressure is
also measured before the calibrated orifice and in the injection
chamber.

Oscilloscopes and an u.v. oscil lograph with a speed up
to 256 cm/sec fitted with galvanometers with response times up
to 5 kHz are used for recording the signals from system sensiv ity
and facilitate the calibration.

- - - — 5  —- ‘~~~~.•-—--- ~~~g5_ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - -—5-—---- - ——-- -—— -- - - - - - -~~~~~~ - - —----- —- ---——‘—-—- -



- - -5 - --—- - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

During operation , the various events are synchronfsed
by a trigger and delay unit. A first triggering pulse is set off
from the achievement of a “threshold voltage ” by the processed
signal from the transducer monitoring the tube pressure . This
pulse is used to activate the valve to initiate injection and to
start the u.v. recorder and, after an adjustable delay to trigger
the single trace of the osc illoscopes. A second pulse , tri ggered
in the same way as the first , activates the acturator of the fast
operating shutter valve initiating the flow in the test section.

- 
- The injection valve is closed and the recorder is stopped auto-

matically after a suitable time lag to encompass the tunnel
running time.

2.4 The model
-J

The film cooled test surface is one wall of the 13.4 x
15.7 mm rectangular test channel of Cli. Typicall y, downs tream
(and on the centre line of the plate ) of an injection section ,
10 thin film platinum resistance gauges (with dimension of 4 mm
span by 0.5 mm chord ) are positioned within a length of 55 mm .
These gauges average the spanwise heat transfe r rate distribution
across 3-4 injection holes. On ly several of the gauges were
selected for use in this test programme . A two dimensional span-
wise slot facing upstream is installed on the test surface 30 mm
upstream of the injection position to act as a boundary layer
bleed. The Mach number in the test section is fixed at 0.6 by
a sonic throat of suitable area downstream of the instrumented
plate .

The geometry of the coolant injection was selected as
follows

hole diameter, d 0.5 mm
spanwise spacing 1.0 mm
number of rows 2
spacing between rows 1.5 mm
injection angle 30°
injection channel length 4 mm
number of holes 25

-- — ~~--5-- ____-5__  - - ---rn ~~~~~~~~~~ - ~~~~~~~~~~~ -—5----- ---
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The nominal conditions selected for study were

Mach number 0,6
Porn 3.0 bar (absolute)

- 
- Tom 382 K

- 

~~~ 267-365K (T 15 = 401 K)

~~293 K

-~~~ Re 2.44 iO7/m

A drawin g of the test model is given In fi g. 4.

I-

4
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3. EXPERIMENTAL RESULTS

3.1 Description of data recorded from tests

The ma i n flow tem pera ture measuremen ts in di cate that
th is temperatutre varies according to that expected from the

measured pressure variations but 5% below the isentro pic tempe-

rature at the selected measurement time .

Prelim inary tests with inject on have shown that the

secondary flow temperature was not constant during the test as
illustrated by the relevant trace for the case of coolant at
ambient temperature in Fig. 5. Injection is initiated about
100 msecs before the test to be sure that the air initially

between the heat exchanger and the test section is blown out
when the main flow starts. As the coolant mass flow is kept
constant by the choked orifice , the pressure in the injection
settling chamber (again illustrated -in Fig. 5) increases to its
stable condition for the particular pre-test pressure in the

-
~ test section. This compression is associated with a temperature

ri se of the order of 20°C. W hen th e ma i n fl ow starts , the
settling chamber pressure suddenly rises to its nominal value
con trol l ed by the test sec ti on pressure caus i ng a secon d
increase of pressure and hence of temperature of the secondary
gas. These “ho t” gases appear to be evacuated after 20 to 30
ms ec for all coolant temperatures tested. To avoid taking
measurem ents in these unstable periods; it was decided to measure
hea t transfer and wall temperature 32 msec after the beginning
of the test.

_ _ _ _ _ _ _  
- - — -~~~~~~~~~~~~ --— - —- - ---- - ---—--- ---5—-~~~~ _ _
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— 
- This tlme- !was also selected because the main flow pressure at

that time Is then equal to Its mean value (nominal) (fi g.5).
On the typical record presen ted in fig.5 the coolant temperature —

variations (T) are smoothed because of the relatively poor res-

ponse time of the thermocouple. The preliminary tests also indi-
cate that the flow cond itions upstream of the calibrated orifices
were nearly constant during the test (about 0.05% change in pres-
sure and less than 1% change in temperature). Furthermore , the
pressure losses through the heat exchanger and valve were found
to be negli gible. In later tests pressure was then set to the
required level in the H.P. reservoir and was measured only before
the test. The time dependent tempera ture however , was measured
at the same time as other parameters in all tests as illustrated
in fi g. 5.

I

3.2 Data reduction

The secondary mass flow was calculated from the area
-
~~~ of the calibra ted orifice , A”, and the ups tream flow conditions

by the simple formula

iii . = x p .  x a0 x A~C

where the density POI and speed of sound a 0j are defIned from the
measurements of Poi and To-i . The mass flux ratio was then obtained
from this mass flow , the main flow static conditions and the in-
jection cross sectional area A

~ 
from :

~~~~ 
rn

m = = - —  x
~‘com~’m “I ~~~~

The wall temperature T
~ 

was obtained from the electrical
-

- resistance variations of the gauge and heat transfer q from the
output of the analogue circuits by an appropriate calibration of
the analogue , the measured temperature coefficient of resistance
of the gauge and the thermal properties of the quartz of which the
gauge Is painted. Heat transfer coefficient is then simply defined
by h = q/(T0~ - T

~ ) 
with and without film cooling.

LL~ ~~~~~~~~~~~~~ 5
~~~~~~~~~~~~~~~~~~~ 5~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ —------—5- -.—~~~ .-- - ----—---~~~~~~~~-5 
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The results were presented at the ratio of the measured heat
transfer coefficients with and without injection , h/h0. This
presentation of the results eliminates the possible small syste—

— matic error on q that may not be fully eliminated by calibration.

3.3 Results and discussion.

The results of the measurements of h/h0 are first plot-

~ted against the mass velocity ratio rn for a given injection tern—
perature and the var ious positions selected. An example is given

- - 

in fi g. 6. Such a graph al lows a rapid preliminary check of the
results and is used to smooth the curves and to interpol ate h/h0
to the desired value of m. The parameter e is calculated , for
each point , from the measured values of T

~q~ 
T and the main flow

temperature assessed from the isentropic temperature T~~~~ • As
carr ied out for h/h 0, e is interpolated to the selected m when
necessary . Finally, the value of h/h 0 obt ai ned by th i s way for
a g iven mass velocity ratio and various secondary flow tempera-

tures are plotted against 0

The tests already performed with this technique for four
injection temperatures give fairly good results even for
“l ift—off” con ditions as illustrated in -fig.7. The strai ght lines
drawn through the experimental points are extrapolated to the
0 = 0 and h/h 0 = 0 axes gi v i ng the values of res pect i vely hf/ho
and 0 = 1/-n The trend observed seems to be normal ,i.e ,
decreases w ith the distance and increases with the mass velocity
rat i o, an d close to injecti on holes (x/d = 7) h f/h 0 increase with
m. Comple te results of h f/h O and (l /e

~ ) 
obtained by this me-

thod for x/d = 7 are plotted against m in fig.8. The ef-fective -
ness i/o increases continuously with m up to 83% for m = 0.9

and Is nearl y constant for m > 1.0 , i nd i ca ti ng that the l i ft off
occurs for m 0.9. This lift off condition is also marked by a
rapid and con tinu ous increase of h f/h o for m > 1. A similar trend
was observed by Er iksen and Goldstein (ref.9) but for nearl y In-
compress ible flow cond itions.

_ _ _
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These few results show that this method , Is capable of
providing useful measurements of film cooling effectiveness and
heat transfer coefficient to the designer. The substantial dif fi-
culty of altering the coolant temperature is offset by the broad- /
ened utility of the data .

-

~ I

J
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4. CONCLUSION

A short duration facility has been used to provide an
assessment of adiabatic wall effectiveness of a film cooling
system with the associated heat transfer coefficient instead of
simple iso thermal film cooling effectiveness as usual in short
duration testing. These results were obtained by operating the

- 

- 
experiments under different coolant temperature conditions.
The reliability and repeatability of heat transfer and temperature
measurement is found to be good and the hypothesis of a linear
relationship between a heat transfe r coefficient h and a non—
dimensional coolan t temperature e , leading to the evaluation of
adiabatic film effectiveness and classical heat transfer coefficient
is proved experimentally. The modification of the coolant

= 
tempera ture , introduced comp llcaticns to the normal simple techniques
associated with short duration testing, but the extra effort
enhanced subst .antially the va l ue of these measurements taken under
well simulated gas turbine flow conditions.

~
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PART 2 - HEAT TRANSFER ON END WALL OF CASCADE

H 1. INTRODUCTORY COMMENTS

There exists very little information on the heating

distribution on the end wall of a cascade.The onl y work found in

the literature was that of Blair (ref.10) taken -In a channel

resembl ing the flow through a cascade . This part of the study
was undertaken to generate heat transfer da ta sufficiently
detailed to select a suitable film cooling system .

4
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2. EXPERIMEN TAL EQ UI PMENT FOR EN D WALL

HEAT TRANSFER STUDY

2.1 The VKI hot cascade fac ility CT2

The VKI hot cascade facility CT2 is a scaled up version
of the Cli facility described in the earlier section (Fig. 9).
The tube is 1 meter in diameter and 5 meters long and designed
to withstand pressures up to 40 atm . The piston , hav i ng an
aluminium skirt and a honeycomb face , we i ghs 27 kg. The tube
is connected to the main Institute 250 bar air supply through 3
in D tubing and its operation initiated by means of a pneumatic-
all y operated ball valve. The heated test flow is released from
the tube into the 25 cm x 10 cm test section by a 20 cm x 10 cm
pneumatica ll y operated gate valve , which through the use of an
explod ing detonator opens in a time of the order of 20-30 msec.
A dump tank of approximately 5 m 3 volume is situated downstream
of the test section. The test model can either be a cascade of
blades or a channel , the latter used to study fundamental two
d imensional flow fields associated with heated turbine components.

The pressure upstream of the cascade can be var ied

in the nominal range from 0.5 to 7 bars absolute. The pressure
downstream of the cascade can be preset to pressures between
0.1 and 5 bars in order to vary the outlet Mach number and ,
with appropr iate changes in upstream pressure , Reynolds number.
The temperature can be varied from 290 K to 600 K by appropriate
selection of the initial setting of the tunnel . The model is at
ambient temperature at the beg inning of the test and its tempe-
rature changes very little with time.

- -- ---5—-- -- ---- - - - 5-- - ---- - -
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2.2 Cascade model

The two dimensional blade shape selected for study was
one suitable for a hi gh temperature engine application. The
prof iles for the hub section of a stator blade designed by
NASA as in ref. 11 was used. The dimensionless coordinates
are given in Fig. 10. The cascade geometry was as follows

chord length c = 60 mm

pitch g = 43.5 mm

- :  
stagger ang le y = -42°5

-

- 
blade he i ght h = 100 mm

i nlet air angle = 0°

6 blades giving 5 passages.

The selec tion of 6 blades was made to ensure periodicity in
these quantitative experiments. The model is illust nat~d i i~n
Fig. 11. The en d walls on two passages were equipped with thin
fi lm p l at i num resis tance sensors. Due to the small p it ch an d
because of the expected severe hea t transfer gradients in some
reg ions of the passage , it was necessary to make sufficiently
small gauges to ensure a high spatial resolution. However ,
since the construction of the heat sensors is largely manual
and hence time consuming, the number of gauges had to be mini-
m ized . The solution was to place the gauges on the ground of
pol ished ends of pyrex rods of 3.2 mm diameter and to fix them

on two circular discs of perspex of the same diameter which
cou ld turn in the cascade wall to traverse as large and area
of the passage as possible. The gauges were positioned and the
di scs changeab l e in order to explore a wide range of radial
and circumferentia l positions , while using only 17 sensors.
Pressure taps were placed upstream and downstream of the
cascade on the side wall in order to measure the Mach number
at these pos it ions.

~~LLS - —--5- — —-.- —5— —--—5--— --5 ~~1~~~~~~~~
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2.3 Test conditions

Since the model is a large one , and the dump tank is
of l imited size , the pressure in the dump tank will rise during
a test with an accompanying decrease in Mach number.
In order to keep the Mach number changes as low as possible during
a test it was decided to keep the dump tank vented to atmosphere.
The initial pressure in the tube was selected to be 0.69 bar and

- 

- 
the stv.itter opened at 1.83 bar giving a temperature increase during
compress ion from ambient temperature (approximately 295K ) to 390K .

The tube pressure , and static inlet and outlet pressures were
- -
~ measured dur ing the test with Validyne transducers. Once the flows

esta b l i shed , low pressure fluctuations (of 2% of the mean value)
were measured giving resulting Mac h number fluctuations of 5%.
The mean measured upstream and downstream pressures were 1.76 bar
and 1.14 bar giving corresponding inlet and outlet Mach numbers
of 0.24 and 0.85. The resulting Reynolds numbers , based on the
chord were repec tively ReM = 0.40 x 106 an d ReM . = 1.08 x 106.

• For these test conditions , the test ti me was of the
order of 850 msecs , the shutter (when correctly opening such that
i t does not rebound) opening time was 20 msec and the flow was
com pletely established after 40 msecs. Since the performance of
the analogue circuits of the heat transfe r sensing equipment does

no t extend beyon d 60 msecs , the measurements were made after 50 msecs.
The repea tabil i ty of the measurements was sim p l y checke d by
monitoring the signals from the gauges fixed at the centres of -the

two rotating pieces in all tests.

5 - — - - - -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~
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3. RESULTS AND DISCUSSION

3.1 Oil flow visualization

The surfac e flow on the sidewall was visualized using

an oil dot technique. This method was chosen instead of the oil

v isualization method in which a film of oil is placed over the
sur face because of the short running time . The techni que is to
put small drops of oil forming a mesh on the surface of interest.
The drops thenf low i n the direct ion of surface shear during the
testing time leaving trails indicating the path of the dot.
The size of the drops is kept s%Ich that they are small relative
to the incoming boundary layer thickness , but large enough to
travel a reasonable distance during the running time. The starting
flow is considered to be of such duration that the drops do not
move su bstantially until the establishement of the steady flow.
If the drops are kept of constant size , the length of trail can
give a rough idea as to the level of the local shear. The method ,
as used in this facility , has no t been examine d i n detail and hence

• the final result as shown in fig.12 should be considered as tentative .

3.2 Heat transfer measurements

More than 100 heat transfer measurements were recorded
during the test series. The repeatability was- found to be very
good. The unfiltered heat transfer signals reflected the turbulent
nature of the flow , the sidewall boundary layer having developed
from the inlet of the cascade , by showing quite large high frequency
fluctuations.

From the point measurements , cons tan t heat transfer
l ines were plotted and presented in fig.13. It can be seen that
the coverage was complete , except for a small region near the half
chord position on the suction surface of the blade . The plot was
ma de up from resul ts measured in two adjoining passages in whi ch
the per lodic ity was achieved by comparing measurements at identical
locations wi thin the channels.

Li I   - - - - _______
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The general measurement trends show gradients perpen-
dicular to tre e flow near the entry to the bladin g as expected and
gradients near the blade surfaces and near the exit of the blading
parallel to the flow direction indicative of secondary flow
behaviour. A more detailed discussion of the results is made after
the prediction of the sidewall heat transfer as outlined in the
next section.

3.3 Heat transfer prediction

In this preliminary st udy the heat transfe r was predicted
by appl ying a flat plate empirical method along streamlines with
the Mach number distribution calculated using a potential flow
calculat ion. The limitations of this method are well recognized ,
but the resulting calculations illuminate some characteristics of
the measurements.

Mar tensen ’s me thod as extended by Van den Braembussche
(ref.1 2) to take into account compres~ ibi li t y effects was used to
predict the potential flow in the passages. The positions of the
streamlines and the calculated Mach numbers are plotted in fig.14.
The suc tion and pressure side Mach numbers are plotted in fl g.15.

The semi-empirical method of Spalding and Chi (ref.13)
was applied along each streamline in turn assuming that the
boundar y layer was turbulent from 1 m upstream of the blade row .
Pred iction of the heat transfer In this way ignores the secondary
flow effects , the curvature of the flow in a cross-wise manner
and the effect of pressure gradient. The theory had however shown
to give good pred iction of two dimensional flows with small pressure
gradients at similar conditi ons to the present experiment (re-f.14)
The wall temperature taken for this calculation was 309 K, a value
typical of that measured after 50msec of test flow duration. The

constant heat transfer lines resulting from thi s calculation are
plotted in fig. 16.

~
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3.4  Discuss ion of results

The general level and trend of measured heat transfer

rate is wel l  predicted by the Spalding and Chi technique upstream
of and in the early regions o f the passage.  Near the ex i t  of the
blad ing , the trends are poorly predicted and heat transfer rates
of up to 40 per cent greater than and 30 per cent less than pre-
dicted are seen in different regions.

Between the blades and on the level with their leading
edges l ies a reg ion of low heat transfer rate (‘~ 

1.7 w/cm 2).

— - i This is in accordance with the measurements of Blair (ref.9) who
however attributed this to the presence of laminar and transitional
flows , wh ich could not be said of this present experiment.
We cred it this phenomena to slowing down of the fl ow i n th i s reg ion

due to induced effects from the secondary flow behav iour. It can
be seen from the flow visualiza tion pictures that, in this region
there already exists a consider able cross flow.

• Low hea t transfer rates are a l so encoun tered at around
- .  - 15% chord upstream of the leadi ng edge. This corresponds to the

separat ion point of the inlet boundary layer seen in fig.12 and
which is at the origin of the horse-shoe vortex formed around such
blun t bodies position on a flat surface . The high heating down-
stream of the leading edge on the suction surface can be attributed
ma inly to the rapid increase In Mach number in this region as
demonstrated in fig.14. This h i gh heating i s no t eviden t on the
pressure surface due to the low energy fluid associated with the
pressure side passage vortex.

- - 
- 

In the passage the heat transfer rate increases as
expected due to the increasing Mach number and at about one third
of the chord there commence large pltchwise heat transfer gradients
which can be attributed to secondary flows. The primary effect of
the secondary flow beha viour is for the low energy and low
temperature flow adjacent to the surface to be swept away exposing
the surface to the higher energy flow resulting In enhanced heating
rates.

— - _
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The reg ion of low heating rate adjacent to the downstream suction
surface coincides with the accumulation and subsequent separation
due to the presence of the blade , of this low energy fluid.
Low readings of heat transfer were also recorded in a small region
near the trailing edge pressure side surface . The reason for this
is a l i t t le more obsc ure but it is suggest ive of a separat ion zone
assoc ia ted w i t h the inf luence of the trailing edge.

More realistic prediction of the heat transfer rates on
- 

- 

endwa lls can hence only be brought about using more sophisticated
analyses. Dodge (ref.15) has obtained a good agreement with the

-
~~~~ results of Blair (ref.9) by solving the complete Navier Stokes

solution . Less labouriously the present method could be refined
by applying Spalding-Chi’ s met hod on the limiting streamlines
obtaine d from Johnston ’s triangular model (ref.15) or Kenny ’s
me thod (ref. 17).

- 
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4. CONCLUSIONS

A prel iminary study of the heat transfer distribution
to tne end wall of a turbine cascade has been made with a view to
designing an appropriate film cooling system.
Generally upstream of the half chord position , the heat gradients —

I are parallel to the flow stream and the heat transfer rates can

- 1 be reasonably well predicted by simple two-dimensional theories.
Further downstream the heat gradient s tend to be perpendicular
to the flow direction indicating the presence of secondary flows.
Values of heat transfer rate up to 40 per cent greater than and
30 per cent less than predicted by two dimensional theory are seen.

p
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passage. The first concerns the development of a method for measuring the adia-
batic wall effectiveness and heat transfer coefficient of a film cooling system
for protecting a surface from high heating derived from a hot compressible flow.
The second concerns the measurement of the heat transfer rate distribution to a
turbine cascade end wall In order to choose an appropriate film cooling system.
These are related to providing the background to the final phase of the stud y in
which the effectiveness of a film cooling system to cool a turbine end wall will ~

DD I JAN 7) 1473 EDITION OF I NOV 65 IS OBSOLETE UNCLASS IF I ED 
—

SECURITY CLAS SIFICATION OF THIS PAGE (WV,.n Data tnt.ri ~~ 

_
~ - -  ~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ -.



¶55 

-

sicumyy C%.AU PICATU ON OF THI S PAG~~~~WIIII, Data £nf.r.v..i 

-

‘

~~ Abstract (con ’d) L
I be made, combined wit h the measurement of the aerodynamIc losses incurred by

such a system .

i1~
‘I

k

SECURITY CI. *611 FICA 1IO~ OF ¶~~~• PAGE(IPliSn Data tnt.r.d) 

5 - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — - - -~- 5 -~~~--- --5- . 


