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CABSTRACT

A numgrical model is develobed to investigate film
cpoliﬁgvin éompressiblg iaminar boundary layer flows. This
model is applied to the firét_stagé stator blade of a transo-
"nic gas turbine. As a prelude study, film cooling for incom-
éressible flow over a flat plate is also included.»Film cool-.
.‘ingbeﬁfectiyeness is repqrted for a variety of injection con-
figurations so that t@e'effécts 0f‘coo1ént maés flow\rate,
injection éngle, and slot widtﬁ can be investigatéd. For the
icdolant mass flow ragés considered, normal injection provides
better cooling than iﬁclined injection. However, normal in-
jection brihgs about greater boundary layer thickness and may
reduce aerodynamic pepformaﬁcé: Use of multiple slots pfovi—
des higher and more uniform effec;iyeness fo% the s me coolant

mass flow rate.



OZET

Laminer sinir tabakali akislarda film Sofutma olayini
,inéelemek igcin nﬁmérik bir model’geli§tirilmektedir. Bu model
transonik bir gaz-.tlirbininin birinci kademe étator kanatlari-
nin sogutuima31h1 inceiemek.igin kuilan1lmaktad1r. On caligma
olarak bir 4ﬁzlemin film sogutma préblemi de elé‘allnmakta—
dir. SogutucuLkﬁtle'debisinin, injeksiyon agisinin, 'slot;
geni§1igininAsogutma'etKenligi lizerindeki etkisi ara§t1r11-
“maktadir. Ayni sofutucu kiitle debisi i¢in, normal injeksiyon
egik ve tefetsel injeksiyopdan daha. etken olmaktadir. Anéak
normalrinjeksiyon daha biiyiik sinir tabaka kallniiklarlna yol
aémakta ve aerpdiﬁamik perfdrman51 digiirmektedir. Birden faz-
la injeksiyon "slot'inin kullanllma51.sogutma.etkenligini bii-

yik 6lgiide artirmaktadir.
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~

INTRODUCTION

‘Methods for shielding a solid surface exposed to a
high temperature gas stream are’bf,considerable interest.
Among them, film cooling is considefed to be the most promis-
ing and is.USed in many engiheering applications sﬁéh as
cooliﬁg of rocket noizles, peehtering space vehicles, and gas
turbine blades. This study is concerned with film cooling of

stator blades of a gas turbine.

, Film cooling\aﬁalysis repbrted in this study 1is ‘
restricted to two dimensional laminar compressible flow with
slot injection and is achieved by sblﬁing boundary layer
equations numérically employing finite difference method.

_ Both mainstream and coolant are air. As a preliminary work,
film cooling for incompressible flow over a flat plate is
consideréd; Then film cooling problem of a gas turbine stator
blade is examined in detail (The term "film cooling problem'
will’signify the problem of determining the effects of physi-
cal and geometrical parameters of film cooiing on:film cool-

ing effectiveness).

Film cooling is a process to protect solid surfaces
exposed to high temperature environment; which, in general is

gaseous. It is of great importance and used in many engineer-



ing applications such as cooling of rocket nozzles, gas tur-
bine blades,; and reentering space vehicles. In this‘nethod, a
secondary fluid called coolant is injected from one or more
discrete locations (slots or holes) along the .surface expos—‘
ed to high temperature effect into thevboundaryllayer devel-
oping on the surface. The secondary fluld serves two func—
tions: 1) The 1ntroduct10n of coolant which is at a tempera-
ture "lower than the mainstream into the boundary layer reduces
the temperature in the region downstream of aneCtlon region,
2) Injection of coolant increases the boundary layer. thick-

. ness. Increased boundary layer thickness, in turn,tends to

decrease the heat transfer to the wall.

, The geometry and flow field at the point of injection
are significant variables in film cooling. In two dimensional
~film cooling, both the external flow and the secondary fluid
are introduced uniformly across the span.as in Fig.l. Secon-
daryifluid can enter througn a porous .region (Fig.l.a) or
through a continuous‘slot at some angle to the wall surface.v

and mainstream (Fig l1.b and 1l.c).

Although three dimensional film cooling is outside the

"scope ef the present work, it will be‘briefly discussed due
to its practical importance. In three dimensional film cool-
ing, the injection of secondary fluid is not uniform across
‘the span, but rather occurs at isolated locations often
,through discrete holes in the surface (Fig.2). This can lead
to the jets of secondary fluid being blown off the surface
and tnekmainstream flow coming between or under the coolant
jets decreasing the efrectiveness of film cooling process.
Even so, for structural reasons, when it is difficult to have
-a truly—continnous two dimensional injection slot, interrupt-

ed slots and rows of multiple Slots have been used (Fig.2).
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Fig.2- Three dimensional film cqoling-geometry

-

Film cooling effectlveness is a major parameter in
determlnlng how well the 1nJect10n flow shields the wall from

the mainstream gas. In general, it is defined as

' r Taw
r c : .
-VWhere
T? "is recovery temperature (i.e., adiébatié wall tem-
" perature evaluated in the absence of coolant)
Taw is adiabatic wall temperature with injection
T, is coolant temperature

If the flow is essentially subsonic as in the present

case, the following formula can be used:

noE ot - (1.2)



Whére, TOS is the reference stagnation temperaturé'Which_
remains constant outside the'bbuﬁdary layer (Note that in low
speed flows, viscous dissipation is not so important, thus

T % T, g+ However, in high speed flows, this is not valid and
the first formula is to be utilized). Furthermofe, if there 1is
no pressure gradient (i.e., Te = TO = const.),.it can be

replaced by

whére, Toidgnotes reference free stream static temperature,
Te stands for outer edge static temperature The last defi-
nition is especially sultable and common to film coollng for

incompressible - flow over a flat plate

The use of T aw in the definitioné is meaningful. In
f11m coollng applications, the heat transfer from the hot gaé
to the surface to be protected is not zero. There is usualiy
some_ type of iﬁternal cooling, but the limiting case (i.e.,
the highest wall temperature) is adiabatic wall. In addition,
it is used as refefence.temperature in evaluation of convec-

‘tion conductance in high speed heat convection.

Note that film cooling effectiveness varies from unity
at the point of injection, where Taw ~ TC, to zero far down-
stream of the slot, where, because of dilution of the coolant,
the adiabatic wall temperature approaches the free stream

stagnation temperature.

Significant geometrical and physical parameters in
S

‘film cooling are:

1 - - = U
Blowing rate parameter F pcvc/pO o °f

r=v /U
c o



»Cool;pt mass flqw rate Mc =bcvcs

Slot width SR s

Starting length - X,

Injection angle " a

Distance between

consecutive slots ‘ L

Free stream reference ‘

values - | Uo,To,pO(Or po)

In these definitiohs, U0 stgﬁdé for reference free
~stream velocity, v for normal com%onent‘of injection velo-
city p0 for reference free stream density, pC for coolant
density, To for reference free stream static temperature, and

p, for reference free stream static pressure.

For the present work, film cooling geometry is
illustrated in Fig.3.

-In the foilowi;g sections, Chap.lI reviews previous’
work on two dimensional film cooling. Chap.III, presents
theoretical fé;mulatiqn and describes numerical method. In
CHap.IV, the results obtained from numerical analysis are
discussed. In Chap.V, follpwing a brief summary, the findings
of the present study are given. Finally, details of numerical

formulation is provided in Appendix.
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© CHAPTER II

PREVIOUS WORK ON THO DIMENSIONAL FILM COOLING

- There are different approaches to handle film cooling
process. One-.of them %s'héat—sink model. In this theory,
hydrodynamic effect of injected fluid is completely neglected
for éuffidiently low iﬁjection rates, which is justified oniy
fér downstream of the slot. As a result, use of turbulent
boundary layer properties is made possible (e.g., 1/7 power
law velocity profile). with'thé aid of boundary layer integ-
ral analysis and turbulent flow charactéristics, film‘cooling

effedtiveness is obtained as(l)

n = C (ﬁ—}%)-o'g ' ' o (I1.1)

where, C is, in general, a complicated function of slot

Reynolds number,,ReS (UCS)/VC, blowing rate parameter (or

injection ratio), F'

pcuc/poUo and slot geometry, and lies
"between 15 and 25 according to the various experimental
studies(2). In these definitions, u, stands‘for tangential
component of 1nJect10n velocity, vc‘for coolant kinematic
v1scoslty, and X for the distance measured from the tralllng

edge of slot.

There are numerous experiments parallel to this theory.




. J .
In these studies, effectiveness determined experimentally 1is

fittedrtq the form obtained anainically. Hartnett et all(l),
obtained velocity, temperature distributions, effectiveness, |
and heat transfer coefficient for.air injected through a.
tangential slot‘into a turbulent boundary layer. They used a
single injectibn rate (F'=0.28), a fixed mainstream velocity
and a single slot size. The injection geometry 1is shbwn in

Fig.4.

Fig.4- Iﬁjection geometry for the study of Hartnett et all(l)

In that study,vthe following correlation was found by.

semi-empirical analysis as:

X (-0.8 X
n = 16.9 (§75) )

> 60. - (1I1.2)
Seban(3) studied heat transfer and effectiveness for a
turbulent boundary layer with tangential fluid injection.
Experiments afé reported to be conducted for different slot
sizes and injection ratios for the geometry illustrated in

Fig.5.
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Fig.5- Slot geometry in Seban's study(3)

.

Correlations were obtained for F' 5 1.

5 The most sui-

table correlation is given to be

. -0. :
n=25F) % A7 r <ol (11.3)

For F' > 1 a correlation was also achieved (not given

here due to its lengthy). It is reported that for F' > 1

“effectiveness is reduced as injection rate increases; however,

it is always greater than that obtained for F' = 0.6.

Haering
(2), inVestigated the effect of the mainfold width on the

effectiveness for various injection rates less than unity
(Fig.6).

b:manifold width
s:slot height

Fig.6— Geometry in the study of Haering(2)
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It is poted that for F' < 0.5 manifold width effect
can be neglected. For 1 > F'> 0.5, larger manifold widths
yield greater effectiveness. The,correlation coefficient, C
is given as 17. Goldstein et all(4) considered the case where

~coolant is injected through a porous section into a turbulcent

" free stream (Fig.?).

Uo t (X
77777 777771

Fig.7—>Injection geometry for the study of Goldstein et all(4)

Effectiveness was determined for various values of
~coolant temperature, blowing rate, and free stream velocity.
The correlation is given as:

- C(?%)_OfSS | ' o (11.4)

' where, 21.5 < C < 24.5

From the comparisons with the earlier, experimental
studies, it was concluded that, using a porous wall for film
cooling for protection of a surface would produce similar
effect to that obtained for injection through a nearly tan-
gential slot, and that small differences in detail arose from
the differences in slot geometfy.’Seban and Back(5), studied
effectiveness for a turbulent boundary layer with tangential

injection and variable free stream velocity (Fig.5). The
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free SCréam_veloqity was increased from 1.6 to 2.4 times
along the plate length. The effectiVeness turned out to be
only slightly below the values which would have existed if

the free stream velocity had remained at its original value.

Spalding(6) reviewed earlier correlations given by
‘various, experimenters for the cases F' 2 1 and noted that.
there were similarities between these correlations. As a

‘result, an artificially contrived formula which would fit all

dfkthe data is proposed as:

=1 -for X < 7
' (11.5)
= 7/X for X > 17
where,
_ U X U
X = 0.91(-2-)Re 0'2+{|1.41 1 - =2 {5}0‘5
Uc uC S

This correlation agrees satisfactorily with the data
"of most experimenﬁers. This and similar models are exhausfi—
~vely discussed in an article byJGoldstéin(7). In these .stu-
dies, énalyticél and exp;rimgntal results agree well down-
stream of injection region wherevthe hydfodYnamic effect of
the injected fluid is trivial..This method éuffers from the
inaccuracy near the injection region because the ﬁydrodynamic
effect of injeéted fluid 1is neglected and turbulent boundary

layer characteristics are used as if there were no injection.

- 'Mayle and Kopper(8), present a similar analygiéal
model for turbulent boundary layer with tangential slot injec-
tion. This model accounts for separate development of the
thermal Boundary layer (In the first modelvdiscusséd; it is
implicitiy assumed that the thermal and hydrodynamic boundary

layers haVe the same thickness). Using turbulent boundary
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layer exuations and turbulent flow properties, effectiveness
was determined in terms of the ratio between the two boundary |
layer thicknesses, 8h/8t. It was concluded that the stream-
wise decay in effectiveness might be explained by considering
the thermal boundary layer, growth within the Hydrodynamic
boundary layer. This model is not successful in explaining
the flow behaviour in the immediate vicinity of the injection

region, either.

More recentiy, numerical methods have been used. Boun-
dary layer equations are solved numerically. Usually finite
difference method is used. Spaldiﬁg(9), studies tangential
"injection into a ‘turbulent boundary layer over flat plate and
into confined ducts. Effects of Mach number, coolant Reynolds
-number, codlapt temperature'and injection ratio, uc/Uo are
presented. In addition, foreign gas injection (i.e., mass
:triggﬁeg)”ié‘taken into account. Nilson and Tsuei(10,11)
consider laminef oblique injection into low and high speed
compressible flow past over a flat plate and discuss the
effects of blowing rate parameter, slot spacing, injection
angle, free stream Mach number, ‘and multiple slots. Inger and
Swean(12), provide a similarity solution to vectored injec—
tion:into laminar boundary layers with zero ﬁressure gradient
for a wide range of injection rates..They account for heat
transfer as well. However, their solution is restricted to

continuous injection (i.e., porous wall or many slots closely’

'spaced) and is not applicable to discrete slot injection.
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CHAPTER TI1

ANALYSTIS

A"

ITIT.1. GOVERNING EXUATIONS AND BOUNDARY CONDITIONS

The flow in a steady two dimensional laminar compres-
'31ble boundary layer is described by the folloWLng sct of

partlal d1fferent1a1 equatlons

Continuity: . o ’ S

—8:(55) + —3_ (pv) = O ' (IT1.1.1)
Ix - oy

Momentum:

== 2% s pv'gg _ - Sg + i% J% (n L) (I11.1.2)
Energy
pa 2w gy o opnde s L 2L
+ E B (Buy2 (ITI.1.3)
Re = -
p 9y

where,
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§;§ dimensioﬁles coordinates x = x/é, y = ylc

u,v dimensionles velocity components l—1='ll/ut') V=V/u0
T dimensionles temperature T = (T-—T)/(TO—TC).

P dimensionles pressure ; = p/poUg

o dimeqsionles density p = p/p0

vﬁ dimensionles viscosity u = u/uo'

Re reference Reynolds number Rg = DQUOC/U0

Pr reference Prandtl number Pr‘= uon/ko

E Eckert number E = U2/C (T -T )
. : L °c p 0 ¢

) Due to large temperature differences ﬁ = ﬂ(T),
p =,5(5,i)._As complementary equations. Sutherland's visco-

sity formula and equation of state are used

' T + S | | ,
B T 3/2 o ,
Tl (T ) e ~(II1.1.4)
O (0] :
o = P/RT s o (ITI.1.5) ‘

‘For air, S = 110°K. Cebeci,T and Smith,A.M.0.(13)
. yield Pr = Pr(T) distribution, which is used in the present

formﬁlation (Note that air is assumed to be perfect gas).

The above equations are used, in general. For in-

compressible flow over a flat_plate, it suffices to take

Pr(T) = Pr, n=p =1, and 22 - 0.

S dx

The boundary layer equations are subject to fhe follow-

"ing boundary conditions:

Impervious and adiabatic wall(xfxO mulx>xo+s)



At

<
i
o
mlo; <i el
< 1A

Slot conditions (;o+g > x > x )

cl
]

]
(=}
<
i

Aty

0

=1
I

~ 16 -

(OOUOI')/pC

Outer edge conditiouns (For

u = U (%)
y—)—_oo :

=1

"Compressible

or -

(o]

(DOUOF/OC)cotq

= Vv

u

Incompressible

(I11.1.6)

(111.1.7)

© (III.1.8)"

Once velocity field has'been established, outer edge

conditions are calculated as follows:

v | UZ'
Te = Tos T ac < To
( » P '
. T
o v e Y/ (y-1)
Pe - Po (To)

+

2C

P

(u

-U

2

where, Y is ratio of specific heats, Cp

o)

(I11.1.9)

(I1I1.1.10)

is specific heat at

constant pressure (Note that since the outer flow is inviscid

and adiabatic, total enthalpy or stagnation temperature

remains outside the boundary layer. Moreover, since outer

" flow is potential isentropic relations can be employed).
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‘Adi@bqﬁc
wall |

Fig.8~ Boundary conditions and injection geometry

It should be noted that normal component of injection.
vélocity must be small enough so as not to violate boundary
layer assumptions. Otherwise, inviscid free stréam flow may
be disturbed; furthermore, boundary layer may be blown off
the wall (i.e., separation of boundary layer). In this case,
classical boundary 1éyer equations are no longer valid. Then,
how large anvinjeCtion'rate can be applied. In gemneral, it is

required that

v .
C . - . .

T Rex = 0(1) (I11.1.11)
o .

where
- p U x
Rex _ e e’
lﬁ

. The above requirement is not strict and given for

continuous injection(l4,15). Rather crude criterion is

s
7



provided by Wallace and Kemp(16) as

o< 0.1 | o ’ ’ (rL1.1.12)

Eckert(l7) gives the blow-off 1imit‘£or incompressible

flow over flat plate with uniform injection as

Y
C

ﬁ: Re = 0.619 : S (ITII.1.13)

It is seen that the above criteria are related to
- continuous injection. For slot injection, it is proposed in

this study that

.V N . - -
U—C Re® = 0(1) © (ITII.1.14)
(o] . ’
where,
p U s
Re* - & ©
,ue

This criterion'proved to agree with the present injec—
tion study and yields upper limit. On the other hand,

Re¥ _De e¥o

He

is more conservative.

In case of accelerated flows, injection velocity can
take higher Qalues because of favourable pressure grdadient
effect (As known, injectioh produces unfavourable pfeséure
gradient effect on the. flow, which can be balanced by accele-
‘rating the flow). Eckert(l7) yields the blow-off limit as
3.191 for plane stagnation flow with uniform injection (for
flat éla;e, 0.619). Thus, in accelafetad flows larger injec-
tioh rates_canfbe applicable. In what Eollowé, some referen—

ces regarding the studies for large ‘injection rates are cited.
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Wallace and Kemp(16), propose an analytical model for
uniform injection at large rates. It is assumed that boundary
1ayer equations‘cease to be valid. Instéad, three layer modell
is adopted. .1) Inviscid rotational layer near the surface
2) Shear.layer 3) Incident flow. Results are obtained for

wedge and plane stagnationvfloWS¢

For compressible‘wedge flow with uniform injection,
there are numerical studies(18,19,20,21) based on the assump-
tion .that boundary layer equations are still valid. Their

analysis is restricted to pressure coefficient B = 0.5.

Nilson and Tsnei(lQ,ll) apply large injection veloci-
ties for compressinle flow over a flat plate with slot injec-
tion. They report that they use revised form of Patankar-
Spalding method to solve boundary layer equations and also
report that their formulation and grid system is extrémely

suitable to severe injection rates.

In the present study, the numerical formulation devel-
oped is restricted to the injection rates allowable by
previously-mentioned criteria. In other words, large injec-

tion rates cannot be attained by the present formulation.

"III.2. NUMERICAL METHOD

An implicit finmite difference scheme is employed to
solve the boundary layer equations. The computational grid
used in formulation is illustrated in Fig.9. In streamwise
‘direction, both, constant and variable step sizes are adopted.
_Varlablc step size is used downstream of the slot to reduce
computatlonal time. In transverse direction, variable step
size 1s used to control local truncation error as well as to

reduce computational time. Transverse coordinates are
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~computed as

n=2,...,N | (I11.2.1)

where, , k stands for magnification factor, N for maximum step

C i . . - . . .
number. in transverse direction, Ayo for initial step size

Xy

Fig.9- Computational grid

For thé partial derivatives in E—direction, three- -
point'differencenscheme is employed due to the:pafabolié”
nature of the .c.qual;ions'.-llowcvuf, at First stations down-
stream of the slot ends, simple backward difference formula-
tion is used due to discontinuity~existiné at slot ends.
Partial derivatives in y-direction are centered about‘point
A'(Fig.9) due to the elliptic nature of the equations in this

~direction. The contihuity equation is centered about point
"B (Fig;9).‘Exceptbfor the backward differenée, other.schemes

are accurate to the second order.

The numerical formulation developed necessitates two
upstream tangential velocity and temperature profiles, which

are obtained by running Cebeci's computer program(22). The
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outer edge véloéity distribution for flow over the blade is
obtained from Katsanis' pro%;am(23). For incompreséible flow
"over flat plate, the outer edge velocity is constant and the
velocity digtribution prior to the injection slot is given by

the Blasius' solution(24).

Boundary layer Equations for comﬁressible flow are
coupled since viscosity, density, and Pr number afe functions
of temperature. In incompressib]evflow, however, there 1s no
coppling between the equations, and only momentum equation is
non=Iincar. Tn what follows, the procedure followed is
described mainly for compressible flow. Derivation 6f finite
difference equﬁtions‘qnd details of the method are given in

the appendix.

Since, as noted earlier, field equations ate non-linear
a. simple iterative.procedure is cmployed. In"dervinig diffe-
rence equations, velocity and temperature profiles at the
present station are assumed td be known. Thus, density, Vi;—
cosity andbPr number. can be compﬁtedvfrom the assumed tempe-
rature profile. Once derivati?és have been approximated by
previously-mentioned schemes, momentum and energy‘equations

take the forms-.

(111.2.2)

where, u_ s Tn are dimensionless velocity and temperature
values at each nodal point of the present station. Coeffici-
eﬁts are calculated from the first two initial velocity and
-temperature profiles and from assumed profiles. It can readily
be noted that both equations can be.formed into three-block
diagonal matrix equations, which are solved by the Gaussian
elimination method modified for three-block diagonal matrices.

First, the difference form of the momentum equation is solved
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with suitable boundary conditions. Once the tangential velo-

clty component at each grid point of the present station has

been obtained, the difference form of the continuity equation ~

is solved and the normal velocity component distribution is

determined. Then, the difference form of the energy equation
is solved in a similar way. Computed values of the tangential
and normal component of Velocify and température are assigned

as assumed profiles.

Density, viscosity and Pr number are reéomputed with
this new.assumed temperature profile. Usiﬂg the new coeffici-
ents, the difference equations are solved again and the whole
proceduFé is repéated until the desired accuracy is attained
(Here, iteration is carried out over tangential component of
velocity. See Appendix). The values computed at each station
are used as initial guess for the solution at the next sta-
tion. In the caSe‘of incompressible flow, iterations are
performed only.for the momentum and continuity equation. bncg
the velocity distribution has been established, the energy
equatién is solved diréctly (Recall that the energy equation

is linear).

The accuracy of the numerical formulation has been
tested for the following cases 1) Incompressible flow over
flat plate (Blasius solution): Test runs were performed for
different Ré numbers and grid spacings. Fig.lO shows that the
reéuLts,of the present-study agree with the Blasius solution-
very well. 2) Compressible flow over the pressure surface of
the stétor blade a) with impervious and adiabatic wall b) with
uniform injection where the coolant is at a substantially
. lower teﬁperature than the free strem temperature. The results
are compared with the velocity and  temperature profiles
obtgihed from Cebeci's computer program(22). Again; as can be
.noted in Fig.1ll and 12, the agreement is quite good. In these

cases, relative error in tangential velocity and temperature
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profiles 1is less than 0.2 % 3) Incompressible flow over a

flat plate with slot suction: This cése was included to test
the accuracy of-the formulation for discontinuous boundary
condition. The skin friction coefficient distribution over and
downstream of the slot obtained frdm the present study

"compares very well with the result of Nilson and Tsuei(ll) as

indicated in Fig.13.
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Present study
x Re=45855 Ax=.002%
« Re=56806 Ax=.0l
Blasius solution{24) -

; 3 ; | 5 6/7:(y/><NF\-é

. \ -
Fig.10- Comparison of the present formulation with the
- Blasius' solution(24) :
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Fig.13~ Comparison of skin friction coefficient for slot-
suction
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~ CHAPTER 1V
RESULTS AND DISCUSSION

.

" IV.1. FILM COOLING BY‘OBLIQUE SLOT INJECTION FOR
INCOMPRESSIBLE FLOW OVERAA FLAT PLATE

As a preliminary study, incompressible film cooliﬁg by
oblique slot injection has been investigqfed. Characteristic
length, free stream velocity and temperature dilference have
been taken as 10 cm,‘20 m/s and SOOC, respectivel&. (Note
that temperature difference and free stream velocity have
been so chosen that the incompressible assﬁmption is not
violated. Free stream Mach number, M0 = 0.0416). LEffects of
coolant mass flow rate, MC = pchS’ injection angle and slot

width have been investigated. In general, injection angle

varies betweenvop and 90°. It can be assumed that the range,
0° < o < 15° would correspond to tangential injection,
15° < o < 75° to inclined injecfion, 75° < o < 90° to normal
injection. Throughout the present study, injection angles of
6°

"inclined, and normal injection, respectively. Two different

R 450, and 84° have been used to characterize tangential,

slot widths (S = 0.16 cm and 0.32 cm) have been considered.
Although the incompressible floQ over flat plate is of little
practical importance, this analysis is useful in observing
frends,and in making compapisons. Fig.l4 shows typical velo-
city profiles at the trailing edge of slot for tangential,

inclined and normal injection..
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Fig.l4- Velocity profiles at the trailing edge of the slot
for different injection. angles. '

As expected, maximum boundary layer thickness 1is attéined in
the case of'normal'injection. Fig.l5 and Fig.16 show effecti-
veness for normal, inclined and tangéntial'injection. The
effect of the slot width have been studied by holding the

‘coolant mass flow rate fixed and is shown in Fig.17.
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Fig.15~ Comparison of effectiveness for different injection
angles

‘ Film cooling is realized by a combination.of two basic
effects a) increase in boundary layer thickness that reduces
the rate of heat transfer, and b) Mixing of coolant and main-
stream gas that difectly reduces the temperature of the
latter. The onndafy layer thickness increases, as the injec-
tion angle increases. Therefore,‘at large injection rates

maximum effectiveness is obtained in the case of normal injec-
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tion (Fig.15). At low injection rates, the fier effect 1is
negllgible and mixing is the dominant cooling mechanism.
Consequently, the effect of anectlon angle on cooling

decreases as the injection rate 1is reduced (Fig.16).

Fig.16- Effect of injection angle at low injection rates.

"~ The dominant cooling mechanlsm for tangential and in-

cllned 1nJect10n is the lelng effect. Wide slot provides

better mixing of coolant and ma;nstream gas. Therefore, wide
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slot is more effective for inclined and cangential‘injECtion
(Fig.l7). This 1is more’pronounCed for tangential injéCtiOH-
However, boundary layer thickness effect (i.e., insulation
effect) domlnates over. the mixing effect for normal injec~-
tion. Use of wide slot reduces- 1n]ect10n velocity, thus caus—.
ing Lthner boundary layer thickness. llence, narrow slot 1is
more effectlve for normal 1n3ect10n (Fig. 17) Similar results

are reported by Nilson and Tsuei(10).

‘ r] 8 L | | ,. ‘MC:CQnst'.

F_ .025 5= 16cm

- __F= 0125 S= 32cm x=84
S R A

00

Y\ 1 it [ i

1 [

Fig.17- Effect of slot width for different injection angles.
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IV.2. FILM COOLING OF FIRST STAGE STATOR SECTION BLADE OF A
GAS TURBINE

In this section, film cooling of the first stage

~.stator of a large transonic gas turbine is considered. Results

have been obtained by solying the boundary layer equations
~with the imposed pressure gradient. Fig.18 .shows the blade
7brofil? and the flow pattern around it. The numerical applica-
" tibn considered here is restricted to the pressure surface of
the blade, since injection from suction surface would cause

- separation. Besides, accelerated flow over the pressure
surface causes thinner boundary layer (i.e., poor insulation).
kTherefore, film cooling of the preséure surface is more in-
teresting. Furthermore, due to structural reasons and stréngth
“considerations, tangential injeétionAis not suitable for

turbine blade cooling and has been excluded.

Free~stfeém reference conditions (just outside the
blade section) have: been chosen as>To = 1357OK, Po = 1.12x105
'N/mz. The values- of film cooling parameters used in this
study and the corresponding cases studied are presented 1in

Table 1.

v Fig.19 shows thé outer edge velocity and temperatﬁre
distributions obtéined from Katsanis(23) program for the two
different free:stream velocity or Mach numbers (Mo = 0.135
and 0.27) as a function ofbthe surface length., Origin of the
’coordinate System is the leading edge stagnation boint

'pfedicted by Katsanis' program(23).
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Fig.18- Inviscid flow pattern and boundary layer development
around the blade

Fig.20 and 21 show typical velocity and temperature
profiles for normal injection. It ie notediphat, at the
trailing edge.of the slot, velocity and temperature pfofiles
,éssume "S" shape which is an indication of adverse pressure

gradient effect of injection.



TABLE 1- Film Cooling Pérameter Values Used in the
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Study of the Film Cooling of
- the Blade :

(Number
' : ' ) . o : .- of
: (kg/ms) - (deg) (em) (@/s) C('K) (cm) Slots)
Cases f | F o S U, ~ % L 0 Significance
1 1.8 0.025 84 0.183 100 7500 - 1 Effects of
2 1.82° 0.025 45 0.183 100 750 - 1 - coolant mass
3 2.63  0.05 84 0.183 100 .75 - 1  flux and injec-
4 2.63  0.05 45 0.183 100 750 - 1 tion angles
5 5.26 0.1 " 84 0.183 100 750 - 1
6 5.26 0.1 45  0.183 100 750 - 1
7 9.63 0.025 84 0.367 100 750 - 1 Slot width
. - v ' effect in normal
-8 2.63 0.05 84 0.183 100 750 - 1 injection
9 2.63 0.025 84 0.183 200 750 - 1 Mach number
10 2.63 . 0.025 45 0.183 200 750 - 1 effect
11 5.26 0.05 84 0.183 200 750 - 1
12 5.26  0.05 45 0.183 200 750 - 1 ,
‘ , : ] ' Coolant tempera-
13 2.63 0.05 84 0.183 100 500 - 1 ture effect in
. normal injection
14 5.26 0.1 84 0.183 100 500 - ., 1
15 10.52 0.1 84 0.367 100 750 - 1 Multiple slot
16 10.52 0.1 84 0.183 100 750 3.67 2 and slot spacing
17 10.52 0.1 84 0.183 100 750 7.34 2 effects
18 15.78 0.1 84 0.183 100 750 3.67 3
19 21.04 0.1 84 0.183 100 750 3.67 4
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Fig.19- Outer edge velocity and temperature .distributions along the pressure surface

- 9¢ -



_37_
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Fig.20- Velocity profiles for normal injection
Fig.22 and 23 show the influence of injection angle,

a, and the coolant mass flow rate, MC, on effectiveness for

o
clined-lnjectlon yield the same effectiveness near the slot.

’Downstream of the slot, however, normal injection is more

' - ; |
M = 0.135 and 0.27, respectively. Normal injection and in-

|

|

|

effective as 1n the 1ncompre351b1e case (Slmllar conclusion }

|

is .reported by Nilson and Tsuei(5)). This is primarily

attributed to the lérger boundary layer thickness caused by
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Fig.21- Temperature profiles for normal injection

normal injeétion. Normal injection is superior from the
manufacturing and strengths points of‘view, as well. However,
ndrmal injection has a disadvahtage. The accompanying
boundary layer thickness growth increases drag and reduces
aerodynamic performance. Therefore, a trade-off study may be

required for the selection of injection angle.
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Fig.22- Comparison of effectiveness for different mass flow
rates and injection angles at M ='0.135

Fig.24 shows the effect of varying slbt width with
constant mass‘flow rate for normal injection. As explained in
‘the preceding section, narrow slot provides'lafger boundary
- layer thickness which is the dominant cooling mechanism for

normal injection.'As a result, narrow slot is more effective.
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S 04‘28140
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Fig.23- Comparison of effectiveness for different mass flow
rates and injection angles at M = 0.27

Fig.25 comﬁares filﬁ cooling effectiveness fof diffe-
rent free streém Mach numbers (M = 0.135 and 0.27). In high
spead flows, frictional heating causes larger boundary layer
thickness (i.e., better insulation) and lower density upstream
of the slot. Mainstream gas at low density near the wall can
more readily be blown away from the wa11 by injecfiou. There-

fore, as Mach number increases, higher effectiveness 1is
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. obtained. Similar result has been obtained by Nilson and
Isuei(ll). 4

=435
Te=750°K
XOZZ.AA 6Cm
5 =.387cm
o = BL
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F1g 24— Slot width effect for different anectlon angles and
' injection ratlos

. Fig.26 illustrates the .effect of coolant temperature
('I‘C = 500°K and 750°K) with constant coolant mass flow rate.
Lower coolant temperature yields a bit lower effectiveness

because lower temperature causes higher density and lower in-

- s5=.183rm
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jection velocity (i.e., thinner boundary layer).

T.=750°K

xX,= 2.446cm -
) ::JEB3<;Fn

o =84

Fig.25- Comparison of effectiveness for different coolant
mass flow rates and free stream Mach numbers

Fig.27 presents the éffect of number of slots used and

slot spacing. A single slot configuration is less effective

than a double slot configuration which
However, the influence is dependent strongly

To clarify this point,

has the same coolant

mass flow rate.
on the distanceé, L, between the slots.
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the second slot ha; been located 3.67 cm and 7.34 cm apart
A‘from>the first slot, respectively. As can be noted in Fig.27,
the th cases differ considerably (similar conclusion is
_reported by Nilson and Tsuei(ll)). Use of more than two slots
provides higher and more unifdrm éffectiveneés (Fig.27), at

 the expense of increasing boundary layer thickness and reduc-

ing aerodynamic performance.

M,=.135
Xo =2.L4Bcm
S =183cm

S
3

3

-
b
3
b

Fig.26- Comparison of effectiveness for different coolant mass
flow rate and coolant temperatures
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the second slot ha; been located 3.67 cm and 7.34 cm apart
“from the first slot, respectively. As can be noted in Fig.27,
the two cases differ cohsiderably (similar conclusion is
_reportéd by Nilson and Tsuei(ll)), Use of more than two slots
provides higher and more uniform effectiveness (Fig.27), at
the expense of increasing boundary layer thickness and reduc-

~ing acerodynamic performance.

N | Mo= 135
RN 0 %e=2446cm
A R 5 =183cm

Fig.26- Comparison of effectiveness for different coolant mass
flow rate and coolant temperatures
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CHAPTER
CONCLUSIONS AND RECOMMENDATIONS'

An investigation of laminar film couling of a single
stage stator section blade of a gas turbine by oblique slot
injection is presented. Numerical solutions of boundary layer
equations are obtained by using a finite-difference method:
The accuracy of the numerical formulation has been tested and
quite satisfactory results have been obtained. The foliowing

conclusions are drawn as a result of the present study.

1- Normal injection provides greater effectiveness
than inclined and tangential injection and is more suitable
from the standpoints of manufacturing and blade strength.
However, the accdmpanying boundary 1ayer thickness growth

increases drag and reduces aerodynamic performance.

2—- In the case of inciined and tangential injections,
Qide slot yields higher effectiveness than narrow slot for the
same_  coolant mass flow rate. However, narrow slot 1s more
effective for normal injection:

3—‘Iﬁcrease'in free stream Mach number provides
greatér effectiveness. In other words, in high speed flows,

higher effectiveness is achieved for the same injection rate.
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4- Hultlple slot coollng increases effectiveness and
yields more unlform wall temperature. However, with the
‘;ntrpductlon of every slot boundary layer thickness may be

increased excessively. This, in turn, reduces aerodynamic

performance.

‘5= The present study should be contlnued to extend the
model to turbulent flows. The primary difficulty here is the
lack of an eddy v1sc051ty model valid over a wide range of

1nJect10n rates and angles as noted by Inger and Swean(l2).
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APPENDICES

A. APPROXIMATION .OF DERIVATIVES BY FINITE DTFFERENCE METHOD .

YA

= i 1 “,
e TV . :

/
-

2 |m

Xrﬂ;2 ‘xrn—] IXrn o o

Fig.28- System of nodal points used in the finite difference
‘ formulation ‘

- Using the mesh shown in Fig.28, partial derivatives at
point A can be approximated as follows (All quantities are in

their dimensionless form):

Three point difference:

+J U +O(AX2)
m m,n

= -1 U
Ble,n m m-2,n Im m-1l,n s

Backward difference:

- =U
l ~ my,n_ m-l,n
ox'm,n Ax

- 0(Ax)
m-1 ’
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Central difference:

U
~ = K - +

Bylm,n nUm,n+l LnUm,n—L'MnUm,n

2

- U 2
—_— = + -9 -
ay2|m,n PnUm,n+l RnUm,n—l SnUm,n'O(Ay )

Approximation at the point B
Central difference:

QX - Vm,n_vm,n—lv_ 0 (A 2)
dy 'm,n -5 - Ayn_l ‘ y

Central + three point difference:

U 1

1
= = = + +
Bxlm,n -5 2[%m(Um—2,n Um—2,n—1) Im(Um-l,gUm—l,n-l)

IR
Jm(Um,n—l+Um,n):]

)

Central +.backward difference:

U+ -y -U
m,n Um,n—l Um—l&n Um-l,n—l
Ax
m—1

N

- where, subscript m stands for station number and n for the

nodal point at the station considered and where

Axm_1 = X "X Axm_2 = XX 9
Ayn+1 - yn+1—yn Ayn—1'= yn—yn—l
u Axm_] o Axm_2
m  (x )Ax m- (x - X YAx
: m-1
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1 1 AY -1
e TR Ky =85 T 0 = )
n T Tm-2 *n-1 B Yn+1 Y a+1 Y n-1
Vel 1 1
Ln - Ay (y -y ) Mn = Ay " Ay
n-1'""n+l “n-1 n-1 n+1l
. . 2
P Ay (2 y ) Ry =3 ( - )
ntl Y n+1 V-1 Yp-1"n+1 Y n-1
2
. S —_
n Ayn—lAyn¥i
5T dP 3T 3y D ., u 521 -
%0 dx’ 3;, Ty’ 5; (F;) and ayz are -approximated 1in

similar manner.

'B. DIFFERENCE EQUATIONS

I- Momentum Equation and Solution Procedure

Upon substituting corresponding expansions of partial
derivatives into the momentum equation, .the following recur-
sion formula is obtained:

B U +C U +D U
n nn nan

a1l E ‘2 < n < N-1

-1~ "n

where Un denotes tangential velocity at nodal points across

the station x . B, C , D and E all consist of known values
m n n n n :

(assumed profiles + upstream data) and are given as:

_ a _ pry
B = Kn(Vn Bn) P



a
u
c =Ju?+ M (v¥ - B'") + 8 2
n n n n n n a
p_ Re
n
p?
D =-L (v < 3B') - R L
n n n n n a
P~ Re
n
E = U2(I -H U )y - X p -1 p
n n' mm-l,n mm-2,n" a mm-2 "mm-1
. o .
n
where
B! = —t (k u? . -1 + ud M)
n__a n un+1 “n—l Lln n
oL Re

and superscript 'a' denotes assumed values.

Ve

When use is made of simple backward difference,

first term in c_ is replaced by

E is replaced by : ,

+
Jmpm)

the
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the above recursion formula 'is readily converted into three-
block diagonal matrix equation.

I_CZ 2 0 ] I—UZ —I
Dy €3 By Us
Dy-2  Cy-2  By-2 Un-2

l—-EZ_D.'ZUW_ a ,. [ﬁé j

E, E!
’ . ‘ '
En-2 EN-2
wENél_BN—lue_J 1EN-1]

This matrix equation can be solved by Gaussian elimi-
nation method. Since the coefficient matrix is of three-block

diagonal type, unknowns can readily be determined by the
- following procedure. ' |

First, coefficients are modified as:

B D .
n n+l
: - maotl = 2, N-2
'Cn~l-1 M Cn'l'l' C -on =2 N
n .

E'D
o ' _ . n n+l _ _
vl 7 Eon c_ no=2, N-2
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For example,

B..D ' E'D

273 273
c, »C, - E! » E! - -
3 3 c, 3 c2
B.D E'D

374 374

C -+ C i E' > E' -

4 4 C, C,

(Note that modified form of Csland Eé are utilized to evalu-
. d ' 1 : .
and .E )

ate new C

4

Then, Un's can be calculated by the following recur-

"sion formula:

_ 1 _ N-=
Un = (En BnUn+l)/Cn n = N-2,2

II- Continuity Equation

Difference form of continuity equation centered at
point B (Fig.28) is:

.'kV . L (v ‘a - _A_y_tli H (U +U j . )
n . a n-1Pn-1 2 ‘m ‘m—2,n9m—2,n m—2,n—lpm—2,n—1
pn : .
-T (U 0 +U o Y+J (U p2+u  p® D)
m m-1l,n"m-1,n m-1,n-1"m-1,n-1 m- - nn n-1"n-1 :

or (backward difference)

a Ayn—l

n-1 2Axm___1

V=~L(V

: a . a
n 0 n—-lp (Unpp+Un—lpn—1 m—l,npm—l,n

a
n



g

Appropriate boundary conditions:

ITI- Energy Equation

" When appfoximated forms of derivatives are substituted
into the enérgy equation, a three-block diagonal matrix

results similar to that for the momentum equationi

En+T D = E ' 2 < n < N-1

T B T _
: 1 n-1n n

ntl n

where T;s denote dimensionless temperature at nodal points

across the station, X
. m

"B, C , D and E_ all consist.of computed values from
n n’- n ‘n » . A

momentum and continuity equation and, of assumed values.
Coefficients of energy equation differ slightly from those of

momentum equation. Therefore, by the following substitutions,
B , C and D can easily be obtained from Bl, C and D .
n n n : n n n

0 r 3
=}

o8]

a4y, a
ul/e
w7 ou /Pr

a . : .
where Prn stands for Prandtl number at nodal polnts.En's,
however, .differ due to viscous dissipation term and pressure

gradient term. Therefore, it is given séparately as:

N ) ) U -
- _ n ,
= - T E — H !
En,Un(Ime-l,n Hm_m—2,n) + a ( nPm-2" "mPm-1

pn

+J +
~mpm) q)n

where ¢ accounts for viscous dissipation term
v n
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¢ = E(K UVV' - LU F MU )2 Mn
n n n+l n n-1 n n a
o) Re
n o
or (backward difference)
_ T u_ (p_-p__.)
E = U __I_n_]:_,E + E o m m-1 + ¢
n n Ax : a. Ax . n
“m-1 Py m—'1 .

Note that E with no subscript stands for Eckert number.

Difference cquation for energy equation is solved by

the above method using the following boundary conditions.

T=Tw (dimensionless)

At yow  {T=T

Adiabatic wall condition can be expanded by three-.
point difference scheme, thus following relationship 1is

obtalneg among Tl’ T2-and T3.

- 2 9
(Ay1 + Ayz) TZ.Ay1T3
By, (Zhy, + By,)

For adiabatic wall condition, coefficient matrix

changes slightly as:

2 )
(1 + k) - - Dy
Co >t Dy 5Ty 2 B 7 By T o

ol

where k is magnification factor.

For incompressible flow over flat plate, simply take
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.a= _ ISR - a_'= .

Ph pm—l,n = Pp-2,n T My = 1,. Pr = Pr = constant.
:T: = =

Ue e P Po-1 1

and carry out necessary reductions (e.g., pressure terms and

BA vanish) in all difference equations.

C. CONVERGENCE CRITERION

Since the‘béundary layer equations are non-linear
iteration is necessary. If the relative error based on the
computed and the assumed values is less than the desired
value, say G-, then iteration is stopped. In other words,
iterations are continued until the following condition 1s

satisfied:

5

< €

=g
o]

Iteration can also be carried out over T or v but they
may have undesirable values (e.g., zero or almost zero) dur-—
ing the calculations. Therefore, iteration is repeated over

U but relative error based on temperature is also observed.

In all calculations, ¢ = 0.0005 was used.

D. COMPUTER PROGRAM

"“The list of the computer program used to solve boundary

1ayer"equationé are presented on the following bages:
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Sample Input/Output

The computer Program necessitates two upstream tanger
tial velocity and temperature profiles, which are bbtained-
from Cebeci's program(22).'0uﬁErkedge velocity dist;ibution
is obtained froleatsanié' program(23), The disk unit number
where the data obtained from these programs are recorded are

cas follows:

| Disk
D a t a : o Unit No
Blade surface coordinates at nodallpoints (ft) '
Outer edge velocity distribution (ft/sec) 10
Nodal values'ofvnormal coordinate and velocity ,

at the first station, (ft, ft/sec) R 12
Nodal values of normal coordinate and veiocity

at. the second station - . 13
Temperature distribution at the first station

(°R) : 14
Temperature distribution at the second station 15

Fig.29, shows the finite difference mesh structure

used to prepare input data to the computer program.

DX 4
RN

- N

-5
S 7777

XST |

77T
SNDIV
ALFA

- NSTART -

Fig.29- Finite~difference mesh structure
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The following is the description of input data:

1: Compressible

;COMP 0: Incompressible
IFLAT 1: Zero-pressure gradient-flat plate
' O: Flow over the blade
1: Initial velocity and temperature profiles are
ICONT taken from the previous run
O0: Initial velocity and temperature profiles are
taken from Cebeci's program(22)
1: Velocity and temperature profiles at each station
JPRINT as well as station data are printed out
O: Only station data (e.g., streamwise coordinate,
- effectiveness, outer edge values) are printed out
IFILE .~ Station number where velocity and temperature pro-
‘ files are written down on disk for the next use
~(See ICONT)
IR Disk unit number where velocity and temperature
profiles have been recorded
Iw Disk unit number where velocity and temperature
' profiles to be recorded for further use
- MSTART Number of nodal points in normal direction for
' initial stations
MJ Station number where boundary layer thickness check
is stopped :
NSTART . Statlon number wh re injection begins
NDIV Trailing edge station number
NSTEP Station number where - streamw1se ‘step size is
increased
NSTEP1 Station number from which on Ax is increased

gradually
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NSTOP - Station number where execution is stopped .
M Maximum number of nodal points in normal direction
NMAX ‘Number of nodal points along the blade surface

NNMAX Number of nodal points in normal dlrectlon in
Cebeci's program(22) :

XsT -D1men31on1ess streamwise coordinate of the flrst
initial station

ALFA lInjection angle (deg;) -

CHORD' ' Characteristic leﬁgtﬂ (Chgrd)(ft)

DXSL- Stfeamwise step size over the slot

SL Magnificgtion factqr, k

?YMAX . Maximuﬁ diﬁenéionleés normdl Coord;nate

DX : Dimensionless step size in streamwise direction
MRATIO Blowing rate parameter or injection ratio defined

as (pcvc)/poUO (comp.) or VC/UO (incomp.)

Ub Reference free stream velocity (ft/s)
. : P U e
RE Reference Reynolds number Re =
Ho
‘TTO Free stream static teﬁperature (OK)

TCOOL Coolant temperature (°K)
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Input formats and a sample input/output for the mesh
structure (Fig.29) for the'COmpfeSSible flow over the blade

are. as follows:

Variable B Format
ICOMP, IFLAT, ICONT, JPRINT, IFILE, IR, IW,
MSTART, MJ, NSTART, NDIV, NSTEP, NSTEP1, NSTOP,

-

M, NMAX, NNMAX 411,1313
XST, ALFA, CHORD, DXSL, YMAX, DX ~ 7F10.0
MRATIO, UO, RE, TTO, TCOOL , 5F10.0

EETA(I), DDF(I) . o - 3(2F10.0)
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