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A B S T RAe T 

A num~rical model ~s developed to investigate film 

cooling in compressible laminar boundary layer flows. This 

model is applied to the first stagi stator blade of a transo-

nic gas turbine. As a prelude study, film cooling for ~ncom

pressible flow over a flat ~late is also included. Film cool

ing effectiveness ts reported for a variety of injection con

figurations 'so that the effects of .coolant mass flow, rate, 

injection angle, ~nd slot width can be investigated. For the 

cQolant mass flow rat~s considered, normal injection provides 

~etter cooling than inclined injection. However, normal 1n

jection brings about greater boundary layer thickness and llIay 

reduce aerodynamic performanc~. Use of multiple slots provi

des higher and more uniform effectiv~ness for the s me coolant 

mass flow rate. 
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o Z E T 

Laminer s~n~r tabakal~ ak~~larda film sogutma olay~n~ 

incelemek ~~~n nlimerik bir model geli~tirilmektedir. Bu model 

transbnik bir gaz·tlirbininin birinci kademe stator kanatlar~

n~n sogutulmas~n~ incelemek i~in kullan~lmaktad~r. Bn ~al~§ma 

olarak bir dlizlemin film sogutma problemi de ele al~nmakta

d~r. Sogutucu kiitle debisinin, injeksiyon a~~s~n~n, 'slot' 

geni§liginin sog.utma etk:enligi lizerindeki etkisi ara§t~r~l

maktad~~. Ayn~ sogutucu kiitle debisi i~in, nbrmal injeksiyon' 

egik ve tegetsel injeksiyondan qaha etken olmaktad~r. Ancak 

normal injeksiyon daha bliyiik s~n~r tabaka kal~nliklar~na yol 

a~makta ve aerodinamik perform'ans~ dli§lirmektedir. Birden faz

la injeksiyon 'slot'~n~n kullan~lmas~ sogutma etkenligini bli

yiik ol~lide art~rmaktad~r. 
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CHAPTER I 

I N T R'O D U C T ION 

Methods for shielding a solid surface exposed. to a 

high temperature gas stream are of considerable interest. 

Among them, film cooling is considered to be the most promis

ing and 1s,used in many engineering applications such as 

cooling of rocket nozzles, ree~tering space vehicles, and gas 

turbine blades. This study is concerned wit~ film cooling of 

stator blades of a gas turbine. 

Film cooling,analysis reported 1n this study 1S 

restricted to two dimensional laminar compressible flow ~ith 

slot injection and is achieved by solving boundary layer 

equations numerically employiti~ finite difference method. 

Both mainstream and coolant are a1r. As a preliminary work, 

film cooling for incompressible flow over a flat p~ate 1S 

considered.' 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 cooling on-film cool-

1ng effectiveness). 

Film cooling 1S a process t~ protect solid surfaces 

exposed to high temperature environment~ whi~h, in general 1S 

gase~us. It is of great importance and used 1n many eng1neer-
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1ng applications such as cooling of rocket nozzles, gas tur

bine blades, and reentering space vehicles. In this method, 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 the boundary layer devel

oping on the surface. The secondary fluid serves two func

tions: 1) The introduction of coolant which is at a tempera

ture lower than the mainstream into the boundary layer reduces 

the temperature in the region downstream of injection region, 

2) Injection of coolant increases the boundary lay~r thick

ne~s. Increased boundary layer thickness, in tur~ 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

dary fluid can enter through a porous .region (Fig.l.a) or 

through a continuous slot at some a~gle to the wall surface 

and mainstream (Fig l.b and I.e). 

Although three dimensional film cooling 1S outside the 

scope of the present work, it will be briefly discussed due 

to its practical importance. In three dimensional film ~ool-

1ng, 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 jeti of secondary fluid being blown off the surface 

and the mainstream flow coming between or under the coolant 

jets decreasing the effectiveness of film cooling process. 

Even so, for structural reasons, when it is difri~ult to have 

·a truly-continuous two dimensional injection slot, interrupt

ed slots and rows of multiple slots have been used (Fig.2) 



", 

,,'Main,-
.. -. . Flow 

Coolant, . 
(0) 

, Main 
• 

- 3 -

Main -Flow. 

" Fig.l- Fil~ c90ling geometry for two dimensional film cabling 
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Q/ Q . . Coolant 
FlOW~ 

Til 
Fig.2- Three dimensional film cooling geometry 

Film cooling effectiveness 1S a major parameter 1n 

determining how well the injection flow shields the wall from 

the mainstream gas. In general, it is defined as 

T - T 
r aw (1.1) n = T - "-T 
r c 

where 

T 1S recovery temperature (i.e., adiabatic wall tem-
r 

p~rature evaluated in the absence of coolant) 

T 1S adiabatic wall· temperature with injection 
aw 

T 1S coolant temperature 
c 

If the flow 1S essentially subsonic as 1n th~ present 

case , the following formula can b eu sed: 

T - T 

n =. 
os aw 

T T 
(I. 2) 

os c 

"-
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where, Tos is the reference stagnation temperature 'which 

remains constant outside the boundary layer (Note that 1n low 

speed flows, viscous dissipation is not so important, thus 

T '" T r os However, in high speed flows, this is not valid and 

the first formula is 

no pressure gradient 

replaced by 

to be utilized). Furthermore, if there 1S 

(i.e., T = T = const.), 
e 0 

it can be 

T 
o 

n = T 
o 

- T 
aw 
T 

c 
(I.3) 

~here, Td~notes reference free stream static temperature, 
o 

T stands for outer edge static temperature. The last defi
e 

nition is especially suitable and common to film cooling for 

incompressible flow over a flat blate. 

The use of T 
aw 

1n the definitions is meaningful. In 

film cooling applications,the heat transfer from the hot gas 

to the surface'to be protected is not zero. There 1S usually 

some type of internal cooling, but the limiting case (i.e., 

the highest wall temperature) is adiabatic wall. In addition, 

it is used as reference temperature in. evaluation of convec

tion conductance in high speed heat convection. 

Note that film cooling effectiveness var1es from unity 

at the point of injection, where T '" T , to zero far down-
aw c 

stream of the slot, where, because of dilution of the coolant, 

the adiabatic wall temperature approaches the free stream 

stagnation temperatur~. 

Significant geometrical and physical parameters 1n 

'film cooling are: 

Blowing rate parameter F= P v / p.U 0 r 
c coo 

F=\! Iu 
c 0 
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Coolant mass flow rate 

Slot width 

Starting length 

Injection angle 

Distance between 
consecutive slots 

Free stream reference 
values 

M =1) v s 
c c c 

s 

x 
o 

a 

L 

U ,T ,p (or p ) 
o 0 0 0 

In these definitions, U starids for reference free 
o ; 

stream velocity, Vc for normal component of injection velo-

city p for reference free stream density, p for coolant 
0- " c 

density, T for reference free stream static temperature, and 
o 

p for reference free stream static pressure. 
o 

For the present work, film cooling geometry 1S 

illustrated in Fig.3. 

In the following sect"ions, Chap.II reviews previous: 

work on two dimensional film cooling. Chap. III, presents 

theoretical formulati~n and describes numerical method. In 

Chap. IV, the results obtained from numerical analysis are 

discussed. In Chap.V, following a brief summary, the findings 

of the present study are given. Finally, details of numerical 

formulation is provided in Appendix. 
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u 

(b)PreS5ure surface 
of the blade 

Fig.3- Injection geometry for the ,present study 

./ 
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CHAPTER II 

PREVIOUS WORK ON TWO DIMENSIONAL FILM COOLING 

. There are different approaches to handle film cooling 

process. One of them is heat-sink model. In this theory, 

hydrodynamic effect of injected fluid 1S completely neglected 

for sufficiently low injection rates, which is justified only 

far downstream of the slot. As a result, use of turbulent 

bo~ndary layer properties is made possible (e.g., 1/7 power 

law velocity profile). With the aid of boundary layer integ

ral analysis and turbulent flow characteristics, film coo~ing 

effectiveness is obtained as(l) 

(11.1) 

where, C 1S, 1n general, a complicated function of slot 

Reynolds number, Re = (ucs)/v , blowing rate parameter (or 
s c 

injection ratio), F' = P u /p U and slot geometry, and lies 
.cc 0 0 

between 15 and 25 according to the various experimental 

studies(2). In these definitions, u stands for tangential 
'c 

~omponent of ifijection velocity,v c for coolant kinematic 

viscosity, and X for the distance measured from the trailing 

edge of slot. 

There ar~ numerous experiments parallel to this theory. 
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I. 

In these studies, effectiveness determined experimentally 1S 

fitted to the form obtained analytically. Hartnett et all(l), 
r 

obtained v~locity, temperature distributiorii, effectiveness, 

and heat trans~er coefficient fbr.air injected through a 

tangential slot into a turbulent boundary layer. They used a 

single injection rate (F I =O.28), a fixed mainstream velocity 

and ~ single slot size. The injection geometry is shown in 

Fig.4. 

Fig.4- Injection geometr~ for the study of Hartn~tt et all (1) 

In that study, the following correlation was found by 

semi-empirical analysis as: 

n = 16.9 (~)-O.8 Fls '. 
X 

F I s· > 60. (11.2) 

Seban(3) studied heat transfer and effectiveness [or a 

turbulent boundary layer with ta~gential fluid injection. 

Experiments are repor~ed to be conducted for different slot 

sizes and injection r~tios for the geometry illustrated in 

Fig.5. 
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/ Test surface 
/ 

Fig,5- Slot geometry ~n Seban's study(3) 

Correlations were obtained for F' ~ 1. The most su~

table correlation is given to be 

n = 25(F,)1.2 (~)-0.8 , F' < 0.9 (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 malnfold width on the 

effectiveness for var~ous injection rates less than unity 

(Fig;6). 

b:manifoti width 
s: slot height 

Fig.6- Geometry in the study of Haering(2) 



- 11-

It ~s noted that for F' < 0.5 manifold width effect 

can be neglected. For 1 > F'> 0.5, large~ manifold widths 

yield great~r effectiveness. The correlation coefficient C 
. ' 

is given as 17. Goldstein et all(4) considered the case where 

coolant is injected tlrrouglt a porous section Lnlo a turbulenl 

free stream (Fig.7). 

x -
5 

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

Effectiveness was determined for various values of 

coolant tempcr~ture, blowing rate, and frel' stream velucity. 

The correlation is given as: 

= C(L)-D.SS 
Fs 

where, 21.5 < C < 24.5 
.. 

(11.4) 

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 geometry. 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 ~tream velocity was increased from 1.6 to 2.4 times 

along the plate length. The effecti~eness turned out to be 

on 1 y s 1 i g h t 1 Y below the val u e s w h i c.h w 0 u 1 d h a v e . ex i s ted if 

the free stream velocity had remained at its original value. 

Spalding(6) reviewed earlier correlations g1ven by 

various, experimenters for the cases F' ~. 1 and noted that 

there were similarities between these correlations. As a 

result, an artificially contrived formula which would fit all 

oft h e d a t a i s pro p 0 s e.d as: 

-= 1 'for X < 7 

(11.5) 

= 7/9. for X > 7 

where, 

U X 
X = O.9l(--o __ )Re- O. 2+{ll.4l 

ucs s 
1 

This correlation agrees ~atisfactorily with the data 

of most experimenters. This and similar models are exhausti

vely discussed in an article by'Goldstein(7). In these stu

dies, analyticai and experim~ntal results agr~e well down

stream of injection region where th~ hydrodynamic effect of 

the injected fluid is trivial. This method suffers from the 

inaccuracy near the injection r'egion because the hydrodynamic 

effect of injected fluid is neglected and turbulent boundary 

layer characteristics are used as if there were no injection. 

Mayle and Kopper(8), present a similar analytical 

model for turbulent boundary layer with tangential slot injec

tion. This model accounts for separate development of the 

therm~l boundary layer (In the first model discusse~, it is 

implicitly a~sumed that the th'ermal and hydrodynamic boundary 

layers have the same thi~kness). Using turbulent boundary 
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layer exuations and turbulent flow properties, ~ffectiveness 

was determined in terms of ~he 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 ~oundary Yayer. 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 recently, numerical methods have been used .. Boun

dary layer equations are solved numerically. Usually finite 

difference method is used. Spalding(9), studies tangential 

injection into a turbulent boundary layer over flat plate and 

into confined ducts. Effects of Mach number, coolant Reynolds 

coola~t temperature and injection ratio, u Iu are 
c 0 

presented. In addition. foreign gas injec~ion (i.e., mass 

transfer) is taken into account. Nilson and Tsuei(IO,II) 

consider laminar obiique injection into low and high speed 

compressible flow pasf 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 pressure gradient 
. .' 

for a wide range of injection rates. They account for heat 

trans·fer as well. However, th~ir 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 III 

A N A L Y SIS 

111.1. GOVERNING EXUATIONS AND BOUNDARY CONDITIONS 

The flow in a steady two dimensional laminar compres

sible boundary layer is described by the following set of 

partial differential equations: 

Continuity: 

(111.1.1) 

Momentum: 

au au dp 1 a (~ a~) pu f.pv = - + -- - Re 
oy ax ay dx ay 

011.1.2) 

Energy: 

aT aT - dp 1 2(L~) pu + pv = Eu + - Re ay Pr ay ax ay dx 

+ E .H (a~)2 
Re -

p ay 
(IlL 1. 3) 

where, ' 
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x,y dimensionles coordinates x = x/c, y = y/c 

u,v dimensionles velocity components ~~u/u ~=v/u 
o 0 -

T -dimensionles temperature T = (T-T)/(T -T ) 
o c 

p 

p 

dimensionles pressure p = 

dimensionles density ~ = 

2 pip u 
o 0 

~ dimensionles viscosity ~ = ~/~ 
o 

Re reference Reynolds number Re = p U C/~ 
" Q 0 0 

Pr reference Prandtl number Pr = ~ C /k 
. 0 p 0 

E Eckert numbe~ E = u2 /c (T -T) . 
o poe 

Due to large temperature differences ~ = ~(T), 
P = ~(~,~). As complementary equations. Suther~ind's V1SCO

sity formula and equation ot state are used 

T + S = (...J....)3/2 _0 __ 

T T + S 
o 

p = P/RT 

(1:11.1.4) 

(II1.l.5) 

"For ai~, S = 110oK. Cebeci,T and Smith,A.M.O.(13) 

yield Pr = Pr(T) distri~ution, which is used in the present 

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

The above equations are used, in general. For 1n

compressible flow over a flat_plate, it suffices to take 
dp 

Pr(T) = Pr, ~ = p = 1, and = O. 
dx 

The boundary layer equations are subject to the follow-

1ng bo~ndary conditions: 

Impervious and adiabatic \vall (~<~ and x>x +s)" 
/ - 0 0 
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u = 0 

At Y = 0 v = 0 (111.1.6) 

dT 
0 -dy 

Slot conditions (~ +8 > x > x ) 
o - 0 

-
U = (p U F/p )cota = u o 0 C C 

At Y = 0 v = (p U F)/p = v o 0 c c (111.1.7) 

-
T = 0 

Outer edge condi tions (For all ~ IS) 

u = Ii (~) u = 1 
-+ 00 

e 
y or - - (111.1.8) . 

T = T (x) T = 1 e 

Compressible Incompressible 

Once velocity field has been established, outer edge -

conditions are calculated as follows: 

U
2 

_1_(U 2 _ U 2 ) T T e 
T + = 2C = e os 0 2C 0 e (IlL 1.9) 

p p 

T 
P P 

e y/ (y-l) 
-= (-) 

e 0 T (III.l.lO) 
0 

where, y 1S ratio of specific heats, C 
- P 

1S 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 isentfopic relations can be ~rnployed). 

-, 
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Adiabatic 
wall 

Fig.8- Boundary condi~ions and injection geometry 

It should be noted that normal component of injection~ 

velocity must be small enough so as not to violate boundary 

layer assumptions. Otherwise, inviscid free stream flow may 

be disturbed; furthermore, boundary layer maybe blo~n off 

the wall .(i.e., separation of boundary layer'). In this case, 

classical boundary layer equations are no longer valid. Then, 

how large an injection rate can be applied. In general, it is 

required that 

where 

v 
c U v'Rex = 0 (1) 
o 

Re = x 

p U x 
e e 

~e 

(III.l.ll) 

The above requirement ~s not strict and given for 

continuous injection(14,15). Rather crude criterion ~s 
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provided by Wallace and Kemp(16) as. 

v 

u 
c 

< 0.1 (Ill.I.12) 
o 

Eckert(17) g~ves the blow-off limit for incompressible 

flow over fla~ plate with uniform injection as 

v 
c 

U 
o 
~= x 

0.619 (111.1.13) 

It ~s ieen that the above criteria are related to 

continuous injection. For slot injection, it is proposed ~n 

this study that 

·v 

tf IRe* 0(1) 011.1.14) 
o 

where, 

tion 

Re* 

Re* :. 
pUs e e 

lle 

This criterion proved to agree with the present injec

study and yields 
Pe Ue Xo 

upper limit. On the other hand, 

is more conservative. 
lle 

In case of acceler~ted flows, injectiQ~ velociti can 

take higher values because of favourab~e pres~ure gr~dient 

effect (As known, injection produces unfavourable pressure 

gradient effect on the. flow, which can be balanced by accele-

·ratihg the f~ow). Eckert(17) yields the blow-off limit as 

3.191 for plane stagnation flow with uniform injection (for 

flat plate, 0.619). Thus, in accelaretad flows larger injec

tion rates ~an be applicable. In what follows, some referen

ces regarding the studies for largeinject{on rates are cited. 
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Wallace and Kemp(16), propose an analytical.model for 

uniform injection at large rates. It 1S assumed that boundary 

layer equations cease to be valid. Instead, three layer model 

is adopted. 1) Inviscid rotatibnal layer near the surface 

2) Shear layer 3) Incident flow. Results are obtained for 

wedge and plane stagnation flows. 

For compressible wedge flow with uniform injection, 

there are numericalstudies(18,19,20,2l) based on the assump

tion that boundary layer equations are still valid. Their 

analysis is restricted to pressure coefiicient B = 0.5. 

Nilson and Tsuei(lO,ll) apply large injection veloci

ties for compressible 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 extremely 

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 finite difference scheme 1S 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. 

Variable step size is used downstream of the slot to reduce 

computatlonal time. In transverse direction, variable step 

size is used to control local truncation error as well as to 

reduce computational time. Transverse coordinates are 
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computed as 
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1 
n= 2, ... ,N (I11.2.1) 

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

number, in transverse direction, D.Yo for initial step 'size 

Y. 

n A 

n -1 '8 

m-2 m-l m 

Eig.9~ Computational grid 

For the part~a1 derivatives 1n i-direction, three

point' difference ,scheme is employed due to the parabolic 

IIU tll rl! 0 r till! equu t i OilS. lIowl'vL'r, at f i.1~s t s La L j OilS dOWI1-

stream of the slot ends, simple backward, difference formu1a

tionis used due to discontinuity existin~ at slot ends. 

Parti~l derivatives in y-direction are centered about point 

A (Fig.9) due'to the e,lliptic nature of the equations in this 

direction. The continuity eq~ation is centered about point 

'B (Fig~9). 'Except for the backward difference, other schemes 

are accurate to the s~cond 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 v~locity distribution for flow oyer the blade 1S 

obtain~d from Katsanis' program(23). For iricompressible flow 
r 

over flat plate, the outer ~dge velocity is constant and the 

velocity distribution prior to the injection slot is given by 

the Blasius' solution(24). 

Boundary layer equations for com~ressible flow are 

coupled since v{scosity, density, and Pr number are functions 

oft e m per a t u r e. I n inc 0 m pre s sib] e flo w, howe vcr, the r e IJ> no 

coupling between the equations, and only momentum equation 1S 

11 0 11 -:' 1 i n ear. J n w 1w t [ 0 110 W s, tilL' pro c e d 1I r l' r 0 1 low l' dIs 

described mainly for compressibl~ flow. Derivation of finite 

diffe·rence equations·and details of the method are gIven in 

the appendix. 

Since, as noted earlier, field equations ate non-li~ear 

a simple iterative. procedure is employed. In-aervinig diffe

rence equatidns, velocity and temperature profiles at the 

present station are assumed to be known. Thus, density, vis

cosity and Pr number can be computed from the assumed tempe

rature profile. Once derivatives have been approximated by 

previously-mentioned schemes, momentum and energy equations 

take the forms' 

B u +Cu +D u 
n n+l nn n n-l 

-
Bn T n+l + 

E 
n 

E 
n 

where, u , T are dimensionless velocity and 
n n 

(Il1.2.2) 

temperature 

values at each nodal point of the present station. Coeffici-

ents are calculated from the first two initial velocity and 

temperature profiles and from assumed profiles. It can readily 

be nQted that both equations can b~,formed into three-block 

diagonal matrix equations, which are solved by the Gaussian 

eliminati6n method modifi~d 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

city component ai each grid point of the present ~tation 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 velocity and temperature are assigned 

as assumed profiles. 

Density, viscosity and Pr number are recomputed with 

this new assumed temperature profile. Using the new coeffici

ents,' th~ difference equations are solved again and the whole 

procedure is repeated until the desired accuracy is attained 

(Here, iteration is carried out over tangential component of 

velocity. See Appendix). The va~ues 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. Once 

the velocity distribution has been established, the energy 

equation is solved d{rectly (Recall that the energy equation 

is linear). 

The accuracy of the numerical formulation has been 

tested for the following cases 1) Incompressible flow over 

f 1 a t, pIa t e ( B 1 a s ius sol uti 0 n): T est run s we rep e r for me d for 

different Re numbers and grid spacings. Fig.lO shows that the 

results. of the present study agree with the Blasius solution 

very well. 2) Compressible flow over the pressure surface of 

the stator blade a) with impervious and adiabatic wall b) with 

uniform injection where the coolant is at a substantially 

lower temperature than the freestrem temperature. The results 

are compared with the velocity and temperature profiles 

obtained from Cebeci's computer program(22). Again, as can be 

noted ~n Fig.ll and 12, the agreement is quite good. In these 

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

flat plate" with slot suction: This case was included to test 

the accuracy of the formulation for discontinuous boundary 

condition. The skirt friction coefficient distribution 6ver and 

downstream of the slot obtained from the present study 

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

indicaced in Fig.13. 
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Fig.IO-;- Comparison of the present formulation with the 
Blasius' solution(24) 
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Uo=80 
To =\357°K 

· Po =.2 84 kg/r{,3 

Tc = 350 0
K 

· F =,002 
0(= 9 0° 
x=.2075 

· -Ue=,6935 

o Present Te=1.00164 
Cebec j/s program(22} 

Fig.ll- Comparison of the present work with thecesults 
obtained from Cebeci's program(22) for uniform injec-

tion 
.. aOGAl'C' UNWERS\IES\ K010PHANESt . 
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u 

.5 

~J Pre-:sent 
-- _Uniform injection 1 
- Adiabatic I impervious JCebecj(22) 

Fig.12- Comparison of the present study \vith the results of 
/ Cebeci's computer program(22) for uniform injection 

and adiabatic, impervious wall 
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Vc J~L /~ -1.5 
Uo 

~ Nil 5 0 nand T 5 ue i (11) 
o Present 

1.4 
, ! 

1.5 x / L 

Fig.13- Comparison of skin friction coefficient for slot· 
suction 
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CHAPTER IV 

RESULTS AND DISCUSSION 

IV.l. FILM COOLING BY OBLIQUE SLOT INJECTION FOR 

INCOMPRESSIBLE FLOW OVER A FLAT PLATE 

As a preliminar~ study, incompressible film cooling by 

oblique slot injection has been investig~ted. Characteristic 

length, free strealll velocity alld tClIIperature dill'erenee have 
. 0 -

been taken as 10 em, 20 mls and 50 C, respectively. (Note 

that temperature difference and free stream velocity have 

been so chosen that the incompressible ass~mption is not 

violated. Free stream Mach number, M = 0.0416). Effects of 
° coolant mass flow rate, M = p v S, injection angle and slot 

c c c 
width have been investigated. In general, injection angle 

var1es between 00 and 90°. It can be assumed that the range, 

° 0 a < a < 15 would correspond to tangential injection, 

150 < a < 75° to inclined injection, 75
0 < Q < 90

0 
to normal 

injection. Throughout the present study, injection angles of 

6°, 45°, and 84° have been used to characterize tangential, 

. inciined, and normal injection, respectively. Two different 

slot widths (S = 0.16 cm and 0.32 em) have been considered. 

Although the incompressible flow over flat plate is of little 

practical importance, this analysis is useful in obs~rving 

trends and in making compiHisons. Fig.14 'shows typical velo

city profiles at the trailing edge of slot for tang~ntial, 

inclined and normal injection .. 
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Re=4L.933 
Pr = .6B 

To -Tt :: 50°C 
F = .025 
5 - .16 em -
x· - 1 em a -

Fig.14- Velocity profiles at the trailing edge of the slot 
for different injection angles. 

As expected, maX1mum boundary layer .thickness is attained in 

the case of normal injection. Fig.IS and Fig.16 show effecti

veness for normal, inclined and tangential injection. The 

- effect of the slot ~idth have been studied by holding the 

coolant mass flow rate fixed and is shown in Fig.17. 
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l.r-------'--~--~ __ 
1 

t----x 

.5 7 

~---- 01.= 81;° 
----~-===f) [.:f 

10 20 30 40 ,50 XIs 

Fig.15- Comparison of effec~iveness for different injection 
angles 

Film cooling ~s realized by a combination of two basic 

effects a) ~ncrease ~n boundary 'layer thic~ness that reduces 

the rate of heat transfer, and b) Mixing of coolant and main

stream gas that directly rcduc~s the temperature of the 

latter. The bo~ndary layer thickness increases, as the injec

tion angle increases. Therefore, at large injectio~ rates 

max~mum effectiveness is obtained in the case of normal injec-
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tion (Fig.IS). At low injection rates, the first effect ~s 

negligible and mixing 1S the dominant cooling mechanism. 

Consequently, the effect of injection' angle on cooling 

decreases as the injection rate' i~ red~ced (Fig.16) . 

-. . ~.~" - - - ---=-"=-.:...-. _.-.-. 
-------

L-__ ~ ____ ~ __ ~ ____ ~~~----~--~----~~~----~~~ 

10 20 30 40 50 Xis 

Fig. 16 - E f fee t 0 f i nj ee t ion an g 1 eat low in j e c t ion rat e s . 

The dominant cooling mechani~m for tangential ~nd ~n

clined injection 1S the mixing effect. Wide slot provides 

better mixing of coolant and mainstream gas. Therefore, wide 
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slot ~s more effective for inclined and tangential'injection 

(Fig.17). This is more pronounced for tangential injection. 

However, boundary layer thickness effect (i.e., insulation 

effect) dominates over. the mixing effect for n~rmalinjec
tion. Use of wide slot reduces'injection velocity, thus caus

ing thinner boundary layer thickness. lienee, narrow slot is 

more effective for normal injection (Fig. I?). Similar results 

are reported by Nilson and Tsuei(IO) . 

. ----,-------------------------------------------

_F=.025 5 = .16cm 
__ F=.0125 5 =.32cm C'I..= SL.° -
00 ' , , , , , II " 

, I " "4 r:f 
, I 

" " 
, I I, , ", 6" 

- cx=84° 
~L.5° 

-_~.-_-_. -_ '!-~--~:~ __ .-_.:::-_-=--~.:Q~~~ 6" 
~. ---~---------1 

50 - xis 

Fig.17- Effect of slot width for di(ferent injecCion 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 solving the boundary layer equations . . 
'with the imposed pressure gradient. Fig.18 shows the blade 

profil: 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 wOllld cause 

separation. Besides, accelerated flow over the pressure 

surface causes thinner boundary layer (i.e., poor insulation). 

Therefore, film cooling of the pressure surface is more in

teresting. Furthermor~, due to 'structural reasons and strength 

considerations, tangential injection is not suitable for 

turbine blade cooling and has been excluded. 

Free stream r~ference conditions (just outside the 

blade section) have been chosen as To = 1357°K, Po = 1.12x10
5 

N/m2 . The values' of film coolin~ parameters used in this 

study and the corresI3onding cases studied are' presented in 

Table 1. 

Fig.l9 shows th~ outer edge velocity and temperature 

distributions obtained from Katsanis(23) program for the two 

different free ·stream velocity or Mach numbers (Mo = 0.135 

and 0.27) as a function of the surface length. Origin of the 

coord~nate system is the leading edge stagnation point 

p~edicted by Katsani's' program(23). 
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Fig.18- Inviscid flow pattern and boundary layer deve16pment 
around the blade 

Fig~20 and 21 show typical velocity and temperature 

profiles for normal injection. It is noted that, at the 

trailing edge of the slot, velocity and temperature profiles 

a.s sum e "S" s hap e w hi chi san in d i c at ion 0 fad v e r s e pre s sur e 
", 

gradient effect of injection. 
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TABLE 1- Film Cooling Parameter Values Used ~n the Study of the Film Cooling of 
the Blade 

- - - ~-~-~----------

(Number 
of 

(kg/ms) (deg) (em) (m/s) (oK) (em) Slots) 
~ F ex s U T L n Significance Cases c 0 c --

I 1. 82 0.025 84 0.183 100 750 1 Effects of 

2 1.82' 0.025 45 0.183 100 750 1 coolant mass 

3 2.63 0.05 84 0.183 100 750 1 flux and inj ec-

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 2.63 0.025 84 0.367 100 750 1 Slot width 
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 SOD 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 spacin~ 

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 
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u/u . e 

5 10 . 

Uo=100m/s 
To':: 750 0K 
xo=2.446 em 
5 =.lC03 em 
o<.=8~ 
F=.05 

15 

Fig.20- Velocity profiles for normal injection 

ex, 

M o 

Fig.22 and 23 show the influence of injection angle, 

a~d the coolant mass flow rate, ~ , on effectiveness c 
= 0.135 and 0.27, respectively. Normal injection and 

for 

~n-

clined injection yield the same effectiveness near the slot. 

Downstream of the slot, however; normal injection is more 

effective as in the incompressible case (Similar conclusion 

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

attributed to the larger boundary layer thickness caused by 
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(To-T)I(To-Te) 

.5 

5 10 YX103 

Fig.21- Temperature profiles for normal injection 

normal injection. Normal injection is superior from the 

manufacturing and strengths points of View, as well. However, 

normal injection has a disadvClntap,e. The ace()lI1panyin~ 

boundary layer thickness growth increases drag and reduces 

aerodynamic performance. Therefore, a trade-off study may be 

require~ for the selection of inje~tion angle. 
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Mo= ~135 
To =750

o
K 

Xo =2.4'-+ 6em 
5 .1'83 em 

--

_ ct=84~ 
- - 45 

- - . ·F= 1 ---. "-.. . -
..,. --- --- - - - 05 -------------= :025 

~~·-·iO---·"'--! -i(f~·····-30-··~··-·1b---~·--·5(C---60 --~---70~x/s 

Fig.22- Comparison of effectiveness for different mass flow 
rates and injection angles at M = 0.135 a 

Fig.24 shows the effect of vary1ng slot width with 

constant mass flow rate for normal injection. As explained 1n 

the preceding section, narrow slot provides larger boundary 

laye~ thickness which is the dominant cooling mechanism for 

normal injection. As a result, narrow slot is more effective. 
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Fig.2j- Comparison of effectiveness for different mass flow 
rates and injection angles at M = 0.27 o 

Fig.25 compares film cooling effectiveness for diffe-
In high (M = 0.135 and 0.27). 

o rent free stream Mach numbers 

spead flows, frictional heating causes larger boundary layer 

thickness (i.e., beiter insulation) and lower density upstream 

of the slot. Mainstream gas at low density near the wall can 

more readily be blown away from the wall' by injection. There

fore, as Mach number inc~eases, higher effectiveness is 
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obtained. Similar result has been obFained by Nilson and 

.T.s u e i (11) . 

---- -- .... 

10 20 30 40 

- ........ 

Mo= .135 
, 0 

---

Tc=750K 
xo=2.446cm 
5 =.367cm 
0<. = 84° 

-.-

5 = ,1 83crlj 
F=.l 

---.:...------~1 
--~~--.05. 

~----- -~ 
---------- ____ ~__ I 

,025 

50 60 70 XIS 

Fig.24- Slot width effect for different injection angles and 
injection ratios 

Fig.26 illustrates the ,effect of coolant temperature 

(T = SOOoK and 7S0
o

K) with constant coolant mass flow rate. 
c 

Lower coolant temperature yields a bit lower effectiveness 

because lower temperature causes higher density and lower in-
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jection velocity (i.e., thinner b~undary layer). 

\ 
.\ 
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" "- ........ ....... ....... ...... ---
...... -. 

-- --
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-

--Mo=·27 
- - ·-Mo = .135 

Tc=7500K 
Xo= 2.446cm 
5 = .183cm 
r;:J. = f(;40 

c 

-- - - - - - _ _ _ _ _ -; F = .05 ------ -- ....... - ----- ---~_-----~ .025 
A 

30 40 50 60 70 Xis 

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

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

slot spac~ng. A single slot configuration is less effective 

than a double s,lot configuration which has the same coolant 

mass flow rate. However, the influence i~ dependent strongly 

on the distanc~, L, between the slots. To clarify this point, 
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the second slot has been loc~ted 3.67 cm and 7.34 cm apart 

from the first slot, respectiveJy. As can be noted ~n Fig. 27, 

the two cases differ considerably (similar conclusion ~s 

reported by Nilson and Tsuei(ll)). Use of more than·.two slots 

provides higher and more uniform effectiveness (Fig.27), at 

the expense of increasing boundarj layer thickness and reduc

ing aerodynamic performance. 

.5 

o 10 20 '30 

Mo= .135 
Xo =2.4~6em 
5 =.183 em 
tX = 8/..0 

-.Te =5000 K 
---Te =750oK 

----
------ - ... _--- .05 ------- -------------

40 50 60 70 xis 

Fig.26- Com~arison of effectiveness for different coolant mass 
flow rate and coolant temperatures 
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the second slot has been located 3.67 cm and 7.34 cm apart 

'from the first slot, respectively. As can be not~d in Fig.27, 

the two cases differ co~siderably (similar conclusion 1S 

reported by Nilson and Tsuei(ll)). Use of more than two slots 

provides higher and ~ore uniform effectiveness (Fig.27), at 

the expense of increasing boundary layer thickness and reclllc-

1ng aerodynamic performance. 

.5 

Mo= .135 
Xo =2.4L.6em 
5 =.183 em 
0<. = 84° 

~ Tc =500oK 
- --Tc =75 QOK 

----

-------------------- .05 
--------

-: 
! 

o 10 20 30 L.O 50 60 70 xis 

Fig.26- Comparison of effectiveness for different coolant mass 
flow rate and coolant temperatures 
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Fig.27- Comparison of effectiveness for multiple slots 
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CHAPTER V 
CONCLUSIONS AND RECOMMENDATIONS" 

An investigation of laminar film couli"rig of a single 

stage stator section blade of a gas turbine by oblique slot 

injection 1S 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 following 

conclusions ar~.drawn as a result of the present study. 

1- Normal inj~ction prdvides greater effectiveness 

than inclined and tangeritial injection and is more suitable 

from the standpoints of manufactu~ing an~ blade strength. 

However, the accompanying boundary layer thickness growth 

increases drag and "reduces aerodynamic performance. 

2- In the case of inclined and tangential injections, 

wide slot yields higher effectiveness than narrow slot for the 

same coolant mass flow rate. Howev~r, narrow slot is more 

effective for normal injection. 

3- Increase 1n free stream Mach number provides 

greater effectiveness. In other words, in high speed flows, 

higher effectiveness is achieved for the same injection rate. 
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4- Mult~ple'slot cooling 1ncreases effectiveness and 

yields more uniform wa~l temperature. However, with the 

introduction of every slot boundary layer thickness may be 

increased excessively. This, in turn, reduces aerodynamic 

performance. 

'5- The present study should be continued to ext~nd the 

model to turbulent flows. The primary difficulty here is the 

lack of an eddy viscosity model valid over a wide range of 

injection rates and angles as noted by Inger and Swean(12) . 

• 
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A P P E.N DIe E S 

A, APPROXINATIONOF DERIVATIVES BY FINITE DIFFERENCE METHOD 

y . 
6xrn-1 

~ 

~ lA 
AYn-l ~ 

~!: '. Yn-l 

m-2 m-1 m 

xm-2 xm-l xm 

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

Using the mesh shown 1n Fig.28, partial derivatives at 

point A can be approximated as follows (All quantities are 1n 

their dimensionless fo~m): 

Three point difference: 

~I =H U -I U +J U +O(~x2) 
ax m,n m m-2,n m m-l,n m m,n 

Backward difference: 

·u -u 
a U I = m, n m- I n 
ax m,n ~xm-l 

- O(~x) 
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Central difference: 

au I = K U -L U +M U ay m,n n m,n+l n m,n-l ' n m,n 

a2u 2 -' I =p U +R U -S U -0 (8.y ) 
ay2 m,n n m,n+l n m,n-l n m,n 

Approximation at the point B 

Central difference: 

av I 1 = 
ay m,n-"2 

v -v m,n m,n-l 

8. Yn-l 

2 
- 0 (8.y ) 

Central +,three point difference: 

au I ' 1 ax: m,n -
= 1. ~ ( U + U ) + I ( U +U ) 

2Lm m-2,nm-2,n-l m m-l,n ~-l,n-l 2 

+J ' (U l+U )] 
m m,n- m,n_ 

Central +.backward difference: 

au U +U -U -U / 
m, n m, n-l m-i., n m-l, n-l 

ax m,n 
= 1 

2 8.X
m

_
l 

where, subscr~pt m stands for station number and n for the 

nodal point at the station considered and where 

8.x
m

_
l 

= x -x 
m m-l 

8. Yn+l yn~l-yn 

II 
m 

8.X
m

_ 2 = x x 
m- m-2 

8.X
m

_
2 

I = m (x l~x 2)8.x 1 m- m- m-



J 
m 

L 
n 

P 
n 

S 
n 

= 

= 

= 

1 + 1 
~x ~x 

m- 2 m-l 

Yn+l ~ 

~Yn-l(Yn+l-Yn-l) 

2 

2 
~Y ~Y·· n-l n+l 
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K 
n 

M 
n 

R 
n 

= 

= 

~Yn-l 
~Y (y -Y ) n+l n+l n-l 

1· 1 

~Yn-l ~Y n+l 

2 

aT dP aT ajJ a (L) 
rx' dx' ay' ay' ay Pr 

a2
T arid -- are approximated ~n 

ay2 

similar manner . 

. B. DIFFERENCE EQUATIONS 

1- Momentum Equation and Solution Proced~re 

Upon substituting corresponding expansions of partial 

derivatives into the momentum equation, .the following recur

sion formula is obtained: 

B U +l+C U +D U 1 = E n n n n n n- n 
2 < n < N-l 

where U denotes tingential velocity at nodal points across 
n 

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: 

B 
n 

a 
jJn 

= K (Va - BI) P -----n n n - n a 
p Re 

n 



where 

C 
n 
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= J Ua + M (Va - B') + 
m n n n n S 

n 

a 
lln 

a 
p Re, 

n 

D =-L (Va - H') - R 
n n n n n a D Re 

n 

E 
n 

a 1 
= U (I U 1 -H U 2 ) - -a(HmP'm-2-ImPm-l+JmPm) n m m- ,n m m- ,n 

Pn 

B' = n 
1 

a 
p Re 

n 

(K lla - L lla + lla M ) 
n n+l n n-l n n 

and superscript 'a' denotes assumed values. 
/ 

When use ~s made of simple backward difference, the 

first term in C is replaced by 
n 

E LS replaced by 
n 

E 
n 

U 'I m- " 11 
= L1x

m
_

l 

1 
p - p 

(Ill Ill- L ) 
L1x 1 m-

With the aid of boundary conditions 

0 
At y=O U=U { 

w 
U 

c 

At y-+oo U=U 
e 
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the .above recurS10n formula is readily converted iato three

block diagonal matrix equation. 

rC2 B2 0 
-1 IU 2 1 

D3 C
3 B3 U

3 

= 

DN:-:-2 C 
N-2 BN- 2 UN- 2 

0 

L DN- I 
C 

N-IJ L_ UN-IJ: 

r-E2-D2U\v -, IE' 
2 1 

E3 E' 
3 

= = 

EN- 2 E~_2 

'--
E ,-B U J N-I N-I e 1-':~-IJ 

This matrix equation can be ~olved by Gaussian elimi

nation method. Since the coefficient matrix is of three-block 

diagonal type, unknowns can readily be determined by the 

fDllowing pro~edure. 

Firs't, coefficients are modified as: 

B' D 
n+l 

C 
n 2 , N-2 C -?- - n :. 

nIl nIl C 
n 

E'D 
n+l 

E~+l E' 
n 2, N- 2 -?- - n 

n+l C 
n 
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For example, 

C
3 

-r C
3 

- B2 D3 
E' E' 

EZD
3 -r -

C
2 3 3 C

2 

C
4 

-r C
4 

B3 D4 
E' E' 

E;D4 
- -)- - c;-C

3 
4 4 

(Note that modified form of C
3

' and E; are utilized to evalu

ate new C
4 

anq .E4). 

Then, U 's can be calculated by the following recur
n 

s{on formula: 

U = (E' - B U 1) Ic n n n n+ n n = N-2,2 

II-Continuity Equation 

'Difference form of continuity equation centered at 

point B (Fig.28) is: 

V 
1 

11 

-I (U p +U, p )+J (U pa+ U pa )J) 
m m-l,n m-l,n m-l,n-l m-l,n-l m n n n-l n-l_ 

or (backward difference) 

v = 
n 

1 a 
(V p 

n-l n-l 
~yn-l a a 
~----(U p +U P -U P 
2~x 1 n n n-l n-l m-l,n m-l,n m-

-u ' p » 
m-l,n-l m-l,n-l 

2 <n < N-l 
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Appropriate boundary conditions: 

= V w 

a 
{ 

V 
c 

111- Energy Equation 

When approximated forms of derivatives aie substituted 

into the energy equat~on, a cethree-blockdiagonal matrix 

results similar to that for the momentum eq~ation: 

- - - -
T B~T C +T . D = E 

11 ·1 1 n 11 n 11 - 1 11 11 
2 < n < N-l 

where T's denote dimensionless. temperature at nodal points 
n 

across the station, x . 
m 

- -
B , 

n 
C ,D and E all consist of computed values from 

n. n n 
momentum and continuity equation and,of assumed values. 

Coefficients of energy equation differ sligh~_ly from those of 

momentum equation. Therefore, by the following substitutions, 

~ , ~ and 6 can easily be obtained from ~ , C dnd D 
n n n n n n 

Va "? V 
n 11 

U 
a ._)- U 
n n 

a a· a 
lln 

-)- II /Pr n n 

where Pr
a 

stands for Prandtl number at nodal points. E 's 
n n ' 

however, differ due to viscous dissipation term and pressure 

gradient term. Therefore, it 1S given separately as: 

i =U(1 T -H T ) 
n n m m-l,n m m-2,n 

+ E 

where ¢ accounts for viscous dissipation term 
11 
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CPn = E(K U 1 - L U 1 + M U )2 
n n+ n n- n n 

or (backward difference) 

E 
n 

= U 
n 

T m-l,n + E 1:.x
m

_
l 

U 
n (Pm -Pm-l) 

I1x -1 m-
+ 

a 
lln 

cP-n 

Note that E with no subscript stands for Eckert number. 

Difference equation for energy equalion is solveu by 

the above method ~sing the following boundary conditions. 

At 

At 

T=T (dimensionless) 
{aT w 
ay = 0 

{T=T 
e 

_ Adiabatic wall condition can be expanded by three

point difference scheme, thus following relationship is 

obtained among T
l

, T
2

and T
3

. 

For adiabatic wall condition, coefficient matrix 

changes slightiy as: 

- (1 + k)2 -
+ C 2 + D2 2(2 + k) , B2 

where k is magnification factor. 

For incompressible flow over flat plate, simply take 



.a 
P n = Pm-l,n = Pm- 2, n 

U = T e e = Pm = Pm-l 

- 59 -

a = Jl n = 1, Pr = constant. 

1 

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

13' vanish) in all difference equations. 
n 

C, CONVERGENCE CRITERION 

Since the boundary layer equations are nQn-linear 

iteration is necessary. If ~he relative error based on the 

computed and the assumed values is less than the desired 

value, say (-, then iteration is stopped. In other words, 

iterations are continued until the following condition 1S 

satisfied: 

-a 
U· 

n 

/ < 

-
Iteration can also be carried out over T or v hut they 

may have undesirable values (e.g., ~ero 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, f = 0.0005 was used. 

D, COMPUTER PROGRAM 

The list of the computer program used to solve boundary 

layer equations are presented on the following pages: 
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76 

'-~.--.~.-. 

DIMENSTON (ETA(9r),DQF(9n),FF(qO),U(?,qO)~V(?,qO),YU(9r), 
$ x V. ( 9 n ) ,C ( 9 n) ,B ( 9 n ) ,E ( 90 ) , 0 (·9 n ) , A ( 9 r , C) 0 ) , U U ( 9 n ) , V V ( q 0 ) 
$ , U U U ( 9 r"l ) , X X ( ;: ) , Y V ( q 0 ) ,p ( q 0) , A. A ( 90 ) , B P ( ° 0 ) , r C (9 r ) ,on ( q 0 ) , 
$ [E ( 9 n ) ,0 Y M 1 ( q 0 ) , r y PI ( 90 ) , T T ( C) 0 ) , T (? (0), T T T ( 00 ) , V I ~ 0 T S 
$(90) ,OVP~(90),FGC9n),IN(?un),TTNF('~r),UTNF(?or),pDEC(?on) 
$,RHOl(oO),RH"Zf9n) TPEOI(90),XNU(9r),TPEO(OO),YMU(OO),PHQ 
$ ( 9 0 ) , X T ( 0 0 ) , T R F 0 ? ( ~ 0 ) , X 1 ( 2 nO) , uE 1 ( ? 0 0 ) , X SUP F ( Z no) , T T F M D ( ? 0 0 I 
s:.,PP.S5 (?On) ,YCOPDl (C?O) ,VCORnZ(90) ,Vc:"Ll (00) ,VEL2(9 n ) ,TFM P I f9nl 
$,TFMP2(9~),XW(90),PRNO(9n),XXL(15),TTE(9~),UUEf9n),VVEf9 n } . 

PEAL MqATI(),~TP . 
DOUBLE DRrCISJON A,UUU,E,TTT --
PEAD(5,5?1)I(OMP,IFLAT,ICONT,JPRINT,TFTLF,TR,IW,~STAPT,MJ, 
$NSTART,NnIV,NSTEPtNSTEP·l,NSTnp,M,N~AYtNNMAY 

FOPMAT(4I1,1 ~I3) 
PEAD(5,83)XST,ALFA,CHOPD,OXSL,SL,YMAy,r~ 
P.EAO(5t87)~RftTTO,U",PE,TTO,TrOOL 
REAO(5,491)(FETA(II,DDF(I),I=l,22) 
FOPMAT(81="10.n) 
FOPMAT(3f2 F ln.n» 
K=7 
1FTRST=1 
TS[CNO=Z 
I="p5=.OOOC: 
llLFt\l=ALFA 
ALFA=ALFA*4.*ATAN(1.)/lS". 
TRATTO=TconLITTO 
MTP=MR~TTO*TDATI0*rOTAN(~LrA) 
IF(lrO~p.EO.n)~TP=~RATTO*COTAN(ALFA) 
"XP=OX 
TMEAN:(TrOOL+TTO)/? 
PRO:AITINT(EFTft,DOF,?2,TMEAN,K,P) 
PRFSO:(1717.9*1.P,*TT0)/UO**Z 
FCK:LJO**?lf6n3t:;.*(TTO-TC00Ll*I.8) 
W-R T T F ( 6 , C; 2 4 ) 
WRrTF(6,S25)~,NOTV,N~TftRT,MJ,N~MAX,NMAY,NSTEo,NSTOP,!C"NT, 

·$IFILE,~STAPT,SL,FP',YM~X,RF,FCK,UO,CHOPO,PDE'O, 
$ T COO L , T T" , Y S T, n X ~ L ,MP A T I () , ~. L FA 1 

FOPMAT(III,20X,' I N PUT nAT ft ',I) 
FOR M A. T ( / I I II , lOX " ~:' , T 3 , 2 X , ' N n I V = ' , 13 ,2 Y , ' N' T t. R T = • , : 3 , 

'be; X , t ,... J = , , I 7 , 7 X , 'N N ,A A X :' , T 3 , 3 X , I I , 7 X , , N'" A 'I: • , T 3 , 1 Y , • NeT ~ P :: ' , 
$I3,2~,'NSTOP=',I7,lXt'ICONT=',T2,2X,'IFILE=',I7,?X, 
$'MSTART:',T3,2X,IIII,lnX, 
$'SL:',F4.2,9X,'EPS=',FR.6,C:;X,·YMAX=',FIU.7,3'1,'R'=·,~In.7, 
$SX,II,qX,'FCK=',Fln.~,4x,·UO=',F7.7,c:;x,·CHnRn:',F8.6,2Y, 
S'PPESO=',FIO.S,5 Y,II,7X,'T r onL=',F6.?,7X,'TTn:',Fl".4,4X, 
$'XST=' ,F7.C:; 4X,'nXSL=·,F7.S ·c:;,Xtl/,6X 
$,'MRATTO=',F6.4,6X,'ALFA=',F6.?,5X,IIIII) 
~MAX=M 
TRDUC=1.+110./TTO 
TROCF:l1n./TTO 
V Y (1 ) =rJ. 
OY:YMAX*/SL-l.)/(SL**(M-l)-I.) 
JINT=Z 
r 0 7 6 J = J HI T , M 
YYfJ)=OY*(SL**(J-l)-l.)/(SL-l.) 
["\077 J=.JINT,M-l 
DY~l(J)=YY(J)-YY(J-l) 
I") Y P 1 f J ) = V Y f J +·1 ) - v Y f J ) 
OYPMfJ,=nyMl(J,·nY D lfJ) 
A A ( J') = 0 Y M 1 ( J ) In Y D 1 (J ) In Y P M ( J ) 
PB(J):?/DYPl(J)/OYP~(JI 
CCfJ)=1./DYMl(J)-I./OY P 1(J) 
OO(J)=?/OYMl(J)/OYPl (J) . 
FEfJ)=OY P 1(J)/nYPM(J)/nY M1(J) 
FG(J)=~./OYMl(J)/OYP~(J) 
CONTINUE . 
WRIT'=."(6,11'"l) 
WRTTf(6,71)(T,VY(I),T=1,MMA·XI 
T F (/1 F L A. T • En,. 1 I r: 0 Tn Eo 6 n 
00 301 I=l,N"AY 
PEAO(8,4IJOIXl(T) 
PEAO(ln,40n)UEl(TI· 
XSURF(I}=Xl (I)/CHOPD 
UEl(II=UFl(I)/UO , 
T T r M P ( 1) :: 1 • + ~ C K * fl. -\.1 E 1 ( T ) * *? I /2 • 
rRSS(I)=«1.-TTE~P(IJ)*ToATln+TTFMD(T)I**3.5 
DRINT*,' • 
PRINT*,' nIP.LEes OUTED EnGF TEVP. 
WRITE(6,711(T,TTFMP(T),I=1,~MAX) 
PRINT*,' • 
PRINT*t~ . NODMAL!lFD pOES. GPA"IFNTt 

F.71JIT.P~"IT'.T=1_NMA~\ 
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PRINT*,' 
P R TN T *:,' SUP FA C f COO R n • s (FT.) 
WR I TF (6, 71H1 ,Xl e Ir,.I=l',NMA X) 
PRINT*,' , ' 
P R I N T * t ,. n V' • L E S S I) UTE RED G E: v r L • ' 
WRITf'6,71)'T,UE}'I),I=L,NI-1AX) . 

660 CONTINUE 
XXCl)=XST 
"XXl::XXCl) 
XX(2)::XXfl)+flX 
XX?::XX(2) 
XX(3)::XX(2)+nX 
XX3::XX(3) 
IF (lFLAT.EO.llGO TO 661 . 
UINF(1)':AITINTCXSUPF,UF1,NMAX,XX1,K,P) 
UINF(2):AI TINfeX5UPF,UF1,NMAX,XX?,K,P) 
UINF(3)::AITINTeX5upF,UF1,NMAX,XX~,K,P) 
no 65~ 1=1,3' ' .,' 
TINFeI)::1.+E(K*'I.-UTNF'T)**?)/2. 

6 5 ~ , PRE S f I ) :: f , 1 • - TIN F C I ) ) * T RAT r 0 + TIN F , T » * * 3 • 5 
GO TO 667 . '. . 

661 DO 6621=1,3 
UINFCI)::l. 
TINFCI)::l. 

,662 PRFSfI)~l. 
667 CONTINUE 

JFCICONT.N~.n)GO TO ~11 
no 404 I=I,NNMAX . 
PEAOCl?,40?)YCOROlfI),VELICI) 
PEAOCl1,40?)YCOR02eI),VEL2CI) 
REAOCI4,400)TEMPl(T) 
REA 0 C 15,,40 n ) T E M P? , I ) 
YCORnlCI,::YCORnICI)/rHORO 
YCOR02Cl'::YCOR02C1'/CHORO 
VEL 1 f I ) = VEL 1 (Il* U I N F C 1 ) 
VEL2(1)::VEl2f1'*UINFC2' 
TEMPI (Ir=T!;"MPIC1)/6035. 
TEMP2(1)=TEM P 2eI'/603S. 
·TEMPl'T'=CTE~Pl't)*5.lq.-TC00L)/eTTO-Tr.onL) 
TEMP2(T)::CTEMp2(J)*S./9.-TCOOL)/CT TO-1COOL) GO TO 2023 . '. . 
PRINT*,'YCORnl AND VELl' 
WRITF(6,71)'T,YCORnlC1),T::l,NNMAX) 
WRTTF(6i 71)' I,VELICI),T::l,NNMAX) 
PRINT*,'YCOR02 AND VEL2' 
W R T T F. ( (, , 71 ) , T , yeo R n 2 C I ),' T:: 1 , N N ~ A X ) 
WRITF'6:71)'I,VEL2CI),r:1,NNMAY) 
PR1NT*, TEMPt AND TEMP?' 

, WRTTF'6,71)(I,TEMPl(I),r=1,NNMdX) 
,,··l WRITE.'6, 71)' I, TE~P?( I) ,1::1 tNNM~X) 
l'O 2'J CON T TN U E 
'f'G 0'''',' F a PM ~ T r 1 x 014.9) .gro 2 .;.~: F 0 PM A T C 1 x : ? D 1 4 • 9 I 
J~5 J 1::C 0 N T T N U E 
, rSTN::rSECND+t 
-TF(1CONT.N~.n)GO TO 51? 

~07 

HI 

lOR 

I G Ii 

M::MSTAPT 
o C 4 r 5 1= 1 , t-1 
YINT::YY(T) 
rFCYINT.GT.YCODDl'~NMAY)IGn TO 407 
T(l,r)::AITINT(YCORnl,TfMPl,NNMAX,YTNT~,P) 
U(} ,TI=AT~TNT(YcnRnl,VFL],NNMAX,YINT,K,P) 

GO TO 411 
U(I,J)::UTNF'l) 
T ( 1 , T ) = T r N~ ( 1 ) 
CaNT TtWE 
TF(YTNT.GT.YrOPD7(NN~AY))GO TO 408 
U(?,T)::AJTINT(YC"R02,VFL?,NNMAV,YI~T,K,P) 
TC?,.JI=ATTTNT(YCOR n 2,TfMP2,NNMdX,YTNT,K,P) 
GO TO 40" 
UC?,Tl=UTN~(?) 
TC?,T)::TTNF"(?) 
rO~JTTNUE 
GO TO t:;1? 

512 CONTINIJE 
D[ A C ( I·Q , c 14) M, (U ( 1 , I ) ,[) ( ? , I ) , T C 1 , II , T ( , , T ) , v C 2 , I I , T:: 1 , M ) 

514 FORMAT(IX,T31'SFIO.6» 
13 TN C 11::'"" 

ItH2)::"l 

4 

DO 2? 1IJ:1,? 
WRTTF'6,84IN 
FORMATCIDX,I,'TNITJAl VELOCITY pOO>'1LE (U/UO) STATION NO.=',I 7 , 

W R I T f ( 6 , 71 I { J, U ( ~! , J ) ,.J:: 1 ,~M I 



DRINT*;' TNITTAl TE'-lP~Rf,TlJRr:- PROFTLC" (T-Tr)/(TO-Tf) 
W R I T F ( 6 , 7 1 ) ( J, T ( ~J , J ) ; J ::: 1 , M ) 

2' CONTINUE 
~N()::"7 

fl X ~~ 1 = X\« 7; ) - X Y. ( ? ) 
TFC1C0"1P.EIl.P,lr:O TO 90n 
co 30n 1=1,"" 
T P En 1 C I ) = T ( 1, I) + ( 1 • - T C 1 ,I) ) ft T ~ A T I () 
TPE n2(IJ=T(?,T)+(1.-TCZ,I))*TDATIr 
RHOl(T)::pnE~(]J/TPErlrI) 

"7 L r RHO 7 ( I J :: P D E ~ ( ?-) / T PEn Z ( I ) 
GO TO QOl 

our ro 9nz I=l,M 
I')h01<I)=1. 

GD? f)H02(II=1. 
'/0 1 r 0 ~IJ TN lJ E 

U(l,ll::U. 
U' ( ? , 1 I :: 0 • 
V (?, 1 1=0. 
IF(IrONT.E().r)~o TO ?074 
PRTNT*,' 
PRINT*,' NOPMAL COMO. O~ VEL. AT ?~T. tV/U n ) 

? 0 ? 4 r 0 ~JT J N U E 
T F ( leO ~I T • N r- • n ) r:.o T () e: 1 e: 
no 406 1=2,M 

40A V<?,r-!=O. 
515 rONTTNUE 

IFCICONT.EO.n)rO TO ?0?5 
WR:TF(6,71) (I,V(?,T),I=l,M) 

?O? 5 rO~lT INUE 
51 DElX=XX(?I-XX(]) 

MNM=t-iNO-l 
nXMZ=XX(7)-XY(1 ) 
rX~1=XX(1)-XY(?) 
YLr=nXM2/0~LY/~X~1 
YLD=nX~l/DFLY/rXMZ 
YLF=l./OYMl+l./OYM? 
Ml=It\)P~N··q 

'MZ=IN(MNM-l) 
~JI T E =0 
DPRES=PRFsn*(XlD*PPES(MNn-?)-XLc*prEr(MNn-l)+XLE*P~E~(MN")1 
QPPESA::(PRFSCMN01-DRFS(MNO-1»/OXMl*PRc-sr 
lJCl::~TP/PRC-S(MNO-21 
UC2:: MTP/DRFSCMNO-l) 
II U r. = M T D / P R r:- SCM ~,' 0 ) 
U(l,ll=O. 
IF ( ( M N f) - 1 ) • G F • ~i S TAP T • AND. (M N () -? ) • LT. ~'O TV) U C 1 , 1 I :: II C ] 
lJ(?,I)=O. . 
T F ( M NO. G' • N.S TAD r • AND. (~N n - 1 ) '. LT. ~I 0 T V I U ( 2 , 1 I :: II C ? 
rF(MNO.Gc-.NSTADT.AND.(MNn-l).LT.~OTVIT(2,1)::n. 
IJUCll='1. 
I F C M NO. G F • ~J S T A I"' T • A t' 0 • M NO. U- • ~J 0 T V I U lJ ( 1 ):: U lJ C 
U,,=UU(l ) 
VV(l)=r"1. 
TF(IroYp.En.~ITRftTTO=l. 
TF(MNO.Gr:-.NSTAf)T.AND.MNO.L~.NLTV)VV(l}::MrATln*TRftTTG/Fn[c(uN( 
IFCMNO.GT.~J}Gn TO 649 
T F ( A P S ( 1 • - U ( 7 , M 1 - 1 ) / I' I ~I F ( ~1 ~I M I ) • G T •• G nu nIt" } M = " + ] 

6 Lj 9 Trd M NO) = r-' 
['0 sr r=7,t'''l-1 
X T ( I ) = T ( ~ , T ) 
YUCII=U(?,T} 

Sn YV(I)=V(~,T} 
TF(M.GT."l}G~ TO 6'"1 
GO TO 657 

·651 DO 3r4 I-=MI,w 
U(?,T)=UTN~'(""NMI 
V(?,I}=V(Z,I-ll 
o H {) 2 ( I ) = P R .. SCM N 11 ) / { T T N F ( "" N 'I ) + ( 1 • - T T N C" ( M t. M ) ) * T R ,. T TO) 
YUCI1=1J(?,T) 
YV(Il=V('?,T} 
T(?,J)-:TTNr(t-'NM} 
YTCI)=T(7,J) 
U(l,I}=UTN~(""N""-l} , 
C) HOI ( I ) = P R F SCM~' M - 1 ) I ( T T I\i" ( M N ,. - 1 I + ( 1 • - T T r..' ( '" N" - 1,) ) * T R t T TO I 

"7 L 4 T ( 1', T ) = T TN r ( ') tJ M -] } 

f.5? rONT!N'JE 
YTCll=T(?,l) 
Y T ( M ) = T I t-.l F ( M ~'O I 

~~ rONTTNIJE 
TF(ICOMp.EO.r)EO Tn OLe: 
')0 3r2 1=1,M 



31U 

00'1 

lfd 

163 
lA4 

50 

62 

IA5 

1 6 "7 

11)6 

''''I,J'.I.'-''lll'+ll.-1.1 (l)>:tTr>ATl(l - 63 .... 
TTINT::fXT(1)*ITT~-TC00L)+Tr.onL)*1.g 
PRNOCI1=AITINTfEETA,rOF,?2,TTINT,K,P) 
XTPD::TPEn(Tl " 
QHO(Tl::PPES(MN01/XTRr 
XMU C I I-::XTRf)*~QPT r XTRr I *TOOII(I (" TDO+ T PorE) 
n"o 3 1 0 I:: 2 , M -1 
)( V f I I = X V ( I 1- 1 • / RHO C I ) / P E * I Y M U I 1+1 I * A A ( T I - X ~ U C 1-1 ) * FE I I I 

$+XMUII1*CCCI)1 -
GO TO Q06 
CONTINUE 
IFINITE.GI.llG(I TO 9n6 
00907"I::1,M" 
PRNOCI1::oR() 
XMU(Tl::l. 
PHn(Tl::l. 
CONTINUE 
00 5~ T=7 ~-1 
XNU(I)=XMOrI}/PHn(Tl/RF 
B(Jl::XV,(Tl*AA(II-BR(T)*XNUII) 
D(Il::-XVCI1.fE(Il-FGCI1.XNU(TI 
CONTINUE 
NITE=NITF+l " 
IF(MNO.EO.NSTAPT.OP.MNO.FQ.(NDIV+11)GO In 161 
DO 162 I::2,M-1 
CIT1::XUIT1*XLE+XV(Tl*CC(T)+unIIl*XNUIIl 
F ( I 1 :: X II I T I * I U ( ? , I ) * X L C - U I 1 , I I *)( U"l ) - 1 • I PH (") ( T I * 0 DR· S 
GO TO 164 
DO 163 I=2,M-l 
C ( I I :: XU ( T I 10 )( M 1 + 'I V C I ) * r C ( I 1 + n D C I ) * )( N U ( T I 
f(Il::XU(Tl*UC2,I",/nXMl-l./ P HO(TI*OPRFS' 
CONTINUE 
f ( M -1 I :: E C M - 1 ) - P ( ""I -1 ) * U TN F ( M N ()l 
F (2 I::E t 2 1 '-I) I 'I *UlI ( 1 ) 
00 SP T::lrM-2 
FIr) =E r 1+ ) 
A ( I , Tl :: C ( I + 1 ) 
no sq I::l,r~-~ 
A(T,T+l)::SCI+ll 
I) 0 6 0 T::?, M - ;> 
AII,T-ll::O(I+ll 
"'L=M-2 
CALL GAU5SIA,UlIU,E,MLl 
DO 62 T=?,M-l 
UU(!)=LJUU(T-ll 
UU(lJ=UW 
IFCMNO.En.NSTAPT.OP.MNO.FQ.I~orV+IllGO T0 16~ 
00 65 T::?,M-} 
VVCI1::l./RHO(I)*(VV(I-ll*RHOII-11-nY~1II)/?*lrU(1,I)* 

$ PH 01 I I" 1 + U ( 1 , 1- 1 I * RHO 1 (I-I) 1 * X L n - I U I 2 , I ) * PH (\ 2 f I 1 + U ( ? r T - 1 I 
$*RHO?(I-l»)*YLC+(UU(Il*RHO(Il+UUfI-ll*PHn(T-l)l*YL~Jl 

XWCI1=VVCIl 
GO TO 166 
no 167 I=2,M-1 
VVCI1=1./RHOII1*(VV(T-11*RHO(I-11-rY M1III/?#(UU(II*PHOil) 

$+UUIT-ll*RHOCI-11-U(2,TI*RH02(T}-UI2,I-l,*oHn2rI-l1}/G'IMI} 
XWIIl=VV(Il 
CONTTNUE 
TFIICOMP.Eo.n)FO Tn 008 
CONTINUE 
U U ( M ) = U Pl F I M NO) 
no 2n1 I=-2,M:-l 
VVIII=VVIIJ-1./Rr/PHO(I}*(YMU(T+1)*AA(J}/poNn(I+11 
$-XMUII-ll*~ErI)/oRNOCI-ll+YMLJ(I}*cr(T}/poNn(I» 

n ( I 1 :: V V ( T ) * A f, IT} - 5 R ( T 1 * X ~,I urI ) / P R Nor I ) 
V I ~ 0 T S ("1 ) :: F C I< * ( U U I T + 1 I * A /I ( T I - U U ( I-I ) * E r ( T ) + U 11 IT) 

$*cr I I 1 1**2*XNUI I) 
[i ( I ) :: - V V { I 1 * F E ( I ) - F G r I 1* '>( N 1I ( T lIP P N () ( T ) 
!F(MNO.EO.~STAPT.OP.MNO.FQ.(NDIV+1»)GO T(\ 20 7 
DO 2r3 I=2,M-l 
r ( I I = U LJ ( T 1 * X L E + V V ( T 1 * C C ( T 1 + 0 nIT 1 * X N U ( I I / r R ~I 0 I I ) 
E ( I ) = U 1/ ( T ) * I T I :' , I 1 * X L C - I f 1 , I ) * X U) I + V T SrI c: I T 1 
$+ECK*UU(TI~RHO(I)*npPE~ 

GO TO 204 
DO 205 I:: 2;M-1 
C ( T ) :: U LJ ( T ) /0 X M 1 +\j V .( I I * r C ( I I + no ( I 1 * Y N IJ ( T ) 1 P P N () ( T ) 
F. ( r ) = U U ( I )"* T r 2 , I 1 / [) X M 1 + V T S n I c:: ( T 1 + E r K * U U ( TIl RHO ( I ) * np P E c::" A 

" CONTINUE 
EIM-l)::E(K-11-P(~-1)*TTNFI~NO) 
IFIMNO.LT.NSTAPT.OP.MNO.GT.NnIV)p(?I=B{21-£")I?)/SL 

$/(?+SL) " 
IFCMNO.LT.NSTAPT.OR.MNn.GT.NnIVlr(?)=CCZ1+n{?'/Sl 

$/(2.+~l).(1.+SL)**2 



66 

011 

5?8 

12n 
110 

119 

7 1 

69 

ro 331 1=1,M-2 - 64-
f(1)=E(1+1) 
A ( I! I ) =c ( 1+1 1 

i?l~i~lf~~l~:rl 
DO .533 I=2,M-2 
AtI,T-l>=OCI+1) 
~ALL GAUSS(A,TTT,E,MLl 

~ ¥ ( f ~ ~ T t ~ 1'1 ~ 1 t 
TWALL=(1.+SL).*2/SL/r2.+SL).TT(2)-TT(3)/~L/(2.+SL) 
TF(MNO.GF.~STADT.AND.MNO.Lr.~OTV)TWALL=O •. 
XT (1 )=TWALL . 
X T ( M ) = TIN F ( M NO') 
IFCICOMP.Eo.n)GO TO °11 
DO 66 T=?,M-l 
TFCAP.S(l.-UUCI)/XUCl).LT.FPS)r::O TO A6 
flO 6R J=?,M-l 
XU(J)=UU(J) 
XT(J)=TT(J) 
YV(J).=XW(J.) 
GO TO t;2 
CONTINUE 
TFCICO~p.Eo.r)GO TO Qlr. 
CONTINUE 
X W( 1 ) = V V'( 1 ) 
TT(1)=TwALL 

~~Er¥r=f~tt7/fINF(MNO) 
UUf(I'=UUCI1/UTNr.(MNO) 
VVE(I'=XW(J1/UINr.CMN0) 
n T n I r = I X T ( ? 1 -T T ( ? ) ) I X T ( 2 ) 
~I R J T F. ( f:, , 1 2 n P" N () 
FORMATIII,?OY,'******STATlnN NO.= ',1 7 ,1/1) 
FORMAT(/I,lOX,'OIHFNSIONLESS Y-COOPD.S',I/) 
WRITF(6,l19)XX(31,UCl,l),UI2,1),UUI1),VVfl),T(1,1) 

$iTC2,1',TWALL,NITE,UINF(MNO),TINF(MN01 . 
FORMAT(/I,SX,·XX(3)=',F7.5,1X,'U(1,1)=',F6.5,1X,'U(2,1)=' 
$,F6.5ilX,·UU(1)=',F6.5,1X,'VV(11=',F6.~,11,5X,'T(1,1)=' 
$,FP.~,1~,·T(?,1)=',FP!~jl~"TwaLl:',F8.6,~X, 'NTTr.=',T3 
$ , -1 X, U F. - ,F 8 • b , 2')(, T F - ,F 8 • b , / I ) 

IF(JPRINT.FQ.O)GOTO 657 
PRINT*,' , 
PRINT.,' T8NGENTTAL ro~poNFNT 0F VFLOCTTY fU/ur.) 
WRITFC6,71)(T,UUF(I),I=1,M-1) 
PRINT*,' , 
PRINT*,' NORMAL rO~P0N~N~ OF VFL0CITV (V/UE)' 
WRITf(6,71)(T,VVF(Tl,I=l,M-l) 
~RINT.,' _. 
PRINT.,' TFMPEPATUPE PROFILE (t~TC)/CTr-TC) 
WRITF(6,7l)(I,TTF(Il,1=l,M-l) 
FFFEcr=l.-TWALL/Cl.+FCK/'. ) 
XOn.=XST+2.*DXP 
F R T C :: S 'l R T ( X 0 n. X M U ( 1 ) / RHO I 1 ) 1 0 [ ) * ( U U (I? ) *( 1 • + 1 • I ~ L ) - u U ( 3 ) 1 <: 

5/(1.+SL)-UU(I)*(5L+2.1/l1.+SL»/DY 
PRINT.," , 
PRINT*,'FFr.ErTTVFNFSS',EFFFCT,'FP1r= ',FPlr 
PRINT.,' , 
PRINT.,'(XT(71-TT(?»/XT(Z)=',"TOIF 
FOPMAT(7(l~,T2,FIO.6)1 
TTCl)=TW~LL 
XWCll=VVCll 
U(2,M)::UTNFP"NM) 
T ( 2 , ~ ) = T T N F ( M N /A ) 
TT (M):TINF (MNO) 
I F (M '" 0 • E !') • T F T L F .) \0,' R I T F ( T w , 5 1 4 ) M , (U C ::> , J ) , U 1I ( T ) , T ( Z , I ) 

$,TT(Il,XW(Tl,I=l,M) 
XX(1"=XX(2) 
XXCZ)=XX(3) 
no 69 T::::>,M-l 
RHOl C Il ::PHf)2 I I) 
PH()Z(1)=DH()(T) 
T(1,T)=TC2,1) 
1(2,T)=TT(T) 
U(l,I)=U(Z,I) 
V ( 1 , I ) :: V ( Z t I ) 
V(2,T)=nJ< ) 
U(2,Tl=UU(T) 
IF (MNO.EO. (N START-I» DX=I)Xc:L 
TF(MNO.GF.NSTEP)nX=1.0~.I)X 
IF(MNO.EO.NSTEPl)DY=OXP 
')( X ( 3.) = X X ( 3 ) + G X 
f>'NO=MN0+1 
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ISTN=r<;TN+l 
XX)=xXC3J 
TFCIFLAT.EO.l1GOTO 665 
UINF(M~OJ=AITINT(XSUPF,UFl,NMAX,YX~,K,PI 
TINFCM~OI=1.+ErK*(1.-UINF(~Nn)**21/2. 
PR[S(M~OJ=«1.-TTNF(~N01J*TRATIO+TrN~(MN01}**3.5 
GO TO 666 

665 UINFCMNOI=l. 
TINF(MNO)=l. 
PRfS(MNOI=l. 

666 T (,1,1 1= T'( 2,1 )" 
IF ( ( 1-1 N () -1 I • G [ • N S TAD T • AND. (f.A N 0 -? ) • LT. ~I 0 TV) T ( 1 , 1 ) = n. 
T(?,l>=TWALL ' i 
IF ( M NO. G [ • ~, S TAD T • A ~l 0 • (H N n - 1 ) • LT. NO I V ) T C 2 , 1 ) = n • : 
IF C M NO. E C'. ( N n I V + 1 ) ) T ( 2 , 1 ) = C 1 • + S L ) * * 2/ S L I ( Z • + S L ) * T T ( Z ) : 

$-TT(31/Sl/CZ.+SL) I 
TFCICOMP.EO.")GO TO Ol? , 
RHOICl)=PRFS(MNO-21/CTC1,1)+Cl.~T(1,1»)*TRftTTO) 
PH 0 2 C 1 ) = P R f S (M~! 0 - 1 I I C T ( 2 , 1 ) + C 1 .- T ( ? , 1 I ) * T RAT TO ) 
GO T0 op: 

01? RHOl(l)=l. 
PH02ClJ=1. 

°1~ CONTINUE 
NITE=O. 
IFCISTN.GT".NST0PIGO TO 7n 
IF(M.GT.HMAX)GO TO 646 
GO TO ,1 

646 PRINT*,'******MMAX DEACHEn******' 
70 STOP 

rND 
SUBROUTINE GfiUSSCA,X,B,Nl 
DIMENSION A(00,9n),XC9n),8C9nJ 
DOUBLE PRFCTSTON A,X,8 " 
00 5 1=2 N _ 
RATIO=A(t,I-ll/ACI-I,I-ll 
A(I,tl=ACI,II-A(T-l,TJ*R~TTO 

:, R(Il=B(I)-r:l(T-ll*RATJO 
X( N I = B ( N ) / A C ~! , N I 
no b l=l,N-l 
J=N-I 

6 X(Jl=(R(J)-A{J,J+l)*Y(J+lll/A(J,J) 
RETUPN " 
FND 
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Sample Input/Output 

The computer program necessitates two-~pstream tangen 

tial velocity and temperature profiles, which are obtained 

from Cebeci's program(22). Ou~~r edge velocity distribution 

is obtained from Katsanis' program(23). The disk unit number 

Where the data obtained from these programs are recorded are 
as follows: 

D a t a 

Blade surface coordinates at nodal points (ft) 

Outer edge velocity distribution (fi/sec) 

Nodal values of normal coordinate and v~locity 
at the ,first station, (ft, it/sec) 

Nodal values of normal coordinate and velocity 
at th~ second station 

Temperature distribution at the first station 
(oR) 

Temperature distribution at the second station 

Disk 
Unit No 

8 

10 

12 

13 

14 

15 

Fig.29, shows the finite difference mesh structuie . . 

use d top rep are in put d a tat 0 the com p.u t e r pro g ram. 

ox' 
~t\. 

X 

XST' // / 

NSTART F N6IV 
ALFA' . 

Fig.29- Finite-difference mesh structure 



ICOMP 

IFLAT 

ICONT 

JPRINT 

IFILE 

IR 

IH 

MSTART 

HJ 

NSTART 

NDIV 

, NSTEP 

NSTEPI 
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The following 1S the description of input dat~,: 

1: Compressible 
0: Incompressible 

1: Zero-pressure gradient-flat plate 
0: Flow over the blade 

1: ~n1tial velocity and temperature profiles are 
taken from the previo~s run 

0: Initial velocity and temperature profiles are 
taken from Cebeci's program(22) 

1: Velocity and temperature profiles at each station 
as well as station data are printed out 

0: Only station data (e.g., streamwise coordinate, 
effectiveness, outer edge values) are printed out 

Station number where velocity and temperature pro
files are written down on disk for the next use 
(See ICONT) 

Disk unit number where velocity and temperature 
profiles have been recorded 

Disk unit number where velocity and temperature 
profiles to be recorded for further use 

Number of nodal points in normal direction for 
initial stations 

Station number where boundary layer thickness check 
is stopped 

Station number where injection begi~s 

Trailing edge station number 

Station number wherestreamwisestep S1ze 1S 
increased 

Station number from which on 6x 1S increased 
gradually 



NSTOP 

NHAX 

NNHAX 

XST 

ALFA 

CHORD 

DXSL-

SL 

YHAX 
'~~ 

i 

DX 

HRATIO 

VD 

RE 

'TTO 

TCOOL 

- 68-

Station number where execution is stopped 

Haximum humber of nodal points 1n normal direction 

Number of nodal points along the blade surface 

Number of nodal points 1n normal direction 1n 
Cebeci's .program(22) 

Dimensionless streamwise coordinate of the first 
initial station 

Injection angle (deg~) 

Characteristic length (Chord) (ft) 

Streamwise step size over the slot 

Hagnification factor, k 

Haximum dimensionless normal Coordinate 

Dimensionless step S1ze in 'streamwise direction 

Blowing rate paramet~r 
as (p v )/p V (comp.) 

c coo 

or injection ratio 
or v /V (incomp'.) 

c 0 

Reference free stream velocity (ft/s) 

Reference Reynolds number Re 
pVc 

o 0 

llo 

. (0 K) Free stream stat1c temperature 

I ( OK) Coo ant temperature 

defined 
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Input formats and a sample input/output for the mesh 

structure (Fig.29) for the compressible flow over the blade 

are as follows: 

V a ria: b Ie 

ICOMP, IFLAT, ICONT, JPRINT, IFILE, IR, IW, 

MSTART, MJ, NSTART, NDIV, NSTEP, NSTEPl, NSTOP, 

M, NMAX, NNMAX 

XST, ALFA, CHORD, DXSL, YMAX, DX 

MRATIO, UO, RE, TTO, TCOOL 

EETA (1), DDF (1) 

Format 

411,1313 

7FIO.O 

SFIO.O 

3(2FIO.O) 



1 
8 

IS 
22 
'29 
36 
43 
SO 
c::.7 
64 

71 

1 
8 

15 
'2 
"'9 
36 
43 
['0 

~. =""' 2 ~'[: .,. Ii = 1 E. ~'S TAt" T = 4 M ,-I = 1" ·)N~·AY= 3? 

NM~X= 51 N~TfP= 78 ~SToc=IQr TC"NT= 0 JFrL~=?cn M~T~RT= 5~ 

SL=J .("'S [1:'s= .O:'O~Ur"' 

[CK= .Olf3'O"1 ['C=3'8.0P4 

Trc= 13"701'<7 r rC!"OL='75,.,.rc 

MC'ATl"'= .~2~L llLr"t.= 04.0r 

DJMFN510!\Lt:SS y-C"CnO.S 

.nOOU"'O ? .anCler"! 3 .'1on2 n 5 

.(10P814 0 .oro05510 .rO]ln3 

.OO19E-0 I£, .OO21SQ 1 7 .nO?3f-6 

.00 7 5'72 - < L_ .003 P 50 '4 .n041 4 3 

.ro:040 3r .C[16737 "1 .f!0F:644 

.[10 0 0'2 3""' .C('J9t::S4 '8 .rH'163 

.11 7 523 44 .01429 0 1J5 .[11"114 

.('11°843 51 .O?003t; ~2 .['l2'001 

.fl2P7 7 5 5 P .03U:>71 ['9 .n318 P 5 

.04121J7 6" .G43400 66 .04"6'79 

.n5?8t:2 77 .U61°9t:: 

nI"J.LE~S OUTED E'"'Gr: TU'P. 
1.[101::017 '? 1.00498:: 3 1.(1049£'3 
1.rJ0 1l 5 1J 1 q 1.0(14:49 1 G 1.(1041'13 
1.OO?6 C 1 16 1.Cfl2C::C o J 7 ]."0:-'3 0 1 
1.r012t::8 2' 1.0"076< ?~ l. n on 1'74 

.9960"71 311 .90S[1SC:: 71 .°91.10 7 (; 

.98 7 2?C 3 7 .9 0 545 7 ,-c .Q8'75"8 

.97431S 44 .97285~ 1J5 .0715J2 

.P6?004 51 1.0 n8J6'1 

VM~X= .r"l6J8 c Sn ,.,.c--- '-- '7C"4".ror'l 

CHODC= .4[lI"sr Pt"ESO= .. 3 P .C'c"'3""' 

X5T= .1C'srG rXC:;L= .Or"'l r U 

4 .onu:':}~ 5 .non471 F .orOr:::;'7 
11 .Lrl'5f 1 2 • ro 14? 1 1 7 .Orp:9' 
IF .OflZ"8 4 1 9 .rO?813 2 n .C n 3r'S4 
2" .on41J5r' 26 .n04773 27 .or5111 
3? .0('7'"'76 <3 .• rC'75 7 O 3 u .on8 n 06 
3 0 .010 7 71 40 .0114 n 9 4 1 .012 n 8':' 
4f- .015 0 7(' 47 .['llb868 4 P .01781 7 
5< .G?3 7 8t:: t::4 .r24SC::O 5t: .07S 0 7' 
6[1 .u:'3t:7° f·l ,.n3t:3t:8 6' .u~772f-. 
67 .0 48"6: 68 .nSnS67 6° .0t:319t: 

4 1.[jn4R6~ S 1.rC47t'b t. 1.C r 4f.91 
11 1.Un3~2p 12 1. n 0 7523 1 c 1.j.jr'3,1° 
1P 1.O~2?3t: 19 1.1"'0'0 0 0 2 n 1.un.lOa'7 
2t: .9(')9496 ?6 .(')9 0 7L!1 2~ .C;°7'=~Go 

37 .9°2 0 9'" 73 .°916£-:1 31J .9 0 0:2 0 
30 .9 P lf:,4 Ll IJO .07 c 7r.C 'i J .9"77'8 0 

46 .97u~10 47 .06 c 172 4 0 .9f-795° 

-...J 
a 
I 

7 .no n 6 c O 
1 Lj .'"1u 1 7 7 1 
"1 .'-'C'3"7~ 
? " ·0 .'"'ut::4t.7 
<5 .nOQS'-'7 
42 .nl"7°4 
u9 ."l P 8 r 2 
~6 .""2..,~-rl 

f-.3 .n3'7'1°7 
?G .C'St::9r:S 

7 1.I"'[ju6:-2 
14 1.nC?910 
'I 1."016"1 ., ,-

0 .c9~i:.""E: 
75 .oc081.J 4 -, 

i;;. .c7-'::9~c 
49 .c6L!9 U l 



NODMIILIZED PPES. GPA!;IfNT 
1 1.0078 7 7 ? 1.0n7P3~ 3 1."0'77 0 3 4 1.0"'7630 5 1.110'7467 f- l.'on 7 < 6 ~ 7 1 • CO 73 r:l4 'i 
8 1.0071?9 ° 1.006826 10 1.fl06439 1 1 1.006006 12 1.flBt",5?6 I? 1.0('15[149 ! 4 1."" 0 45~4 ",d 

15 1.0042('14 16 1.0[l393? 1 7 1."0?-733 18 1.0!131::0L: 19 1.D. 3276 2'"' 1.on2 c 58 ,? 1 1."C"'5C'6 
?2 1.0019 7 1 27 ,1.0011913 ?4 1.nOf"Z"73 2C, .9 0 921';: 76 .09P070 27 ' .9° 6'" 2 P, ?8 .c9C:3?4 
,'9 .99":8~2 311, .992326 ~1 .0906B3 32 .988915 73 .0870n33 4 .9.P 494" 7.5 .08'?666 
36 .98'11;:2 3 7 .97740~ ,8 .°7 4 57,7 3° .9 7 1 c S2 40' .96?S74 4 1 .96 56 5 n4 2 ' .°6='813 
43 .96G3C,7 44 .958134 45 .o5E-lno 46 .91::4792 U7 .°5'5136 4~ .9C,072 7 " U9 .04E-l"72 
50 .'10"'1°9 51 1.012836 

suoFlIcr (OOR[l.S (F To ) 
.044 n 6 c 

1 .110nOOO '2 .009 0 3 0 3 .C'I P 516 4 .O?7[1H 5 .n3 c 524 f:. 7, .05':'6 7 5 
8 .[16]3 0 2 9 .070?4"7 10 .n7°2 7 5 11 .OP8~4? 12 .n9 7 S Co 1":' .l"'6~3o 14 • 116 1 p 7 

15 .12t;570 16 .134986 17 .144466 IP • 1')4042 19 • 1 6"17 t:: 0 2 n ,:.:,. 1 7 :3 6 213 '1 .187..7.19 . -1 
22 .194066 23 .204684 ?4 .?l C562 2S .226686 26 .2380~9 27 .249S0 n ::'6 .?61~3 C:;1 
29 .277.272 3" .28536"1. 31 .29 7 6<3 32 .310095 73 ' .322758 34 ' .33563'3 75 .74 0 7 7 2 
36 .362062 37 .37560 7 ?8 ,.<8 Q 343 3° .403~47 uo .4172 0 4 41 .4'3145 9 4'? ,,44t::717 ... 
43 • 46"OSO 44 .474 4 62'45 .U8 P 962 46 .51"'1355 P 47 .c1P259 Lje! .5 7 3"7< u9 ' • I::Lj 0 0 Ii 7 
SO .56~072 51 .571173 

"-I 
I-' 

rIM.LE~S OUTE~ 'OGE V'L. 
1 .62n6'13 ? .623489 3 .f2 c 936 4 .615426 5 .65C, a t:: 2 (:. .6"2n197 .'65 C,6 4 2 I 

8 .661::957 9 .6~3397 10 .70 c 152 11 .77.8636 12 .7 38 7 1 1< ' .778154 '14 .£O?1<4 
1 5 .I:Q9Lj26 16 .8~2?68 1 7 .841572 18 .81)2129 19 .P62489 21"1 .8 7 6 7 93 21 .09 4 4 0 9 
22 .919689 23 ~9S2(191 2LJ .989260 25 1.030398 '6 1.0743<;l6 27 1.120~73:.28 1 .16 0 0' 1 
29 1.217155 30 1.26580g 31 1.~IC9(\4 32 1.36784~ :3 ].421953 34 ' 1 .47 e ., 0 "3:: 5 1"53 7 8'=-'6 
36 1.601906 3 7 1.668124 38 1. 7 3C;::2°5 3 0 1.802633 UO 1. P67521 "1 1.929248 4~ 1 • ° 8 7 ~4 Lj 

43 ?036562 44 2.080094 45 ?ll c 222 46 2ol5343 u 47 2.185838 48 2.219t:;7n 4 ?!013°3. 
50 4.?3r946 51 .Oooron 

NITHL Vt:"LGCTTv PROFIL'= (U/UO) ~nT!O"! NO.=' 1 
.. _ ..... , 

1 .nooono ? .021"71< 3 .r4 7 1C;7 4 .065C,06 5 • nSP,3"14 ~ oll1~ln 7 .13C'3no 
8 .159369 0 .183779 1 0 .?0~401 11 .23346 7 12 .?513652 1< .28Lj"It:: 1 4 .70°51"12 

15 .335064 16 .360644 1 7 .~86178 IP .411t::92 19 .4368(12 2 n .Q61"06 '1 .4861°5 
22 .1:)1(11"1 2"! .533297,24 .55~594 25· .5 7 6802 26 .,)96718 27 .615142 28 .f. 3·18R 9 
'.9 .6467 9 9 3f1 .65976': <1 .• 67r718 32 .6 7 9694 73 .686783 3U .6°215 7 1:5 .f-9E-OIl6 
~6 .698718 37 .7n045f1 :8 .701503 3° .702097 40 .70?410 41 .7n2t:6f1 4Z .702627, 
43 .70?650 44 .702652 45 .702651 Ll6 .70266(1 47 .702661 48 .7(12661 49 ' .70"661 
50 .702661 51 .702661 S2 .702661 53 .702661 t:4 .702661 51:: .7r'2661 



TNTTTAL TE""prR.nUR~ PROFTLI=" CT-Tr)/(TO-TC) 
1 1.00 7 S P S 7 1.0C)7t:82 3 l. r (j'S"'3 4 1.007t;SO S 1. [10"' S'" 8 ~ 1.0'"'7~1n 7 1 • 8.0"' 4"' 6 
8 1.rJO"'4~3 0· 1.00738? 10 1.r07324 11 1.0r'17?5·Q 12 1. f"I071? 3 1 .,. 1~Or.7'":'9° 14 1.n~Pon7 

1 5 1.r'10f-9Q6 H, 1.0[16'96 1 7 1.r06678 18 '1.0n6~5? 19 1.1106418 2'"' 1 • 0'"' 6 ? 7 7' ? 1 1.rOf-1?S 
22 1.noc;976 2:; 1.GOSPlo 24 1.r"10C'6t:9 25 1.00S 4 9P 76 l.nOt:3:8 2"' l.orSI8! ?8 1.r:Ot:·O"O 
79 1.004887 3n 1.004'5[; :1 1. n o u 6'7;5 3' 1.U04'329 :3 1.n044~9 34 ·1. on 4" 64 ~~ 1.r043\13 ,:l 

36 I.C042S7 37 1.0[14?2 7 :8 1.'"'0 0 1°9 3 0 ·1.Gn418~ uo 1.f'041"'3 4 1 1.0r,416' 42 1.'"1GL!1f,4 
43 1.00 4 162 44 1.0 n 4162 4S 1.r0 4 162 46 1.0n4167 47 1. r 0 4 17;1 4. c ].0"4131 49 l. r 04171 
50 1.ro01~1 51 1.0[14131 C::2 l.rO O1?1 5:- 1.0"4131 1:;4 l.C041 71 SC:: 1.U"4131 

NITIAL VELOCITY PROFILF CU/U n ) SHTION NO.= ? 

1 .noC'of"lo '2 .021::67 3 .r43662 4 .066?74 5 .n893(-9 £:, .112913 7 .136b"i'1 
8 .1612r:':2 ° .1 Q 586t; 10 .21"8]6 11 .23601('1 12 .?613C?9 1 7 .21'6°36 1 4 .71"571 

1 5 .?3P2C::0 If, .363°1 P 1 7 .78 0 5'"'9 IP .414 0 S7 19 .040162 -n .4£-·5n41 7.1 .48 c L'-'4 L. 

22 .c;133?6 2'" .53644 7 74 .t:5 P 6SZ 25 .5 7 9 7 66 26 .t:99588 -'"'7 .6J7°2? "8 .6345 P 6 " L' N 

'9 .64°4?5 3'" .66232 7 .,. 1 .67'242 32 .6P2188 ?3 .68°262 3 u' .604~3'' '7;5 .69 C 5?5 I 

36 .7012("14 3 7 .7r.2°45 38. .7U40n6 3q .704607 40 .704924 41 .7 r< 5'177 o~ .7Ct:lL!6 .L. 

43 .70C::1'O 44 .705!7? 45 ."'0C::1 7 2 46 .71"15181 47 ."701:·1 Q 1 LjP .705181 ll9 .7(j1:1 P l 
c::o • 701:1 0 1 51 .705181 52 .70C::IC?-1 5~ .71"15181 C::4 .70"181 5C:; • 7 [,)5181 

... -

:NTTTAL TE"'PFR~TURI=" °Rf1FILC' (T-T(') / (TO-TC) 
1 1.r:0 7 5 P O ? 1.C['7C::P 3 1.("10"569 4 1.00755 0 5 1.r075 7 3 £:. 1.0"7::0 0 7 1.n074~9 

8 1.nO"'4'5 9 1.007374 10 1.PO"'314 11 1.007246 12 1.n07170 1 ., 1 • O' n 7;: 84 1 4 J ; rOf,99C 
15 1.0066 0 6 16 1.0n677"' 17 I.nOf.61:7 11), 1.0(16t:3 n 19 1.r06305 2r< :1. 0!1 6 , 5 ,.? 1 J .t"'O~1n4 

?2 1."Ot:91:0 -7 1.0n5"'9" 24 1.r<O~672 25 1. or: 5 07·(1 '26 1.('01:310 2"" 1.0"515 7 ?S 1. '"'Ct:O"2 L.. 

29 1.1"104860 3 n 1.00472' :1 1.r046f'l7 3? 1.0(14507. :3 1.(104411 3 4 . 1~OG4336 :-5 1.r042"75 
36 1.("104229 37 1.01J4194 38 1.no0 1 7 O 3 0 1.0 n 415 4 40 1..Q041 4 4 ' " 1.0 '1 41'3 c · 4 2 1.'"'0Id 7 5 't _ 

43 1.eo01~3 44 1.00413"' 4S 1.C1041<2 4t- 1.Ln4137 47 '1. n041 82 4(: 1.0nl+1L2 09 1."CL!F'2 
C::O 1.n041 n 2 51 1.00410"' "2 1. nou 1flZ 53 1.0n410? C::4 1.n0 4 1Q2 5C:: 1.Dr4JO? 
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******STATI~N NO.= 3 

XX(3)= .?Lnar U(l,l)=."OQor U(?,l)=.QO~Or UU(I)=.ororo VV(l)=.~DnOn 

T(I,I)=1.0n758~ T(7,1)=1.0n7~8n TW~LL=1.n07575 NTTF= 4 UE= .7n771 c T~~]:~C4C~3 

TflI\GE:~TTAL COMPQN~NT "F V"LnCTTY IU/UC") 
.80QOr"10 ? .O~O763 3 .f"I6?208 4 .O°/.iC:;6 P 5 
.73('047 0 .26523" 10 .3008n9 11 .3"76713 12 
.48?H'9 1(' .518t::lt) 17 .1::547""'3 IP .so0780 1 9 
.12°663 23 .762'3li 24 .793510 2t) .823237 76 
.921261 3f1 .93942 0 71 .°548("17 37 .96742 4 33 
.994316 37 .99679:? ~8 • ° 9.8 3f'15 3° .9 0 916C:: 40 
.°9°9"74 44 .999979 liS .°9°979 4A .9.0 9991 47' 
.09 0 991 51 .999991 c2 .°9('9°1 - 7 .9 0 9°91 C"4 !:l_ 

N0R"'AL COtJPON':::NT I'lF V~LOCT.TY (V/PE) 
• Oo[~'O(10 , -.000005 3 -.oonO?2 4 -.Goon5: 5 

-.no.I"'346 (} -.000475 10 -.n00627 11 -.000806 12 
-.(1018,,5 16 -.002125 1 7 -.OO?Lj 7 2 11' -.OO2 P 4 7 1 9 
-.r04533 23 -.004Cl96 ?4 -.005471 2~ -.005 0 57 76 
-.008020 30 -.0(18S7? <1 -.00°145 32 -.OD9"741 ~3 
-.Ol?44Lj 37 -.013215 !8 -.OI LJ O:?8 3° -.014885 40 
-.OIP:7 RO 44 ~.019880 45 -.n21036 46 -.07274 0 47 
-.0277"7:8 51 -.02928t.: t:2, -.~3r912 t:7 -.0"7261° t:4 

T~MPEqATUPE PDO~ILE (T-TCl/eTF-TC) 
1.00"74 P 8 ., 1.0rJ348t; 3 1.00 74 7 7 4 1.Gf1346? 5 
1.003331 9 1.003279 1 U 1.00~21.8 11 1.un.314° 12 
1.00?7R6 1~ 1.002/:,74 17 1.00?St:;4 18 1.0"242t; 1 9 
1.001844 2\ 1.001686 2'+ 1.f10!526 2 t: , 1.001?6:- 26 
1.000756 30 1.000624<~1 1.f1005[15 3::? 1.0 n 039() ?3 
1.00(1127 37 I.00009? '16 r.00[1068 39 1.0f10f'52 40 
1.00n031 Lj4 .• O(1003n 45 1.onU02? 47 

.12 7 530 f. 

.372869 17 

.626420 2G 

.851127 2~ 

.c171411 3 0 

.°9°620 4 } 

.09 0 9 0 1 4° 

.09 0 9 c 1 

-.nono09 6 
-.£101013 13 
-.('10;:2:"1 -'r L· 

:":" • r. 0 6 4 t: 5 2~ 

-.f11 n 366 3 4 
-.nI57P7 Lj 1 
-.f12~5'2 4 P 

-.r3 0 /.iJl 

1.rO~44D f-
l.rO"7:0"71 1~ 

l.r022 0 0 2("1 
1.f'012f'5 ..,.., , 
1.['01]3(19 34 
1.f'on042 4 , 
I.Doror1 4" 

.161134 7 .19£::3:"'7 

.4(19?OC; 14 .44t::644 

.6f.lSSS ::'1 .6960 7 4 

.8 7 6°26 28 .o003""!6 

.98S"O? 7-
.~ •. 09r>~14 

.9 0 9841 u2 .o9Q9~9 

.9 0 9 c 91 49 .0999 0 1 

-.on016? 7 -.rC~244 
- • 0 r 1 ? /.i q ··1 /.i -.001513 
-.0('13E-5? 21 -."040 P·4 
-.0r,6°64 ?~ -.I}O~4F5 .tl 
- • 0 1 1 r'l 2? . ~5 -.G11714 
-.016 7 36 42 -.n177 7 3 
-.024~6Q~49-."26264 

1.003 0 11 7 
1.002°65 14 
1~0"'2147 71 
1.0,,1(149._28 
1 ,; 0 f1 0 2 3 4c'::c~ 5 
1.0rO"3642 
1 .OODGOD. ~9 

1.n073"'5 
!.r"G28 c O 
1 • rOT908 
1.rOf"l£o8 
I.nonl!3 
!.nCf"I072 
1.rc.C10QC 

- i 

l'R8C1030 4 6 
50 l.nonono 51 1.000000 t:2 1 •. rono 53 1.l.J n OI')Ofl CLj 1.ronoro 

FFFECTIVFNES5 .58040023-003 FDIC= .!714177U 
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