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"UEAT TRA SPER YITH FILM COOLING
MEQR INJECTION SLOTSY

BY

Dr. Eng, Samj_r F. HANDNA
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Thie naner nresents a comvarison of the axperimental re-
gultes for a flush slot at two angles of inclination. The ex-
perimental investigation of heat transfer with film cooling
near injection slots were carried out in a wind tunnel., The
secondary fTlow was injected with two angles; 35 and 90 deg
to the mainstrcan flow direction. The experimental objectives
vwere to dstermine, for each inclination angle, the influences
on the film cooling effectiveness and on heat transfer coeff-
icient, Injection through slots gives better results for film
cooling compared with that of injection through holes.
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ROMENCLATURE
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c. gnecific heat at constant osresesure, kcal/kg.K
i mass flux, or blowing.ratio

h heat transfer coefficient, kcal/mz.OC

k thermal conductivity kcal/hr,m,°C

1 surface length m

3 slot gap mm

t temnerature °¢

u velocily component in x-direction, m/sec

v . " " y-direction, m/sec

X distaace from =lot, .easured downstream, mm
Y nerpindicular distance from surface mm
ﬁ slot angle, 2

H dynamic viscoeity, kg/m.sec

e density, k:/ﬂz

c
Pr = B Jroandtl umber
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_ w, 1
Re = S Reynolds Number
3% = ?;fh——g— Stanton Number
t' "t .-q-pd'
= _ﬂ.z__:—.—
ty - T,

n' = u/qﬂ nondimensional x-veloecity component
v = v/u” n y-velocity "
%! = x/1 " distance
i = y/1 oo "
SURSCRIPTS
BB aurface with Injection
2 injected flow
o mainatream

1— TETRODUCTION
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The practicality of film cooling as a method of reducing
the operating temperatures of solid surflfaces exposed to high
temneratures gos streaws has been well stablished in recent
few years., In this technigque a secondary air (fluid) is in-
jected througihh holes or slots in the surface upstream of the
arca to be orotected.

In tyn~ical asolication to gas turbine engines the gecond-
ary air (fluid) is usually comnressed air which has hypassed
the combustor, and the protected surface may rance from the
combustion cha-ber linear to the nlatforms and trailing edg-
es of stator vanes, Previous experimental works invelve in-
formation about the development of cooling methods to pro-
tect working surfaces by injection of secondary air (fluid)
into a turbulent boundary layer. Such experiments are given

bVTQ 2! 3! 4’ 5! 6! 7

w

indicate that for regions sufficiently
far downstream of the injection location, surface heat trans-
fer rates can be adequately predicted. This prediction fol-
lows by use of heat transfer coefficient ussociated with the
primary flow in the absence of injection, which gives approx-
imately the same values,
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This paner presents the results obtained from experiments
carried out on slotted plates. 4 major objective of the pres-
ent study is to establish an exnerimental program of film
heating effectiveness and heat transfer coefficient.

The initial results of this program have been obtained
for injection through flush anglea/holes1’ 6, 7 into the bou-

ndary layer on heated surface.

2~ APPARATUs AlD PROCEDURE

— e M e B S e e e -

n

‘he experimental study is followed in a gmall wind ftunnel
has an axial blower which induces the main flow air. Fig.1
shows the exnerimental arrangement used in the invesgtigation
of heat transfer with film cocling near injection slots., The
digcharge of the mainstream is measured by an orifice meter
according to ASHL standards. The film-flow air is provided by
an alr compressor sygtem and ig heated through thermosteerer.
The heated film air is supplied to the injection system with
a glot which spans the entire plate. This flow is also meter=-
ed by an corfice installation. A skeich showing the experi-
mental slotted nartis, the test nlate and the test arrangement
with leading edge arranpement is given in Fig,2. The fest
nlate downsiream of the injection location contains thermo-
couples for measuring wall-temperature distribution down-
strean of the injection. The total pressure-temperature dis-
tribution inrer the boundary layer is measured by the special
probe illustrated in the same figure,

[he moveable slotted plates, Fig.3, for injection angles

35 and 9C de; are machined from steel and aluminium plates.

The plateo have thicknegs b 3 mm and the slot gap S = 3 nm,

i — -

To derive the nondimensional parameters, convenient for
correlating and comparing the experimental results, the sinp-
lified :avier-3tokes-, continuity-, and energy-equations are
considered in the following form:
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Fig.(3) Different Slot Shapes

2
3u ou Y du
TR S« L = (1)
oX oY ayz
2u v - 0
5%t 3y = 0 (2)
2
ot . ot _ Xk ot
YRx Y 2y Oy 2y° )

‘Bquation (1) and (2) represent the fluid dynamie and Eq,(3)
the heat transfer adjucent to fthe heat surface.

The x-coordinate i measured narallel to the plate in the
direction of flow, and iy is measured normal to the plate.
These equations are nornalized by using

t

X x/1 v' = y/1

v/u

1]
i

u' u/u v
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Q =(t,, - £,/ - %))

%

1, wo and Eb being appropriate reference quantities. Thus,
1 would be the length of the plate, u and t_  are velocity
and temperature in the free stream remote from the plate.
tguation 1 to 3 yields

] L] 2 1 I
Re(u' 24 L yr2uly _ B7u’ (4)
8}{‘ —ay! 35,!2
dul  2xl s (5)
’axl ayl
2
,Re_Pr(u‘ '& + ! a__) = ’a_%_ (6)
'axl' 13‘1."! Dyl_
The normalized boundary conditions are:
Velocties: ,
: 1 = O o= £ ' £
it x ° u s/ Uy, 0 ¢y S/1
ut o= y' > 35/1
v' = (
Moyt o= 0O u' = v' =
Temnweratures:
At x' =¢C t = t?
7 = (b=t )/ (t,-t))
0 £ y' € 3/1
t = t, ? = C y' =2 5/1
vt ot = 0 z =1

Inspection of fthe rnondimensional equations and boundary con-
ditions reveals the dependance of the heat transfer behaviour
on the following »arameter: Re, Pr, ug/%v , 1, and 8/1.
Thoge controling narameters are investigated and represented
in different figures for correlating and comparing the expe-

rimental resulte,
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A~ EXPERIMENTAL RI3ULTS
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The previous technique has peen used to obtain the effects
of 71, ¥, 1/5, Re, and # on film cooling performance.

Fig.(4) indicates the adiabatic temperature distribution
Tad which obtained from the effect of the injected air with T2
on the flat plate. The aidabatic temperature for the normal
injection is more preferable in the regions near the injection
alots than inclined one, as renresented by curves A and B; In
the regions far from the injection slots, it is observable
that the inclined injection gives better results as illustrated
by curve B, The came figure ghows the surface temperature dis-
tribution as the hent flux of the surface ig taken into consi-
deration for the flow of electric current (q = 0.728 ﬂ/cmz).

curve ¢ in the figure belongs to the normal injection but
D describes the effect of 35 deg angle of inclination.

Fic,(5) illustrates th: relationshin between the film
cooling effectivences and the longitudinal distance over the
plate for both normal and inclined injection. The best results
for the film cooling effectivencss is outained by normal inje-
ction slots for the regions near to injection slots, For re-
gions far from injection slota, the inclined injection 1s more
preferable, The =ffectiveness is defined by

1 = (T = 2)/(D, - L)
The sleope of the curve of normal injection is greater than
for normal injection,

The results obtained for hoat transfer coefficient h/h

as a Tunction of x is illustrated in Pig.(6). Both values of
n and ho are defined per unit area of the onlate in the follow-

ing form:
h = f_:—%_T_T i n is the heat transfer coefficient
e ac in the onresence of the injected air.
ana .
hb = E——f—;— ; HC iz the heat transfer cceoefficient
" i without injection.

Cne o conclude fron this illustration that the heat transfer
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coefficient for 35 deg angle of inclination is smaller than
that for 90 deg.

A comparison between the vresent work, which indicates
the effect of injection through slots, and that for holes, is
saown in Fig.(7). It is observable that injection through slots
gives better results than that through holes. The injection
through elots hes a smaller heat tranafer coefficient, i.el,
it minimizee the surface temperature. Sut the only disadvant-
geous for injection through slots is that it reduces the mod-
ulus of the atructure, ‘oreover, it is difficult in manufact-
uring for practical use as in the case of gas turbine blades.
Pig.(7) indicate the relation between the surface temperature
in the presence of secondary air and the heat transfer ratios
against the longitudinal distance x.

Finally, the results can be correlated as h/h versus
(G/mn. nC-6(1/8)0- 5] and this is represented in Fib (5).
A begt-fit straight ling through these data is represented by
the equations:

n/h = 0.25 + 0,114 [ 1/ W00 (1/6)C5] = 35°
and '

h/h = 0.5 + 0.C8 [(1/1).1«:0-6.(1/8)0‘5] For = 90°
In the test results, i = (uy/u,).(p,/Q ) is changed by chang-

ing the velocity ratio {(u,/u,). Since for small temperature
differences used in the test program the densities of the main
and film flows are nearly egual.

The relation between the surface temnerature and the lat-

L

'eral digstance "z" for the different tynes of injection slote
are given in Fig.(9). The different curves are the results
obtained for the different slot types as follows:

“Curve "A" for continuous slot

Curve "B" for noncontinuous sglot -

Curve "C" for the multi staggard slots

The model "C" 48 more cifective compared with the "i" gnd "B"
models, from the manufacturing point of view and heat trans-
fer process.
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CONCLUSICHS

The principul conclusions of the present work are summa-
rized as follows:
1- .ocondary injection through flush, angled slots has been
studied. The effects of fthe injected film thickness, angle,
tcunerature and flow rate can be represented by

/o, = .25 + 0.114 [ (/). o arnber) pe 350
and .
n/ng = 0,5 + 6,03 [/t (92T e 9P

2— The multi stagoard slots is more effective, compared with
continuous and noncontinuous slots from the manufacturing

pocint of view and heat transfer orocezs.
3~ Injection throurh slots improves surface cooling efficiency
vhen compared with the case of holes,
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