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■ ABSTRACT 

A study of the cooling effect of a film stream on the 

heat transfer between a shrouded rotating disk and radially 

Inward main flow stream Is presented.  The Investigation Is 

Intended as a model study of the film cooled radial flow gas 

turbine.  Film heating and film cooling are shown to be 

similar problems described by the same set of equations when 

property variations can be neglected.  Experimental results 

were obtained from a film heated, rotating disk facility. 

These results were obtained over the range of radial flow 

gas turbine operating conditions.  —^ 

- The heat transfer behavior of the main stream only was 

determined separately, and the film cooling results are 

presented as ratios of the heat transfer obtained with film 

cooling to the heat transfer obtained with only a single 
radial inflow.  -—^ 

_ An analysis of the heat transfer to a film cooled, 

uniform temperature flat plate Is presented.  This analysis 

predicts the form but not the magnitude of the results 

obtained on the rotating disk. 

Ill 
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NOMENCLATURE 

English Letter symbols; 

c     Specific heat,  Btu/Clbm °F) 

G 

h 

h av 

k 

I 

N 

P 

q" 
r 

R 

s 

T 

t 

u 

V 

W 
w 
X 

y 
z 

z. 

Proportionality factor In Newton's Second Law, 

32.2 (ibm/lbf)(ft/sec2) 
o 

Mass velocity,  lbm/(hr ft ) 

Local heat transfer coefficient,  Btu/(hr ft  0F) 

Average heat transfer coefficient,  Btu/(hr ft  0F) 

Thermal conductivity,  Btu/(hr ft 0F) 

Plate length,  ft 

Rotative speed,  rpm 

Fluid pressure,  lbf/ft 

Heat Flux,  Btu/(hr ft2) 

Radial coordinate,  ft 

Disk radius,  ft 

Slot gap,  ft 

Temperature,   R 

Temperature,  0F 

Fluid radial velocity component,  ft/sec 

Fluid tangential velocity component,  ft/sec 

Mass flow rate,  lbra/hr 

Fluid axial velocity component,  ft/sec 

Rectilinear coordinate,  ft 

Rectilinear coordinate,  ft 

Axial coordinate,  ft 

Disk - shroud spacing,  ft 

xl 



Greek Letter Symbols; 

■    Flow angle with respect to the radial direction, degrees 
9 Temperature referred to the main stream temperature, see 

Eq. 1 

M-    Fluid dynamic viscosity,  lbm/(hr ft) 

p    Fluid density,  Ibm/ft3 

<^    Disk angular velocity,  radians/sec 

Nondlmenslonal Quantities: 

Np^ = \ic   Ac,     Prandtl number 

NR F = 27rRumpm/|-i.,  Plow Reynolds number 

NR M = R cup^/p,.  Machine Reynolds number 

NSt = h^'GmcpJ  Average Stanton number 
A 

A 

NSt av = ^v^'^m'^p'  Average Stanton number 

'f/0w  A temperature difference ratio, see Eq. 12 
* A G  = G„/J f/ m, Mass velocity ratio 

" NSt,av/fNSt,av) e*= 0,        A stanton number ratio 
A 2 
= g„p/(pu  ),  Nondlmenslonal pressure m 
A 
= r/R, Nondlmenslonal radial coordinate 

= v-Zv-   . Nondlmenslonal radial velocity component 

= v/u Nondlmenslonal tangential velocity component 

= w/u Nondlmenslonal axial velocity component m, 

= z/R, Nondlmenslonal axial coordinate 

Subscripts: 

a    Denotes average 

f    Denotes film flow, indicates a quantity evaluated at 

the film flow inlet 

m    Denotes main flow, indicates a quantity evaluated at 

the main flow inlet 

xli 
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w    Denotes wall. Indicates a quantity evaluated at the 

disk test surface 

I Denotes Case I In the analysis 

II Denotes Case II In the analysis 

Miscellaneous: 

Ibf  Denotes pound force 

Ibm  Denotes pound mass 

xlll 



I  INTRODUCTION 

The desirability of operating gas turbines at the highest 

possible turbine inlet temperature is well known.  All gas 

turbine designs with high efficiency as an objective embody 

a certain compromise between the turbine inlet temperature 

desired and the temperatures that can be tolerated by practical 

turbine materials.  The practicality of the turbine material 

may be based on economic., or on strictly metallurgical consid- 

erationSj or on both. 

The necessary compromise can be lessened by using an 

auxiliary flow of cool air or some other coolant to lower 

the temperature of the highly stressed parts exposed to the 

working gas.  This idea is not new; in fact, designers of axial 

flow turbines have been successful in applying blade and disk 

cooling to existing production engines.  There are several 

ways in which such cooling can be accomplished, with the differ- 

ences arising from the different means of application employed 

and the places of application of the coolant fluid. 

The N.A.C.A. (now N.A.S.A.) has conducted an extensive 

turbine cooling research program, with an emphasis on investi- 

gation of the problems associated with the internal cooling 
22 23* 

of cooling of hollow axial flow turbine blades.  '     The 

results of this research program are currently being applied 
24 

to the design of operational axial flow machines. 

A comparatively simple, frequently used method of cooling 

axial flow turbines is to cool the turbine disk either by a 

flow of coolant air from the hub to the rim  or by Jets of 
2 air Impinging on the disk.   The blades, in direct contact 

with the working gas, are thus cooled by conduction to the 
3 

cooler disk.  A similar cooling method was employed by Smith 

for cooling a radial flow turbine impeller. 

*  Raised numerals denote references. 
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In Smith's study., which was the first published attempt at 

cooling a radial flow turbine, a cool air flow was directed 

onto the rear face of the turbine disk. 

These methods suffer from the fact that the total amount 

of heat transfer to the turbine disk and bladlng Is not reduced, 

and relatively large amounts of coolant are required to Induce 

the conduction cooling.  Transpiration cooling and film cooling, 

on the other hand, reduce the heat transfer between the working 

gas and the turbine surface. 

Transpiration cooling Involves the Injection of a coolant 

through the surface to be cooled Into the boundary layer of 

the main flow.  The method usually Implies a more or less con- 

tinuous Injection through some type of porous surface as shown 

In Fig. la.  Film cooling Is accomplished by blowing the coolant 

through a slot upstream of the surface to be cooled so that 

the coolant will flow between the working gas and the surface 

(see Fig. lb).  Both transpiration cooling and film cooling 

in effect "insulate" the surface from the hot main stream.  Of 

course turbulent mixing of the coolant and the main stream 

tends to destroy the Identity of the coolant and thereby lessens 
li- 

lts cooling effect.  Eckert and Llvlngood have discussed the 

relative merits of transpiration and film cooling.  While 

transpiration cooling has some theoretical advantages over 

film cooling, the technical difficulties encountered In applying 

It to an actual cooling situation usually preclude Its use. 

Very little work has been done on the problem of cooling 

radial flow turbine wheels, but the film cooling method holds 

promise as a technique particularly applicable to this type of 

turbine.  Fig. 1c shows a typical cross section of a raldal 

flow turbine wheel and Indicates how the coolant flow may be 

Introduced.  In a typical radial turbine application of film 

cooling, a small percentage of the compressor output air would 

be bled off and used as the film coolant. 



Rossler of the AlResearch Manufacturing Division of the 

Garrett Corporation« with Office of Naval Research sponsorship^ 

experimentally Investigated the effect of film cooling on an 

actual radial flow turbine, modified In a manner similar to 

that of Fig. 1c to admit the coolant flow.  His results^ Indi- 

cate that significant cooling can be achieved with relatively 

small amounts of coolant air.  With a coolant flow rate of 5 

percent of the main gas flow, an Increase In Inlet temperature 

of 250CF was achieved without raising the turbine wheel 

temperature. 

The program at Stanford, the investigation of film 

cooling on a shrouded rotating disk, was undertaken in parallel 

with the AlResearch program with the objective of providing a 

better understanding of the mechanisms governing film cooling. 

The first results of the Stanford program have already been 
12 reported by Mitchell,   who Investigated the fluid dynamics 

and heat transfer behavior for radial Inflow without a film 

flow.  The purposes of the present investigation were (l) to 

improve on the test facility to eliminate some of the defi- 

ciencies noted by Mitchell, and (2) to determine the heat 

transfer behavior with a film flow underlying the main flow. 



FIGURE 1 

(a)  TRANSPIRATION COOLING 

(b)  FILM COOLING 

(c)  CROSS SECTION OF A FILM COOLED RADIAL TURBINE 
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FIG. I 
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II THE FILM COOLING METHOD 

The Injection of an air film Into the turbulent boundary 

layer on a flat plate has been studied by numerous researchers.6' 
7*8,9.10.11 -  ,.   j m   7 

Papell and Trout' experimentally Investigated an 

actual film cooling situation with high main stream and low 

coolant temperatures.  It can be shown that for small temperature 

differences between the main and coolant streams, film cooling 

and film heating become similar problems governed by the same 

differential equations.  (in section IV, this Is shown to be 

the case for the film cooling of a rotating disk as well)  Film 

heating Is usually more convenient to Investigate experimentally, 

since the smaller film stream can be electrically heated easily. 

For this reason, all other researchers have experimentally 

Investigated the problem of a heated film Injected Into a cool 

stream.  Seban , Seban and Back11, and Hartnett, Blrkebak, and 

Eckert '   have experimentally studied the film heating problem 

on flat plates both with and without pressure gradients In the 
main stream. 

These Initial experiments have been carried out only for 

two specific boundary conditions:  (l) an adlabatlc plate, and 

(2) constant heat flux per unit area over the entire plate.  It 

is informative to look at these two problems In terms of typical 

developing temperature profiles on the boundary surface.  Fig. 2a 

shows the profile development on an adlabatlc wall while Fig. 2b 

pictures the constant heat flux case.  In both cases the free 

stream temperature Is shown as the datum temperature.  Virtually 

all the Investigation In film cooling and heating thus far has 

been experimental:  the lack of similarity evident In the 

profiles of Figs. 2a and 2b suggests some of the difficulties 
encountered In analysis of the problem. 

While adlabatlc wall and constant heat flux boundary 

conditions do model some physical situations of Interest, they 

do not adequately describe the situation encountered In the 



film cooling of turbine wheels.  This situation Is better 

described by the constant wall temperature boundary condition 

pictured In Fig. 2c.  Here the case of practical Importance 

Is a wall temperature somewhere between the temperature of the 

film and main flows.  For example. Inlet film and main flow 

temperatures of 1000F and 1200oF, respectively, with a fairly 

uniform rotor temperature of about 10000F, are representative 

of a turbine wheel cooling situation. 

It can be seen In Fig. 2c that the situation with a 

constant wall temperature between that of the film and main 

flow temperatures (with film heating Instead of film cooling) 

Is quite different from the other boundary conditions studied 

to date. Figs. 2a and 2b, In that the heat flux Is initially 

in one direction, then at some point downstream changes to the 

other direction.  The constant wall temperature boundary 

condition, because of its applicability to turbine wheel 

cooling, is the boundary condition of Interest in the present 

study.  As mentioned previously, film beating and film cooling 

are similar problems. 



FIGURE 2 

TYPICAL TEMPERATURE PROFILE DEVELOPMENT 

FOR FILM HEATING 

(a) Adlabatic Wall Boundary Condition 

(b) Constant Heat Flux Boundary Condition 

(c) Constant Wall Temperature Boundary Condition 
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Ill  ANALYSIS 

In view of the difficulties Inherent In analysis of the 

film cooling problem and the lack of even an adequate analytical 

solution for heat transfer to a shrouded, rotating disk without 
12 

film cooling,   the analytical efforts of the present study 

have been directed towards formulating a theory for the film 

cooling of a constant temperature flat plate.  The approach 

used Is seml-emplrlcal and utilizes the results of the pre- 

vious adlabatlc wall and constant heat flux studies.  A further 

stipulation is that the film and main flow mass velocities be 

equal.  In addition to providing a prediction for flat plate 

film cooling, such an analysis should provide an understanding 

of the parameters governing the film cooling of a rotating 
disk as well. 

If the fluid properties are assumed to be independent of 

temperature, then the energy differential equation which 

governs the heat transfer to the plate is linear, and 

superposition techniques are valid. 

Consider the entering temperature profile (at x = 0) 

pictured in Fig. 2c and define the following: 

e s t - t m (1) 

and 

9* ^er   & 
w     w 

t„ - t f   m 

~. 
(2) 

where tinJ tf and 3W  are the temperatures of the main flow, film 

flow, and the wall, respectively.  The temperature profile 

may then be represented as in Fig. 3a; moreover, it may be 

considered as the superposition of the two profiles pictured 

in Fig. 3b and 3c, labeled Case I and Case II. 

8 



The superposition Is a combined one:  first. It Is a super- 

position In the y-dlrectlon of the entering temperature profile, 

and second. It Is a superposition of the wall boundary condition. 

The problem of film cooling a constant temperature plate Is 

thus broken Into two separate constant wall temperature problems. 

In Case I the temperature potential for heat transfer Is 

always  (0  - 0~), since the wall temperature Is maintained at 
W     1 

(0  - 0„) and the effective free stream temperature Is zero. x w   f 
In Case II the potential Is Initially zero since the wall 

temperature Is maintained at  0f  and the effective free stream 

temperature Is also However, the turbulent mixing of the 

film and main streams acts to smooth out the Initial step 

temperature profile and at a short distance downstream the 

temperature potential assumes a positive value which Increases 

with distance.  (Note:  the heat flux Is defined as positive 

In the positive y-dlrectlon; hence, positive out of the wall). 

For the purposes of the present analysis the heat transfer 

coefficients for Case I and Case II,  h- and  hjj^  are assumed 

to be equal.  Although this at first seems unlikely, there is 

both analytical and empirical justification for such a hypothesis. 

First, for small temperature differences between the two streams, 

the momentum and energy equations describing the situation will 

not be coupled.  Thus the fluid mechanics for both cases will 

be Identical.  Secondly, It Is well known that different wall 

boundary conditions do not affect the heat transfer coefficients 

very much In turbulent flow.  For example, from Ref. 13 the 

turbulent heat transfer from an Isothermal plate Is given by: 

NSt NPr0'4 = 0-0296 
K -0.2 
R,x (3) 

if fluid property variations are neglected.  For the quite 

different case of constant heat flux per unit area along the 

wall, the heat transfer Is given by: 



FIGURE 3 

SUPERPOSITION PROFILES 

(a) Superposition of Case I and Case II 

(b) Case I 

(c) Case II 
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NSt NPr0'4 ■ 0-0309 li -0.2 
R,x (*) 

Thus the heat transfer coefficients differ only about 4 per cent 

for these entirely different wall boundary conditions.  In both 

Cases I and II above the x-dlrectlon boundary condition Is an 

Isothermal wall; however. In Case II the effective temperature 

potential for heat transfer varies along the wall.  The analysis 

assumes that the Isothermal plate solution (3) Is applicable to 

both Cases I and II; that Is,  h- m  h—,  and that the component 

heat fluxes, q"   and  q"II 
c^n  be evaluated from a consideration 

of the effective temperature potential In each case. 

Case I Solution  The solution given in (3),page 9 

is directly applicable to this case.  Therefore: 

hj = 0.0296 G cp Npr 
-0.4 N -0.2 

R,x 

where: 

" hI ^w " ef) 

Therefore: 

q1^ = (9w - ef)(0.0296) G cp Npr 
-0.4 :: -Kj.d. 

R,x 
(5) 

Case II Solution  Under the assumption that the heat 

transfer coefficients  h-j-  and  h-j-j  are equal,  h-^  is also 

given by: 
-0.4 „   -0.2 

^n = 0.0296 G cp Npr :; R,x 

and; 

^ II = hII ee 
(6) 

where  0  is an effective temperature potential. 
e 

It is noted that near the start of the plate the effective 

temperature potential is zero and thus the heat transfer  <1 JJ 

is also zero. 

11 



In this region the heat transfer coefficient,  hii*  ls 

Indeterminate, and results In an apparent contradiction with 

the assumed heat transfer coefficient.  However, this mathe- 

matical difficulty exists only In the region where 9e       Is 

zero, and In this region q"-^ = hjjff^  Is zero regardless of 

the value of hj-r- 
A plausible assumption regarding the effective temperature 

potential,  0Q,   is that 6   Is approximately equal to the 

difference between the Case II wall temperature,  6f  (see 

Fig. 3c), and the Case II adiabatlc wall temperature,  Saw. 

0   is the equilibrium wall temperature that would exist on 
aw ' 

an adiabatlc plate exposed to the entering temperature profile 

of Case II (see Fig. 2a).  This is precisely the situation 

studied in most of the previous work on film cooling.  Thus 

the experimental work of others can be utilized to estimate 

9   .  A summary of most of the available adiabatlc wall temper- 

ature data Is provided by Hartnett, et al (Flg. 26 of Ref. 9). 

There is considerable spread to the data which can be partially 

attributed to the differences In slot geometry used by the 

various researchers.  If a best fit curve is drawn through 

this data. It can be represented approximately by the following 

pair of equations: 

s / ef - i - 0.006 (x/s) 

for 0< x/3<. 50 

ea.J6f '  l6 (V3)'0'8 
for x/s> 50 

(7) 

(8) 

Consequently,  Ö = 9^ - d can be represented as: 

0  = e 

ef - 9f 

0f - 9t   |l6 (x/s) 

(9) 



Therefore, for Case II; 

'ef |o.oo6(x/s)] 

0    <   X/! for s  <  50 

II 0.0296  G   c     ND   "0-4ND     -0.2S 
p     Pr R,x fl   -   16   (x/s)-0'8] 

for x/s > 50 

►(10) 

Combining Cases I and II  For the superposed or original 

boundary condition, the total heat flux,  q"  total. Is given as: 

q" total =  he  =  q"   + q" w       1     ^ II (11) 

Adding (5) and (10) In (ll) and noting that B- / 6 =6* 
results In: 

. - e* ji - o.ooöCx/sd 

for 0 < x/s < 50 

N^i  h    =  0.0296 N,, -0-V  -0-2< "St G c Pr    R,x 1 - 16 ö* (x/s) -0-8 

for     x/s > 50 

 (12) 

Note that the quantity (0.0296 Np 
0-4 NR -0.2^ ls Just the 

local Stanton number obtained on a flat plate without any film 

cooling. It is convenient to normalize the above results with 

this quantity.  Then: 
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Nst^NstV= 0 = < 

1-9 

1 - 

1 - 0.006 (x/s) 

for 0 <  x/s < 50 

16 9*   (x/s)"0"8 

for    x/s > 50 

(13) 

This equation Is presented In graphical form for some representa- 

tlve values of 9       In Fig. 4a. 

It should be noted that negative local Stanton numbers are 
» 

obtained near the front edge of the plate for values of  9 

exceeding  1.0.  The greater the value of  5 the greater the 

extent of the negative Stanton number region.  From Fig. 3a it 
* 

can be seen that when ö = / is greater than 1.0 that f '  w 
heat transfer will first be into the wall and will continue in 

this direction until the turbulent mixing between the film and 

main streams has reduced the temperature of the fluid adjacent 

to the wall to a value equal to or less than the wall temperature 

Itself.  Since the heat transfer coefficient contained in the 

Stanton number is based upon the overall temperature difference 

between the wall and the main stream,  9 ,  the coefficient will 

have a negative value in the region where the heat flux is into 

the wall.  This results in a negative local Stanton number in 

this region. 
The average effect of the film on a flat plate of length 

I  may be expressed as the ratio of the average Stanton number 

with film cooling to the average Stanton number without film 

cooling.  Defining: 

^-Nst^av/ ^TSt,av)3*=0 
U-) 

14 



where: 

i/s 

Nst^av = ^/Vj   NSt d^/s) 

and: 

«/• 

st av) .   Ä (s/i) T (Nst) .   d(x/s) i>z,av e  ^ 0 J        zz  e ^ 0 

(NstN       is given by (3) as: 

= 0 
-0.2 „  -0.4 

(MaJ *   = 0.0296 ^ ,~v" Npr 'St' e = o R,x 

Thus: 

(NSt av) * üt,av 0 = 0 
(s/i) T 0.0296 NRjX-

0-2 Npr-
0-4 d(x/s) 

N St is given by (12); therefore: 

^0 

Nst.av = C»/i) j (Nst)e»= 

o 

i/s 

Jl - e* h - 0.006(x/s)]l d(x/s) 

/ 
+ (s/i) j  (N3t) ,     <1 - 16 fl (x/s) 

-0.8 
d(x/s) 

50 

Where  (NQ.) -    is given above. 
br 9 = 0 

15 

— -■' ■■ 



Noting that NR,x  G ^ = ^G s/^)(x/s)  and performing the 
Indicated Integration yields the following result: 

12.8 In U/s) - 30.3 
0=1- 

U/s) 0.8 
(15) 

for l/a > 50 

Equation 15 Is presented In graphical form In Pig. 4b for 

various values of ü/s.  Only the case of practical signifi- 

cance Is shown; that Is,  0 < 0 < l«0. 

Extension to film cooling of a rotating disk  The heat 

transfer solution for flow over a rotating disk (shrouded with 

no film flow), In analogy to the flat plate case, Eq. 3, may 

be represented as: 

lst = Function (Npr, NRjP, NRWF' 
Z
C/
R
) 

where the additional parameters,  NR M/N- p  and  zVH are 

Included to allow for effects of the rotating disk and flow 

passage size on the heat transfer behavior.  (This functional 

relationship Is obtained In a more formal manner In the next 

section) 

If It Is assumed that the adlabatlc wall temperature 

variation with radius is the same as that obtained experimentally 

for the flat plate as a function of length, then the analysis 

may be carried out as before and a result similar to that of 

Eq. 13 for the ratio of the local Stanton numbers with and 

without film cooling will be obtained.  A determination of the 

average effect of the film on the rotating disk cannot be made 

without more specific knowledge of the above Indicated function. 

However, If Eq. 15 Is modified by an empirically determined 

factor O.36 and the disk radius,  R,  is substituted for the 

plate length, £: 

16 



0 = 1 - 0.36 0 
12.8 In (R/s) - 30.3 

(R/s) 0.8 
(16) 

then the resulting equation (l6) fits most of the experimental 
data of the present study to within  - ten percent.  A discussion 
of the factor 0.36 in the above equation is contained in Section 
VII, DISCUSSION OF RESULTS. 
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FIGURE 4 

RESULTS OF ANALYSIS - FLAT PLATE 
FILM COOLING 

(a)  Local Heat transfer 

Ns^Nst)e*= 0= \ 

6*   [l - 0.OO6(x/s)] 

160* (x/s) 

0 < x/s < 50 
-0.8 

x/s > 50 

(b)  Average Film Cooling Effect 

* = NSt,av/ ^St,av) • 

= 1 

= 0 

12.8 In U/s) - 3O.3 

j/s) 
0.8 

for £/s >  50 
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IV.  GOVERNING NONDIMENSIONAL PARAMETERS FOR FILM 

COOLING OF A ROTATING DISK 

The governing nondlmenslonal parameters are obtained 

from the pertinent differential equations and boundary con- 

ditions which describe the problem.  With the nomenclature 

and coordinate system described In Fig. 5 and with rotational 

symmetry taken Into account, the following equations from 
14 

Schllchtlng  represent the fluid dynamics and heat transfer 

In the flow passage.  They are written for uniform and constant 

density,  p. 

Continuity; 

äw  , Su , u _ n (17) 

Momentum In the radial direction: 

au 
dr 

+ w^u = ..  c ^P | Mi 
dz  p:' o?  p 

a2u 
ar2 or (^&] (18) 

Momentum In the tangetlal direction: 

öv 
r     dz P 

ä2v . a   fv) 
7~2 + "5? Irl 
är 

af-v 

az2 (19) 

Momentum In the z-dlrectlon; 

uI« + wa^ = t 
dv    dz   p 

a2w ^ i aw i a2w 
— + r ^ + - ~~z 
ar' az' 

(20) 

Energy: 

v f H . ,at\ 
az2 (21) 
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The  boundary   conditions  are: 

Temperature: 

at  r  = R;      t 

t 

tf     0  <  z  <   s 

=  t m 

at   z  = 0;      t  = 

s  <   z  <  zo 

t       =     constant w 

Velocity: 

atr  = R;     u=uf     0<z<^s 

u  = um     s  <   z  <  zo 

V    =   ROD 

w  =  0 

atz=0j     u=w=0 

v  =  rtJD 

at   z  =  z. u = 0 

v = 0 

w =- 0 

These  are   the  pertinent  equations   and  boundary  conditions  In 

dimensional   form based upon  the  Idealization  of  a  constant 

density   fluid.     They  can  be  nondlmenslonallzed  to yield  the 

governing  parameters  by  defining  the  following  quantities: 

Coordinates: 

r'   =  r/R   ,   z .    A ft z/R 

Velocities: 

u'   =  u/u     .,   V   = v/u.     ,   w«   ^ w/u m m m 
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FIGURE 5 

(a) ROTATING DISK COORDINATE SYSTEM 

(b) FILM COOLING SYSTEM NOMENCLATURE 
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Pressure; 

p« A gcp / p um
2 

Temperature: 

AS  A t " tm 

0    t  - t w   w   m 

In terms of these normalized quantities, Eqs. (l?) through (21) 

become: 

Continuity; 

sw  . au'  , u1     p. (22) 

Momentum In the radial direction: 

au' ^p' . 2Tr 
^iT "SFT T N. R#F 

ä2ui  a      /u 
or 72 

+ ^F< IrfJ + 
a^u' 
az-2 

(23) 

Momentum In the tangential direction: 

u1 av  . u'v1 

rr + w' av'  £Tr 
"SzT  N R,F 

a2v'  , a 
ar' 

v_l_\ , a^1 

2 ■ SFT lr'] "'    T 

az (24) 

Momentum In the z-dlrectlon: 

„.aw  . ...,aw'   _ 2Tr u,^Fr + w,^Fr - r 
n,F 

a2w'     i   aw     a2w 
 2 + FT ^FT + — ar' az' 

(25) 
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Energy: 

NPr NR,F 
50' = 2Tr- 

a2©1 

äz' 
(26) 

where; 

and: 

NR,F = 27rR um p / H 

NPr = ^Cp / k 

The boundary conditions. In terras of the normalized 

quantities, are: 

Temperature: 

at r1 = 1; 0' - ■=■—j-r- ■ f- " 

9' = 0 

at z' = 0; 0' = 1 

0 < z < s 

s < z < zo 

Velocity: 

at r1 = 

at z1 = 

at z1 = 

Ij  u' = Vf/Vx    0 < z < s 

u' = 1        S < Z < Zo 

v. = Ro>/um  = 27r (NRyNR^) 

W = o 

0;  u1 = 0 

vi = r"^R/u m 

w1 = o 

zo/R;     u' = 0 
v' = 0 
w' = 0 

23 



An Inspection of the nondlmenslonallzed equations and 

boundary conditions reveals the dependence of the heat transfer 

behavior on the following parameters: 

N. R.P N Pr NRJr'/
NR,(p z0/R ; uf/um ; e* ; R/s 

NR F and Npr are the parameters usually associated with the 

flat plate heat transfer case;  NR M/NR F and zo/R are 

additional parameters Introduced by the shrouded rotating disk; 

and uf/um ,   9     ,   and R/s are additional parameters Introduced 

by the film cooling.  For the ranges of these parameters of 

Interest In the turbine cooling problem, see Section VII, 

DISCUSSION OP RESULTS. 

It Is noted that for flows with uniform and constant 

density and viscosity, film heating and film cooling are 

similar processes described by the same set of differential 

equations. 
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V EXPERIMENTAL APPARATUS 

The test facility at Stanford consists of an unvaned 

aluminum disk rotating about a vertical axis which is heated 

by infrared lamps on the upper surface and cooled by a main 

radial Inflow of ambient temperature air on the lower, or test 

surface.  An auxiliary flow of air, heated relative to the 

main flow, is injected adjacent to the test surface and also 

flows radially inward, forming the film layer.  The effect of 

this film layer on the heat transfer to the disk has been 

Investigated experimentally in the present study. 

The bulk of the apparatus has been described in detail 

by Mitchell.12  Thus only a rather brief description will be 

given here, with emphasis on revisions to the equipment not 

described previously.  The facility is described by a schematic 

drawing in Fig. 6 and by a photograph in Fig. ?. 

The complete rotating disk, l6 Inches in diameter and 

1.816 inches thick, consists of a sandwich construction of two 

thinner aluminum disks between which is bonded a 0.063 inch 

transite disk.  The translte disk contains five National 

Instrument Laboratory heat meters, 0.40 Inches in diameter and 

0.060 Inches thick, for measuring the heat flux through the 

disk.  Separate thermocouples are located adjacent to each heat 

meter to measure its operating temperature. Five additional 

thermocouples are located on the test surface to measure the 

test surface temperatures.  Both the heat meters and the ther- 

mocouples are located at the area-average radius of equal area 

annular sections.  For a complete tabulation of the disk and 

heat meter specifications, refer to APPENDIX D. 
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FIGURE 6 

(a) SCHEMATIC OF THE EXPERIMENTAL APPARATUS 

(b) CROSS SECTION OF THE DISK 

(c) DETAIL OP THE SEALING SECTION 
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FIG. 6 
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FIGURE 7 

EXPERIMENTAL APPARATUS 
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The thermocouple and heat meter leads from the rotating 

disk are brought up through the hollow shaft to the rotating 

selector switch which transmits the emfs from the rotating 

inner shaft to the stationary outer housing by means of small 

circular springs.  These springs roll between grooved contacts 

In the Inner hub and outer housing in the manner of planetary 

gears.   Since rolling, rather than sliding, contact is main- 

tained, the extraneous emf production in the switch itself is 

held to a minimum ( - 5 microvolts).  The thermocouple and heat 

meter temperatures are referenced against a distilled water-ice 

junction and measured with a precision potentiometer. 

The flow passage under the disk is bounded by a transparent 

acrillc plastic shroud which can be moved in the vertical direc- 

tion to vary the passage depth. 

The main flow air (500 to 1800 lbm/hr) is induced by means 

of a centrifugal blower located downstream of the disk.  The 

air flow passing through the blower, consisting of both the 

main and film flows, is measured by means of an A.S,M.E, standard 

orifice located between the disk system and the blower.  The 

film flow air is separately metered. 

The film flow air (40 to 150 lbm/hr) is provided by the 

laboratory air compressor system, and is heated relative to 

the main flow by electric resistance heaters installed in the 

line upstream of the disk system.  The flow is metered with a 

standard A,S,M,E, orifice located upstream of the heating 

section.  The heated film flow is supplied at four locations 

to an annular plenum chamber surrounding the disk.  The air 

flows from the plenum into the film passage formed by the thin 

plastic divider between the film and main flows.  The position 

of this plastic divider can be changed to vary the film passage 

spacing. 

Suggested by V. A, Casler of the Aero Jet General Corporation, 
Patents on the contactor are pending.  See Mitchell   for a 
detailed description of this quite simple and low noise 
non-slip contactor. 
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I 
At design point operation, actual gas turbines operate 

with the rotor tip velocity approximately equal to the tangential 

velocity component of the entering gas.  Pullflllment of this 

boundary condition Is achieved on the model by the use of screens 

wound around the circumference of the disk.  Ten layers of 50 

mesh aluminum screening, 4.5 Inches wide are wound around the 

disk and secured with steel hoops.  As the screens rotate with 

the disk they accelerate both the main and film flows to the 

disk tangential velocity so that the relative velocity of the 

air leaving the screens with respect to the disk Is purely 

radial at all test conditions. 

The lower portion of the screens and the Inner and outer 

lower steel hoops rotate In a copper sealing section attached 

to the shroud.  Within the sealing section trough Is an aluminum 

backed Teflon ring which bears against the lower surface of the 

steel hoops attached to the screens.  (See Fig. 6c)     This ring 

Is free to move In the vertical direction within the trough, and 

In operation the small vacuum present In the flow passage results 

In a pressure differential across the seal which seats the ring 

against the hoops.  Adjustable stops attached to the bottom of 

the ring limit Its upward travel and permit adjustment of the 

bearing pressure. 
12 The experimental work of Mitchell  was done without the 

Teflon ring seal.  Velocity profiles of the flow revealed that 

about 30 to 40 percent of the flow bypassed the screens by travel- 

ing down and around the lower screen hoops.  This situation 

resulted In a deficiency In the tangential velocity component 

for the bypass portion of the main flow, as well as stalled 

regions In the flow near the shroud.  With the Teflon seal In 

place, much more satisfactory velocity profiles were obtained, 

as shown In APPENDIX A.  The heat transfer results reported by 

Mitchell12 were measurably affected by the bypass flow as will 

be shown In the next section. 
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VI  EXPERIMENTAL RESULTS 

The main objective of the experimental program was to 

determine the effect of the film air on the heat transfer rate 

at the disk surface.  A necessary preliminary objective was 

the establishment of the heat transfer characteristics of the 

system with no film cooling; In particular^ the effect of 

eliminating the bypass flow on the heat transfer behavior 
12 reported by Mitchell  was desired. 

Heat Transfer to a Shrouded Rotating Disk Without Film Flow 

The nondlmenslonallzed governing equations (see Section IV) 

Indicate  that In the absence of a film cooling flow the data 

should correlate as: 

N St,av Function (N Pr VF ' VM/^F ' zo/R) 

where  NQ.     Is defined as the average Stanton number over 

the entire disk surface. 

Pig. 8 shows some representative data plotted as  NQ. „,,, 
o i/ ^ 3. V 

vs.  HL -  for a constant N,, ,  at four approximately constant 
ti} if -t r 

values of 1L. „/N^ „ and with z /R  held constant.  This 
n., JYl  n. ^ r o 

family of curves will correlate onto a single line when plotted 

NSt,avVF0'65  VS-  VM/VF  asm Fig. 9. as 

Effect of zo/R: Most of the data Fig. 9 was obtained at 

a value of z /R = 0.11.  Moreover, It was felt that this parameter 

would probably have a minor effect on the heat transfer results. 
12 It has been previously shown by Mitchell  that the effect of 

the boundary layer growth on the disk and shroud and the associ- 

ated Increase In the fluid velocity In the flow passage should 

have at most a 3 percent effect on the heat transfer results In 

the range  0.1 < z /R < «>.  The velocity profiles presented In 

APPENDIX A support the conclusion that the passage flow Is 
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virtually a potential flow and therefore changes In z /R 

should affect the flow only through the boundary layer effect 

predicted. 

Some data at  z0/R - 0.l8 was taken to check this effect. 

Fig. 9 shows that there may be a slight effect of z /R  In 

this range, but that all of the data can be represented within 

the experimental uncertainty by: 

NSt,avVF0-65 = 66-0 + 30 VM/NR^ (27) 

12 Some repre- 

This equation is believed to be representative of radial Inflow 

heat transfer over at least the range  0.1 < z /R < 0.2  and 

probably for even higher magnitudes. 

Comparison with the results of Mitchell 
12 sentatlve data obtained by Mitchell   on the same test facility., 

but with Inadequate sealing of the rotating screens, is plotted 

in Fig. 10 as  N,,,   N,, J3*65  vs.  N0 „/N- „    ,        , St,av RjF RjM' R,F  and compared 

with the present results, Eq. 27.  Mitchell's data is up to 

20 percent higher than the present results at the lower range 

of NR M/^O p 
an(ä UP to 10 percent lower at the highest values 

of NR M/NR p>  Both sets of data are in essential agreement at 

NR M/N mm  0.9.  The differences can be rationalized on the 

basis of the effect of the bypass flow around the screens. 

Higher heat transfer coefficients reflect larger relative 

velocities between the flow and the disk.  It is reasonable to 

assume, therefore, that at low values of NR M/NR B  the previous 

flow conditions (with bypassing) produce higher relative veloc- 

ities in the flow passage with respect to the disk.  At values 

of NR M/NR -p greater than 0.9, the opposite situation appears 

to prevail. 

The bypass flow creates several effects, some of which 

tend to increase the relative velocities while others act to 

decrease these velocities. 
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FIGURE 8 

AVERAGE STANTON NUMBER vs. FLOW REYNOLDS NUMBER 

WITHOUT FILM COOLING 

FIGURE 9 

CORRELATED HEAT TRANSFER RESULTS 
WITHOUT FILM COOLING 

The best fit line Indicated Is given by Eq. 27: 

NSt,avNR,F0"65 = 66-0 + 30 "HW, 

Figure   Symbol Nominal NRJM/NRJF Nominal z /R 
Or 

8 & 9 O 0-3 0.11 
8 & 9 0 0.6 0.11 
8 & 9 □ 0.9 0.11 
8 & 9 ^ 1.25 0.11 

9 A   0.18 
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FIGURE 10 

COMPARISON OP THE DATA OF MITCHELL WITH THE CORRELATED 

HEAT TRANSFER RESULTS OP PIG. 9 

The solid line Is the best fit line of Fig. 9 
The data points are from Ref. 12 

FIGURE 11 

EFFECT OP THE MASS VELOCITY RATIO,  G*,  ON THE CORRELATED 
HEAT TRANSFER AT 0*= 0 

R/s = 200  z^R =0.11 

The solid line is the best fit line of Fig. 9 

Symbol Nominal  G 

A 0.5 

O 1.0 

□ 1.5 
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Mitchell has reported stalled regions In the flow passage near 

the shroud which are extensive at low values of N,-, „/No „• R, M' R, F 
These stalls decrease the available flow area, which Increases 

the flow radial velocity component near the disk.  The effect 

of the bypass flow on the relative tangential velocity component 

is best described with the aid of the sketch below: 

Relative tangetlal 
velocity of the flow 
with respect to the 
disk 

with 30^ 
bypass flow 

0 

With no bypass flow, the flow leaves the screens without a 

tangential velocity component relative to the disk.  However, 

the tangential velocity of the flow increases as it flows toward 

the center of the disk, in the manner of a potential vortex. 

This results in a relative tangential velocity between the flow 

and the disk which increases rapidly with decreasing radii. 

With flow bypassing the screens, the flow in the passage behaves 

approximately as a potential vortex with a tangential velocity 

component at the disk periphery less than that of the disk Itself. 
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Although this results In a relative tangential velocity at the 

disk periphery, the overall effect for the amount of bypassing 

under consideration (30 to kO  percent) Is a reduction In the 

average magnitude of the relative tangential velocity. 

It appears that this reduction In relative tangential 

velocity Is more than compensated for at low values of 

NT, „/N- ,-,  by the Increase in relative radial velocity caused 

by the stalled regions.  At higher values of NR M/NR .J 

however, the deficiency in the tangential velocity component 

seems to be relatively more Important since the present (no 

bypass flow) heat transfer results are higher in this range. 

Heat transfer 

Heat Transfer With Film Cooling 

Effect of the film flow for  9=0; 

measurements were first obtained for one limiting case of the 
-X-        -x- 

film flow,  0 = 0, G = 1;  that is, a film flow with velocity 

and temperature identical to that of the main flow.  The heat 

transfer behavior, as expected, is in agreement with the previ- 

ous results where no film flow was used.  These results are 

shown in Fig. 11 for R/s = 200  and  zo/R = 0.11. 

In addition, results were obtained for the case where 

0=0  but u  and u„ were different.  These results are m       f 
also shown in Fig.11-  It should be noted that the results of 

Fig. 11 are given in the caption not in terras of a velocity 

ratio, but rather in terms of the mass velocity ratio,  G , 

where: 

(pu)^ / (pu) m 

For the temperature levels of the present study, the density 

differences between the main and film flows are at most 10 

percent so that the mass velocity ratio is indicative of the 

velocity ratio,  uf/u .  However, work of other researchers 

indicates that  G   is the significant correlating parameter. 
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rather than u„/u .  Futher discussion of this point Is Included 
r m 

In Section VII, DISCUSSION OF RESULTS. 

The results of Fig. 11 Indicate that the effect of the 

unheated film on the average heat transfer from the disk is 

minor for R/s = 200.  These results are in accord with the 

results of flat plate film cooling studies.  Hartnett, et al 

show that the unheated film affects the local heat transfer 

coefficients on a flat plate only for a relatively short dis- 

tance downstream of the injection slot for  0.34 < G < 1.23- 

It is expected, however, that for very large mass velocity ratios 

a wall Jet condition is approached where the film flow completely 

governs the heat transfer. 

Effect of  9  and  G : The effect of 9       and  G  was 

Investigated at various values of  NR p^Hjj F at a single value 

of R/s = 200.  The results of this investigation are shown in 

Fig. (a) of Figs. 12 through 15-  The effect of the film cooling 

is presented in terms of the ordlnate  0 defined as: 

* = NSt,avNR,F 
0-65 / (N     N   0-65 7 ^St,av R,F 

(28) 
= 0 

It should he noted that this definition is simply another repre- 

sentation of  0,  as previously defined in Eq. (14).  Equation 

(28) is the more convenient formulation for treating the 

experimental results. 
An inspection of the data indicates that they will correlate 

reasonably well as <p    vs.  9*G*0' .  Fig. (b) of Figs. 12 

through 15 and Fig. 16 show the development of this correlation. 

As 9       approaches zero, the Influence of  G  vanishes in 

agreement with the results of Fig. 11. 

Effect of HRJ/liILy:    The effect of  NR^M/NRjP  is quite 

small, as can be seen in Fig. 17 where the combined data of 

Figs. 12 through 16 is plotted.  This data correlates within 

a band width which is approximately equal to the estimated 
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uncertainty Interval.  Eq. l6,   the modified analysis result, 

evaluated at R/s = 200 provides a good fit to this data. 

Effect of R/s ;   Investigation of the effect of 9  was 

carried out at various  G  and NR M/NR . values at two 

additional R/s  values, 500 and 143-  The results of these 

tests are shown In Figs. 18 and 19.  Again the data Is seen to 
* *0 6 correlate reasonably well on a  (^ vs.  9 G  '   basis for 

both values of R/s.  The modified analysis result, Eq. 16, 

evaluated at the corresponding values of R/s is also plotted 

In Figs. 18b and 19b.  This equation slightly overestimates the 

film cooling effect at  R/s = 500 and slightly underestimates 

the effect at  R/s = 143- 

Finally, the results for all three R/s  values can be 
* ♦O 6 / / /   \0  7 correlated as $    vs.  9 G   / (R/s)   ,  and these results 

are shown in this form in Fig. 20.  A best fit straight line, 

passing through the (1,0) point is represented by the 

equation: 

* = 1.0 - 7-7 sV0-6/ (R/s)0-7 (29) 
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FIGURE 12 

FILM COOLING EFFECT AT A NOMINAL  N„ „ZlL, _ OF   1.23 

R/s = 200 

zo/R =0.11 

(a)  Effect of 9       at various  G  values 

(b)  Correlated result; 

Symbol 

O 
A 
□ 

Nominal  G 

1.0 

1.75 
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FIGURE 13 

FILM COOLING EFFECT AT A NOMINAL  NR p^L p  OF 1.0 
R/s = 200 

z /R = 0.11 
Cr 

(a)  Effect of 0  at various G  values 

(b)  Correlated results 

Symbol Nominal     G 

O 0.70 

A 0.90 

9 0.92 

□ 1.30 

V 1.90 
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FIGURE 14 

FILM COOLING EFFECT AT A NOMINAL NR ^Nj^ -  OF O.85 
R/s = 200 

zo/R = 0.11 

(a)  Effect of 9       at various G  values 

(b)  Correlated results 
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FIGURE 15 

FILM COOLING EFFECT AT A NOMINAL  NR ^/iL _  OF 0.5 

R/s = 200 

Zo/R = 0.11 

(a)  Effect of 9       at various  G  values 

(b)  Correlated results 
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FIGURE 16 

FILM COOLING EFFECT AT A NOMINAL  NR^I/NR^P  0F 0-- 

R/s = 200   Nominal  G = rJ.3K 

z /R = 0.11 

FIGURE 17 

CORRELATED FILM COOLING EFFECT AT  R/s = 200 

zo/R = 0.11 

The solid line is the modified analysis result, Eq. l6, 

evaluated at  R/s = 200 

Symbol        Nominal  NR^M/NR^F 
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0.1 (Data cf Fig. 16) 

0.5 (Data cf Fig. 15,. 
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1.0 (Data cf Fig. -I) 

1.25 :Data cf Fig. 12, 
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FIGURE 18 

FILM COOLING EFFECT AT  R/s = 500,  z^R = 0-11 

rifiOft 

(a)  Effect of 6   at various  G 

VN/VF   
values 

ar.d 

(b)  Correlated results 
The solid line Is the modified analysis 
result, Eq. l6, evaluated at  R/s = 500 

Symbol Nominal NR,M /  VF 
^o-lnal G 

O 0.3 1.1 

A 0.2 2.5 

□ 0.5 1.5 

V 0.5 2.- 

O 0.75 1.75 
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FIG. 18 
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FIGURE 19 

FILM COOLING EFFECT AT  R/s = 143,  z /R = 0,11 
Cr 

(a) Effect of  9  at various G  and 

%,M / VF  
values 

(b) Correlated results 

The solid line is the modified analysis 

result, Eq. 16,   evaluated at  R/s = 143 

Symbol Nominal NR,M / NR. F 
Norr.ir.al G 

0 0.3 l.C 

□ 0.3 2.0 

V 0.5 2.0 

A 0.5 3.2 

o 0.75 3.2 

k 1.15 2.5 
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FIGURE 20 

CORRELATED FILM COOLING EFFECT IN THE 

RANGE  143 < R/s < 500 

zo/R = 0.11 

The solid line Is the best fit 

line to the data through the 

point  0-0, V^/CR/s)0-7 = 

Symbol R/s 

0 143 

O 200 

k 500 
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VII  DISCUSSION OF RESULTS 

Test Range of the Model Parameters    A survey of the 
12 15 literature available on radial turbine design practice  ' ' 

'        indicates the following ranges as representative of 

current radial flow gas turbine operation: 

105 < NR^F < 10
6 

io5 < VM < 106 

0-2 < NR,M/NR,F < 0-8 

0.1 < zo/R < 0.3 

N Pr 3 0.7 

The test facility was designed to match these prototype ranges, 

so that the test data does cover the operating range of most 

radial flow gas turbine disks.  Since the present study is an 

initial investigation into radial turbine film cooling, the 
* 

ranges for the parameters governing the film cooling,  9 , 

G ,  and R/s  are not well established, as are the more con- 

ventional parameters above.  However, some simple considerations 

yield information about these film cooling parameters as follows, 

The probable source of the film cooling air in an actual 

application will be the main flow compressor of the gas turbine 

cycle.  A small percentage of air will be bled off of the cc-- 

pressor outlet and injected as the film flow at the turbine 

disk periphery.  With such an arrangement, the pressure ratios 

will be approximately the same for both the film and maln,.,flows. 

For a compressor pressure ratio of 3 and a compressor inlet 

temperature of 700F, the film temperature level will be of the 

order of 300oF, depending on the isentropic efficiency of the 

compressor and the temperature drop in the film flow ducting. 
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0   ratlos will probably be In the range: 

2 < 0* < 5 

For example, with a main gas temperature,  t j  of 12C0 F,   a 

film temperature tf,     of 300
0F, and a disk temperature of 

900oF: 

*_   300 - 1200   _ 
_ 900 - 1200 

* 
The range of the mass velocity ratio,  G ,  will be 

largely governed by the ratio of the film and main flow temper- 

atures.  A reasonable assumption for modern radial gas turbines 

Is that a critical flow condition Is approximated across the 

nozzles.  For critical flow. 

G « P/-V T 

where  P  and  T  are conditions upstream of the nozzle ring. 

Since the pressure ratios for both the film and main flows are 

equal, the mass velocity ratio will be given as: 

-•- A Gf 

m 

For the representative temperatures mentioned above: 

G* --./1660/760 = 1.5 

In the model, changes In the mass velocity ratio, 

G*= (uf/u )/(pf/Pm)'  are bought about by changing the velocity 

ratio,  (u„/u ).     Since the densities of the main and film flews '    f m' 
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on the model are approximately equal for the temperature 

levels used, the  G*  correlation of the present results Is 

a generalization which Is not completely verified by the 

present results.  Justification for this generalization of the 

model test results to a  G*  basis Is based on the work of the 

previous Investigators In the film cooling field.  Papell and 

Trout7 obtained results for film cooling effectiveness with an 

actual film cooling situation with high (up to 15000F) main 
* 

flow temperatures.  When correlated on a G  basis, their 

results show essential agreement  with the data of other 

researchers who used film heating with relatively small temper- 

ature differences between the two flows.  This lends support 

to the use of  G*  as a correlating parameter although the 

correlation could not be completely verified In the present 

study. 
The range of R/s  tested was chosen to cover the range 

tested In the prototype study conducted by Rossler In parallel 

with this investigation.  The prototype range was: 

187 < R/s < 5 45 

that of the model Is: 

143 < R/s < 500 

In addition, the size of the slot gap,  s,  in relation to 

the main flow passage depth,  z0  is of interest.  For both 

the model and the prototype: 

0.02 < s/zo < 0.06 

Effect of Large Differences Between the Film and Main 

Flow Temperatures    The effect of fluid property variations 

and buoyancy forces resulting from large temperature gradients 
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In the flow has not been Investigated in the present study. 

Papell and Trout^ found that In order to correlate effective- 

ness data obtained with small temperature differences with 

that obtained with large temperature differences, it was nec- 

essary to introduce a temperature ratio parameter, Tf/'sm' 

Some temperature ratio parameter is undoubtedly pertinent in 

the present study, and more knowledge of its effect is needed 

before the present results can be reliably extrapolated to 

the prototype case. 

Comparison of Analytical and Experimental Results 

The test results show a film cooling effect of the same form 

as that predicted by the flat plate analysis, but the magni- 

tude of the effect is only approximately 36%  of that predicted. 

Some of this difference can be attributed to the fact that the 

measured film flow temperature is greater than the actual film 

inlet temperature as seen by the disk. 

The film temperature is measured at the film flow annular- 

plenum chamber; subsequently the flow travels three and one-half 

inches through a passage whose depth is equal to the film spacing, 

s.  This passage is separated from the main flow by a thin 

plastic divider, and heat transfer between the streams occurs, 

Some rough measurements of the film temperature at the exit of 

the passage. Immediately upstream of the screens, have been 

made.  These measurements indicate that the heat transfer across 

the plastic divider reduces  9f =/tf - t\   by perhaps 10 to 20%. 
The film flow, as well as the main flow, passes through 

the ten layers of 50 mesh aluminum screening, and an additional 

temperature drop undoubtedly occurs through the screens.  The 

film flow temperature drop through the screens possibly is 

quite high, and until data is available to determine the mag- 

nitude of this effect, the present results should be considered 

as a conservative estimate of the film cooling effect obtainable 

on a rotating disk. 
The results of Figs. 17, 18, and 19 show that the 
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modified analysis result, Eq. 16,   underpredlcts the film 

effect at the largest slot gap and overpredlcts the effect at 

the smallest slot gap.  Since the heat transfer between the 

two flows In the entrance passages and screens would have a 

smaller effect for large slot gaps, the test data supports 

the conclusion that the test results Indicate a film cooling 

effect less than that actually achieved. 

Comparison of the Model Results with the Prototype Study 

of Ref. 5    In the prototype Investigation, turbine wheel 

temperatures and temperature distributions were measured, but 

not heat fluxes.  In these tests, the main stream temperature 

was held constant and the drop In turbine wheel temperature 

due to the film cooling was observed.  The results are presen- 

ted In terms of an effectiveness, where: 

(O 
Effectiveness s 

w'wlthout cooling (t ) , w'wlth cooling 

m 

Since the heat flux Into the turbine wheel was not obtained for 

each value of  t ,  no predictions regarding the ratio of heat w 
transfer coefficients with and without film cooling can be 

made from the effectiveness values.  For the same reason, no 

predictions of the effectiveness can be made from the ratios 

of heat transfer coefficients presented In the present study. 

Rossler (Fig. 60 of Ref. 5) does, however, present some 

wheel temperature distributions normalized with respect to the 

main gas temperature.  These results are Indicated by shaded 

bands In Fig. 21.  Also plotted In Fig. 21 are  T^T  ratios 

evaluated from Eq. 29 at conditions similar to these prototype 

tests (R/s = 1&7;   G - 0.8, 1.6;   tf = 100
oF; (The evaluation 

of  T/T  from Eq. 29 is a useful design application of the m 
results of the present study and will be described in the 

next section) Eq. 29 is based upon a uniform disk test surface 
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temperature, so the present results appear as constant values 

In Fig. 21.  It can be seen from the prototype results that a 

uniform wheel temperature Is a good approximation for the film 

cooled turbine.  The agreement In magnitude between the proto- 

type and model results Is quite good. 

A further comparison between the present results and 

those of the prototype Is obtained by considering the results 

of some thermocolor tests presented In Ref. 5-  These results 

are as follows:  Operating without film cooling, a maximum 

wheel temperature of 850oF was recorded with a turbine Inlet 

temperature of 10000P.  With a film mass flow rate of 5^ that 

of the main flow rate, and with a slot configuration R/s = 350, 

the maximum wheel temperature of 850oF was recorded with a 

turbine Inlet temperature of 12500F and a film Inlet temperature 

of 1000F, all other conditions identical.  Assuming that the 

mean heat flux to the wheel was the same in both cases (suffi- 

cient to raise the wheel to 850oF) then the fact that this 

heat flux was produced by temperature potentials of 1500F and 

4000F leads to the conclusion that the mean heat transfer 

coefficient was reduced some 60%  by the presence of the film. 

This effect was obtained at: 

100 - 1250  -1150 
^ e  / 9  =   =   = 2.9 

1   w  850 - 1250  -400 

with an approximate  G = 2.0.  For these values; 

0.6 *  » 
)     G / (R/s)0"7 = 0.0725 

and Eq. 29 yields  0 = 0.44,  a ^6%  reduction in heat transfer- 

compared to the 60%  for the prototype.  This, together with the 

agreement evidenced in Fig. 21, provides some measure of 

confidence in the application of the model results for design 

predictions. 
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FIGURE 21 

COMPARISON OF THE MODEL RESULTS WITH 

THOSE OF ROSSLER (Ref. 5) 

The shaded areas are the results of the 

prototype study from Fig. 60 of Ref. 5. 

(R/s = 187,  tf = 100
oF) 

The solid lines are results obtained by 

evaluating Eq. 29 at: 

R/s = IS? 

tf  = 100
oF 

t   = 850°F w 

(t )     . x, = 1080oF v m'uncooled 
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Application to Design    An Important result from the 

point of view of the designer Is the effect of film cooling on 

the maximum allowable main flow temperature for a given maxi- 

mum wheel temperature.  This result may be given In terms of 

T/T  as In Fig. 21.  As an example of how Tw/Tm may be 

predicted from the data of the present study, the model results 

that are compared with the prototype results In Fig. 21 will 

be obtained. 

The model results are summarized by Eq. 29: 

NSt,avNR,F 
0.65 

("st,av"R,F
0-65)e.= 0 

* ^0.6 
=1.0-7-76  G   / (R/s) 0.7 

It Is assumed., as In the treatment In the preceeding section 

of the prototype thermocolor results, that a given heat flux 

to the disk will elevate the disk temperature to a given level. 

If, In addition, the main flow mass velocity and fluid proper- 

ties are the same for both the cooled and uncooled cases, 

then Eq. 29 reduces to: 

^ w'uncooled *.  ^0.6 
0 =   =1.0-7-7© 0    / (R/s) 

( w)cooled 

0.7 

But; 
tf  ^m'cooled 

t - (t ) nr cooled 
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Therefore; 

(t ) m uncooled V 
(t )    ,_„ " s« 'm;cooled 

.0.6 
7.7 G    / (R/s) 0.7 

= 1.0 

t  -ft m' cooled 

t  -(t ) m; cooled . 

For a given film cooling situation,, with  t , t*,   G , R/s, 

and  '^m^uncooled 
from the above expression 

specified,  (t ) m; cooled can be determined 

For example, with  t  = 850oF, t^ = 100oF, G  = 0.8, 

R/s = 187.  and  (t ) 

ture with coolings  (t ) 
m'uncooled = 1080

CF. the main flow tempera- 

is equal tc 1280CP.  This is 
nr cooled^ 

a rise of 200CF and results in a  T /T  of 0„76,  For the * w    m 
same  conditions,   but with    G     =1.6: 

(t   )        .   .  =   1^30oF     and     T /T     =0.70 v   rrr cooled w' m 

These are the results that are presented with the prototype 

results in Fig. 21.  A main flow temperature without cooling; 

it   ) n J.  of 1080CF  was selected so that  T /T  without v nruncooled-' w m 

cooling was equal to 0=85, in agreement with the prototype 

results. 
A further result of the model study of importance to the 

turbine wheel designer is that with film cooling in the range 

of interest  (9* > l)  the heat transfer is in a direction out 

of the disk near the disk edge and into the disk away from the 

disk edge.  This characteristic of the local heat transfer 

coefficient means that consideration of longitudinal conduc- 

tion will be important in determining the temperature distributioi 

tnroughout the film cooled disk.  Film cooling can not only 
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reduce the high temperatures at the disk rim but can also even 

out the temperature distribution across the disk, resulting In 

lower overall stress levels.  These effects are clearly evident 

In the results of the prototype study presented In Fig. 21. 
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VII  SUMMARY OF RESULTS AND CONCLUSIONS 

The principal results of the present study may he 

summarized as follows: 

1.  The heat transfer behavior for a shrouded, constant 

wall temperature rotating disk with radial Inflow, 

but no separate film flow, has been determined (Fig. 

9) as: 

NSt,avNR,F0'65 = 66-0 - 30 VM/VF (Eq. 2?) 

, 

for: 
1C5 < NR^F < 10

6 

0-25 < NR,M/NR,M< 1'25 

0.1 < zo/R < 0-2 

An analytical prediction of the film cooling effect 

on a constant temperature flat plate has been ob- 

tained (Eq. 15).  The analysis overpredlcts the 

magnitude of the effect obtained for the rotating 

disk, but the equation, when empirically modified 

(Eq. 16), represents most of the data to within 

The effect of film cooling a shrouded, constant wall 

temperature rotating disk (Fig. 20) can be represented 

by: 

= 1.0 7-7 9* G*0'  / (R/s)0'7 (Eq. 29) 
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In the range: 

0 < 0 < 5 

1 < G* < 4 

143 < R/s < 500 

This emperlcally determined equation should be con- 

sidered as a somewhat conservative estimate of the 

film cooling effect on the disk.  Heat transfer In 

the film flow passage and screens probably lowers 

the film temperature below its measured value. 

A comparison of the results of the present study 

with some of the results obtained by Rossler^ in 

the parallel prototype study has been made. The 

magnitude of the film cooling effect obtained on 

the model is in good agreement with that obtained 

on the prototype turbine wheel. 
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IX  RECOMMENDATIONS FOR FURTHER WORK 

The following recommendations are made for future modifi- 

cation and use of the test facility: 

1. A modification of the film inlet thermocouple 

location to allow a more accurate determination 

of the actual value of this temperature. 

2. A more complete fluid dynamics investigation of the 

single radial Inflow in the presence of the rotating 

disk including velocity profiles during heat transfer 

tests.  Such an investigation would hopefully lead 

to a better understanding of the physics of the 

problem and to a more successful analytical attack. 

3. An Investigation of the effect of Tf/Tra  on the 

film flow heat transfer results. 

4. An investigation of the heat transfer behavior of a 

single radial inflow on a vaned disk. 

5. An investigation of the effect of a film flow on 

the vaned disk. 

Apart from the above future use of the rotating disk test 

facility, it is felt that a more complete study of the film 

cooling problem on flat plates would be very worthwhile. 
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APPENDIX A  FLOW PASSAGE VELOCITY PROFILES 

For the fluid external to the shroud and disk boundary- 

layers, Eqs. (17) and (19) become: 

du 
Or 

^ =  0 (30) 

and 

u Sv _ ^ = 0 
Or 

uv 

r 
(31) 

These equations can be Integrated directly to yield the solu- 

tions: 

ru  = C- (32) 

and 

rv = C, (33) 

where C,  and  C2 are constants depending upon the tangential 

and radial velocity components at the disk periphery.   The 

behavior described by (32) and (33) is termed free vortex flow. 

It can be seen that the angle of the resultant velocity with 

respect to the radial direction,  a , should be uniform through- 

out the passage since: 

tan a  = v_ 
u = constant 

The velocity profiles and flow angles were measured at 

two values of r' = r/R (0.642 and O.893) for four different 

values of  NR ^/^ p (0.75. 0.84, 0.93, and 1.18).  Figures 22 
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I 
through 25 show the results of these surveys. 

The measured values generally agree with the predicted 

values within the experimental uncertainty^ and are fairly 

uniform across the flow passage.  In particular, the agree- 

ment between the predicted and measured tangential velocity 

Indicates that the flow Is satisfying the assumed initial 

condition  v = Rcc»  at  r = R .  That is, the flow is passing 

through the screens. 
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FIGURE 22 

VELOCITY PROFILES AND FLOW ANGLES 
F0R WVF = 0-75 

(a) Velocity Profiles 

□ — v at r' = 0.642 

^]   -u at r' = 0.642 

V   v at r' = 0.893 

G   -u at r' = 0.893 

(b) Flow Angle Profiles 

O   r'  =  0.893 

A   r'  =  0.642 

The solid symbols indicate the predicted results, 
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FIG.22 
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FIGURE 23 

VELOCITY PROFILES AND FLOW ANGLES 

FOR  NRyNRj. = 0.84 

(a)  Velocity Profiles 

o 

v at r' 

-u at r' 

v at r' 

-u at r' 

0.642 

0.642 

0.893 

0.893 

(b)  Flow Angle Profiles 

O    r1  = 0.893 

A    r1  =  0.642 

The solid symbols Indicate the predicted results 

62 



FIG. 23 
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FIGURE 24 

VELOCITY PROFILES AND FLOW ANGLES 
P0R VI/VF - 0-93 

(a)  Velocity Profiles 

O 

V at r' = 0.642 

u at r' = 0.642 

V at r1 = 0.893 

u at rt = 0.893 

(b)  Flow Angle Profiles 

O    r1  =  0.893 

A    r'  =  0.642 

The solid symbols indicate the predicted results, 
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FIG. 24 
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FIGURE 25 

VELOCITY PROFILES AND FLOW ANGLES 
F0R VM/VF = i-ia 

(a)  Velocity Profiles 

□     v at r«  = 0,642 

'g    -u  at r'  = 0.642 

V    v at r'  = 0.893 

O   -u at r!  = 0.893 

(b)  Flow Angle Profiles 

O   r'  = 0.893 

A   r«  = 0.642 

The solid symbols Indicate the predicted results 
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FIG.25 
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APPENDIX B  DATA REDUCTION 

As an example of the data reduction method used to obtain 

the heat transfer coefficients, run number 163 (see Appendix E, 

TABULATED RESULTS) will be reduced here.  This Is a film cooling 

test at a film slot width of 0.040" and a main flow spacing of 

0.847".  The test data Is given below. 

Inlet Conditions: 

Barometric pressure, P r a 
Inlet pressure, P. 

Main flow Inlet temperature, t 

Film flow Inlet temperature, t 
rr. 

29.99  in  Hg  abs.   at   320F 

-0.2     In  Hg   gage   at  750F 

70.6oF 

137 0F 

Main Flow Orifice Conditions: 

Orifice diameter, D-, 

Upstream pressure, P-, 

Pressure differential, AP1 
Temperature, t-. 

3.351 in. 

-2.0 In. Hg gage at 750F 

4.35 in. H20 at 75
0F 

77.20F 

Film Flow Orifice Conditions; 

Orifice Diameter, D^ 

Upstream pressure, Pp 

Pressure differential, APp 

Temperature, tp 

0.2008 in. 

19.0 pslg 

25.0 in. Hg gage at 750F 

79.20F 

Speed,  N 1620 rpm 

Dimensions: 

Disk radius, R 

Main flow spacing. 

Film flow spacing. 
m 

7-979 In. 
0.847 in, 

0.040   in. 
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Temperature Data: 

Test Surface Temperatures: 

TC 1 (r/R = 0.95) 93.0oF 

TC 2 (r/R = 0.84) 93.70F 

TC 3 (r/R = 0.71) 92.30F 

TC 4 (r/R = 0.55) 91.50F 

TC 5  (r/R = 0.317) 91.50F 

Heat Meter Temperatures and Outputs: 

HM 1 97.70F,  0.338 mv 

HM 2 96.70F,  0.355 mv 

HM 3 97.90F,  0.355 mv 

HM 4 97.90F,  0.320 mv 

HM 5 99.30FJ  0.595 mv 

The flows through the main and film flow orifices are 

given by: 

Wt (lbm/hr) = 4033 K^ 
1.3207 (A P1)(Pa + P^ 

.T
1
/; 

(t,  +  459.7) 

ana 

Wf (lbm/hr) = 53-3 K2 Y2 
1.3207 (A P0)(P0 + 2.04 P-] 

(t2 + 459.7) 

^V'2 

where  K, K. and  Y2 are obtained from Ref. 18 

The mass flow, W^ , passing through the main flow 

orifice contains the film flow; consequently, the actual 

main flow rate Is the difference In these two orifice flows: 

.~ =  VT 
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For  this  particular   test; 

U       =     1349.8   lbm/hr 

W f     =     59.0  lbm/hr 

Prom these results  N-, p , G„   ,   and  G  can be computed. 

NRiP ^ ^Ru^yu = 12.0 wyCz^) = 4.37 X 10
5 

G     =  p  u     =   22.9  W /(Rz   )   =  4570  lbm/(hr  ft2) m       "m m ^iT/vray /v ' 

G     A  pfuf =   22.9  Wf/(Rs)   =   4200   lbm/(hr   ft2) 

Also,     NR>m  =  R2 wp/u  =   166.7   Npj/Ujj, =   4.61   x   105 

Thus: 

Vl/VF   =   1-06     and     G*  "   Gf/Gm   =   0-918 

The   heat  meter   calibration   factors  are   obtained   from 

APPENDIX D,   Figure   25-     For  these  particular  heat meter 

temperatures,   the  calibration   factors  are: 

K. HM   1 

K HM   2 

K 

K 

HM   3 

HM   4 

K 
HM   5 

706.0 

653.0 

658.5 

724.0 

681.0 

The heat flux through each meter is given as the product of 
the heat meter calibration factor and the heat meter output. 
In millivolts.  For this run: 
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= 238 Btu/(hr ft2) (r/R = 0.95) 

= 252 Btu/(hr ft2) (r/R = 0.84) 

= 2 43 Btu/(hr ft2) (r/R = 0.71) 

= 232 Btu/(hr ft2) (r/R = 0.55) 

= 404 Btu/(hr ft2) (r/R - 0.31?) 

Notice the relatively high level of heat flux near the 

center of the disk  UV).  This Is probably the result of the 

high relative velocities between the disk and the flow In this 

region (see APPENDIX A).  In addition, the effect of the film 

is relatively small at this large  (R-r)/s  value.  Since the 

heat meters are located at the area-average radius of equal 

area annular sections, the numerical average of the heat meter 

fluxes is interpreted as the mean heat flux,  q"av^  through 

the disk.  For Run No. 163: 

q"   = 269.8 Btu/(hr ft2) 

A balance of the energies entering and leaving the disk system 

is used as a check on the test data.  For Run No. 163, the 

energies balance to within 1%.     This is representative of the 

results for the rest of the tests. 
The average test surface temperature,  tw,  is 92.4

0F. 

Thus the difference between the main flow inlet temperature 

and the average test surface temperature,  9W,  is 21.8
0F. 

The average heat transfer coefficient is given as: 

h  = q"  76  = 12.35 Btu/(hr ft  0F) 
av   ^ av w 

Thus: 

N A  h    yG     c     =   LH5   x   io" 
1NSt,av av7   m    p 
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Also: 

6* = (t„ - t )/(t  - t ) = 3.05 

The flow data was  reduced on the Burroughs 220 digital 

computer facility at Stanford.  The Balgol language program 

used for the computations follows. 
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COMMENT  VEIL FLOW DATA REDUCTIONS 

INTEGER RPM. RUNS 

WRITE ($SFMT)l 

FORMAT FMT(B1.*RUN*,B3.»MFLOM*.B2.»RPM*,B3.*RIM«.B8.*NRF«,B10.»NRM», 

B5.»NRM/NRF»,B3.*MFLOF#.B3.*RIF».B4,*6EF/GEM*.B8.«VIM*.Bll,*VIF», 

W4)$ 

START..READ (SSDATAIS 

INPUT  DATAtRUN.PATM,PI,MVIM,POM,DPOM,MVOM,POF,DPOF,MVOF.MVIF,DOM, 

ZM.ZF,RPM)S 

VEIL.. COMMENT 0.2008 VEIL FLOW ORIFICES 

TOF = (SQRTiMVOF ♦ 9.081) - 2.899 )/0.003567S 

RHOF = 1.3207(PATM + 2 .O'fPOF ) / ( TOF + 459.7)S 

MUF = 0.0399 + 0.0000605TOF$ 

NRDF - 239(SQRT(DPOF.RHOF))/MUF$ 

LNKDF ■ 1.0ü{ NKUt-') S 

<OF = 0.6841 - 0.0152LNRDF + 0.00071LNRDF.LNRDFS 

YOF = 1.0 - 0.29ADPOF/(PATM ♦ 2.04POF)$ 

MFLOF « 5 3.3ICOF.YOF.SORT(DPOF.RHOF)S 

TOM " fSORTCMVOM + 9.081) - ?.899)'0.003567S 

RHO *   l,3207tPATM t    POM)/(TOM + 459.7)S 

MU = 0.0399 + 0.0000605TOMS 

EITHER IF DOM GEQ 3.0$  GO BIGS 

OTHERWISES  GO LlTLS 

BIG.. COMMENT 3.351 MAIN FLOW ORIFICES 

NRD - 6620«SORT(DPOM.RHO))/MUS 
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LNRD ■ LOG(NRD)S 

KO - 0.757254 - 0.0175707LNRD + 0.000645328LNR0.LNR0S 

YO "   1.0 - 0.0234DPOM/(PATM + POM)$ 

MFLOT= 4033KO,YO.SQRT(DPOM.RHO)t  MFLOM ■ MFLOT - MFLOF» 

GO OUTS 

LITL». COMMENT 1.919 MAIN FLOW ORIFICES 

NRD ■ 2034(SQRTtDPOM.RHO))/MUS 

LNRD = LOG(NRD)S 

KO » 0.692822 - 0.0152'»81LNRD + 0.000622632LNRD. LNRDS 

YO » 1.0 - 0.0218DPOM/<PATM + POM)S 

MFLOT« 1321KO.YO.SQRT(DPOM.RHO)S  MFLOM « MFLOT - MFLOFS 

OUT..TIM ■ (SQRT(MVIM + 9.081) - 2.899)/0.003567S 

MUIM » 0.0399 + 0.0000605TIM$ 

NRF =12.0MFL0M/{ZM.MUIM)S 

RIM ■ 1.3207(PATM + PI)/(TIM + 459.7)S 

NRM = 166.7RPM.RIM/MUIMS 

TIF ■ (SQRTCMVIF + 9.081) - 2.899)/0.003567$ 

RIF ■ 1.3207(PATM + PI)/(TIF + 459.7)$ 

GEM ■ 2.87MFLOM/ZMS 

GEF =■ 2.87MFLOF/ZF$ 

WRITE (SSANS»HDG)S 

OUTPUT ANS(RUN.MFLOM,RPM,RIM,NRF,NRM.NRM/NRF,MFLOF,RIF.GEF/GEM, 

GEM/RIM.GEF/RIF)$ 

FORMAT HOG(I^.X8.1.I 5.X8.5.F13.5,F13.5,X8.4.X8.2,X8.5»3F13.5,WMS 

GO STARTS   FINISHS 
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APPENDIX C  EXPERIMENTAL UNCERTAINTY 

The following experimental uncertainties, based on 20:1 
21 odds  were estimated for the results of this study. 

Quantity 

Inlet Conditions: 

(Pi + Pa). I". 

Ur.certair.ty  ^ Vr.-jertair.-::/ 

70.0 + 0.2 

+ 0.4^ 

Main Plow Orifice Ccr.dlt: 

(P. + P)}   In. Kg  28.0 + 0.1 v 1   a' — 

A P1J in. H20 6.0 + 0.03 

70.0 + 0.1 

+ 0.4^ 

- :.5^ 

Film Flow Orifice Ccr.diticr 

(P2 + Pa)J osig 

A P2, ir. . Hg 

t2,  F 

Speed: N   ,   rpr. 

Dimensions: 

R. in. 

zm- in . 

+  0.1 

70.0 + 0.1 

150c - 2; 

7-979 + 0.001 

0.3 + 0.010 

0.040 +  0.001 

0.6^ 

0.5^ 

- 1.5* 

- :.;i? 

- 1? 

+ 2% 
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Temperatures: 

V 
0F 

heat meter 
temperature, 0F 100  + 1 

+ 

Heat Fluxes: 

calibration factor 

output 

630   +2        = 0, 

0.5   +0.01     =2°/ 

Based on these component uncertainties, the following 

uncertainties were estimated. 

TABLE 1  SUMMARY OF UNCERTAINTIES 

Quantity 

Main Flov; Rate,  W - 

Film Flow Rate,  Wf 

Flow Reynolds number,  NR „ 

Machine Reynolds number,  K_ 

Main Flow mass velocity,  G„ m 

Film Flow mass velocity,  G„ 

Heat Transfer Coefficient,  h 

Stanton number,  Ng^ av 

Normalized Stanton number. 

H 

av 

NSt,av/'^NSt,av^5*= c 

% \J L L  ^r" 
, - ^ -• ^ - ~r.~-j 

-r -% 

+ s 
- 1.5% 
+ 

■-% 

+ 1.5^ 

+ 5^ 

+ 5.5^ 

+ ^ 

^ 6^ 

73 



I 
APPENDIX D  TEST FACILITY SPECIFICATIONS 

Disk Specifications: 

Material: 

Yield stress: 

Diameter: 

Thi-kr.ess : 

Upper aluminum disk: 

Heat meter disk: 

Epoxy resin: 

Lower aluminum disk: 

Total 

Aluminum Alloy 2024 - T4 

47,000 psl 

I5.55S ir.. 

0.065 ir.. 

0.063 ir.. 

:.::€ in. 

L.£c2 

1.816 in. 

Thermal conductivity: 

Disk: 

Hea- n.e-e: section 

-5 5-:u/(hr ft" 0F/ft) 

:.3~ Etu/Tnr """ 0?/"^) 

Heat Meter Specifioa- 

Material: 

Diameter: 

Thi;kness: 

Silver- 
: c p p 5 r 

1.— in . 

l.lc in 

;elleri J~ . 

( r.:rr.inal) 

The calibration factors as functions of temperature a: 

presented in Fig. 26. For a discussicn of their calicratior 

the reader is referred to Ref. 12. 
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FIGURE 26 

HEAT METER CALIBRATION FACTORS 

(a) Heat meters 1,   3, 4, and 5 

(b) Heat meter 2 
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FIG. 26 
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APPENDIX  E  TABULATED RESULTS 

Tables 2 to 10 summarize the data of the present study. 

All the pertinent quantities can either be found directly In 

the table or calculated from the values therein. 

Table 2 presents the heat transfer results without 

film cooling. 

Table 3 presents the effect of G at 9 ±  0,   with R/s = 200, 

Table 4 presents the film cooling effect at a nominal 

NR pj/Njj F of 1.25, with R/s - 200. 

Table 5 presents the film cooling effect at a nominal 

NR M/NR p of 1-0>   wlth R/s = 200. 

Table 6 presents the film cooling effect at a nominal 

NR j^Np p of 0.85, with R/s = 200. 

Table 7 presents the film cooling effect at a nominal 

NR M/NR F of 0.5, with R/s = 200. 

Table 8 presents the film cooling effect at a nominal 

NR jj/Np p of 0.3, with R/s = 200. 

Table 9 presents the film cooling effect at R/s = 500. 

Table 10 presents the film cooling effect at R/s = 143. 
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1 
RUN 

TABLE  2 

i; 

HEAT  TRANSFER  RESULTS  WITHOUT  FIIAI  COOLING 

(See  Figs.   8  and  9) 

rr. av 

111 235 690 0-0737 0.0754 14.3 
112 400 1270 0.0737 0.0750 17.5 
113 500 1568 0.0737 0.0746 19.3 
114 650 1901 0.0736 0.0742 20.8 
115 950 690 0.0725 0.0755 19.4 
116 1315 973 0.0725 0.0756 21.5 
117 1810 1271 0.0725 0.0754 24.9 
1171 1700 1218 0.0728 0.0739 24.0 
118 460 712 0.0737 0.0739 15.9 
119 670 998 0.0737 0.0741 17.25 
120 945 1377 0.0736 0.0740 19-0 
121 1250 1784 0.0737 0.0737 20.9 
122 650 718 0.0741 0.0748 17.4 
123 1435 1365 0.0728 0.0743 23-0 
124 1840 1719 0.0722 0.0741 25-2 
130 360 1338 0.1190 0.0735 14.6 
131 860 1308 0.1183 0.0733 17-6 
132 ll60 1360 0.1180 0.0730 19-8 

RUN NSt,av VM VF VI/VF N             ^         ■'■' "St,ar'R,F 

xlO^ xlO  D 
XICT

5 

111 2.65 0.67 2.14 0.32 77-4 
112 1.77 1.14 3-93 0.29 76-3 
113 1.58 1.41 4.83 0.29 77-8 
114 1.40 1.62 5. £5 0.31 78-7 
115 3.54 2.74 2.18 1.26 104.2 
116 2.80 3.80 3.08 1.23 103.2 
117 2.47 5.23 -r.ce 1.30 108.3 
1171 2.50 4.71 3.75 1-25 105-0 
118 2.85 1.28 2.18 3.55 84.4 
119 2.22 1.88 3.07 C.cl 81.8 
120 1.77 2.65 4.25 C.c2 80.5 
121 1.50 3.49 5.50 0.63 80.5 
122 3.10 1.83 2.18 C.5- 92.0 
123 2.   l^T 4.01 4.22 C.55 97-0 
124 1.84 5.13 5.33 0.95 97-5 
130 2.26 0.99 2.53 0.39 73-3 
131 2.78 2.36 2.48 0.95 89-0 
132 3.00 3.17 2.58 1 - 23 98-8 
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TABLE 3   EFFECT OF G  AT 0  =0,  R/s ■ 200 

(See Figure 11) 

RUN W m vr m Pf B 

150 520       1710 4 42.4 0.0726 0.0725 0.0706 
151 1110      1699 5 42.3 0.0725 0.0724 0.0700 
152 1500        1599 3 42.3 0.0724 0.0723 0.0692 
153 285 927 9 42.5 0.0737 0.0737 0.0717 
154 600 920 9 42.4 0.0734 0.0733 0.0708 
155 840 932 8 42.4 0.0733 0.0732 0.0708 
156 310 892 5 58.5 0.0743 0.0742 0.0717 
157 548 889 5 59.3 0.0741 0.0741 0.0715 
158 850 905 4 59.2 0.0739 0.0739 0.0708 

RUN 
* 

G hav 
NSt,av 

N
RV

N
R,F NSt,avNR,F 

.65 

150 0.52 19.8 

2 XKT 

1.42 0.26 76.O 
151 0.52 21.4 1.54 0.55 82.3 
152 0.55 23-2 1.75 0.78 91.2 
153 0.98 16.5 2.21 0.27 78,0 
154 0.98 16.9 2.26 0.56 80.5 
155 0.97 18.5 2.44 0.78 87-7 
156 1.41 16.1 2.25 0.31 78.7 
157 1.43 16.5 2.51 0.54 ec.: 
158 1.39 18.5 2.52 C.£2 65.2 
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TABLE  4       FILM COOLING  EFFECT  AT A  NOMINAL 

NR,M/NR,F OF 1-25' R/S = 200 

(See  Fig.   12) 

RUN II H to w. ~ rr. 

160 1200 881.0 44.3 0.0735 0.0714 0.0706 
161 1200 881.7 44.3 0.0735 0.0705 0.0706 
162 1200 880.6 44.3 0.0727 0.0674 0.0706 
167 2020 1270.2 56.3 0.0734 0.0655 0,0690 
168 2010 1259.0 68.2 0.0737 0.0651 0.0690 
214 1300 1030.8 82.4 0.0744 0.0657 0.0726 
215 1300 1029.0 82.5 0.0745 0.0658 O.0726 
216 1300 970.7 127.2 0.0733 0.0659 0.0726 
217 1300 969.0 127.0 0.0731 0.0672 0.0726 

RUN G 
av II St,av N, 'W; NSt;,av

NR,F ' 
--,   • 

96.0 0.6l 
91.3 :.=- 
81.0 1.56 
40.8 3.91 
34.5 3.54 
24.3 3.40 
62.0 1.72 
33.6 2.03 
68.9 1.11 

xlO 

160 1.07 19.9 2.77 1-18 
161 I.06 19.0 2.64 1.18 
162 1.07 17.1 2.38 1.17 
167 0.92 9.7 0.92 1.34 
168 1.12 8.1 0.77 1.35 
214 1.74 5.2 0.64 1.14 
215 1.75 13.3 1.64 1.14 
216 2.85 7.1 0.93 1.19 
217 2.85 14.6 1.90 1.15 
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TABLE 5     FILM COOLING EFFECT AT A NOMINAL 

VM
//N

R,F   
OF
 

1'0, R/S
 

= 200 

(See  Fig.   13) 

RUN N W m w. rr. m 

163 1650 1349 8 59 0 0.0741 0.0658 0. 0700 
164 1640 1352 1 59 0 0.0743 O.0660 0 0700 
165 1640 1350 2 59 0 0.0745 0.0660 0 0700 
166 1640 1348 9 59 1 0.0747 O.0661 0 0700 

175 780 632 9 56 5 0.0750 0.0663 0 0722 
176 1140 927 9 56 5 0.0747 0.0662 0 0717 
177 1520 1297 2 56 4 0.0743 0.0662 0 0707 
178 1970 1619 7 56 4 0.0741 0.0660 0 0696 
179 560 489 9 42 .5 0.0753 0,0686 0 0735 
180 750 681 7 42 5 0.0748 0.0674 c 0733 
181 1160 962 2 42 4 0.0749 0.0673 0 0728 
182 1580 1337 C 42 .4 0.0744 0.0672 c 0717 
183 1780 1503 0 63 .9 0.0746 0.0660 0 0713 
184 1760 1500 4 63 9 0.0745 0.0658 0 0713 
185 1760 1495 .6 63 0 0.0743 0.0658 0 0713 

RUN 
* 

G h 
av 

I 
St „av NF .yv? NSt,avVF0 

.65 
* 

9 

xlC 
2 

163 0.92 12.4 1. 12 1.06 51.7 3.05 
164 0.92 8.4 0. 76 1.05 35.0 3.88 

165 0.92 18.9 1. 70 1.06 77.0 1,65 
166 0.92 20.6 1. 86 1.06 86.3 1,21 

175 1.93 7-7 1. 54 1.11 42.8 2,40 

176 1.31 9.1 1 23 1.10 44,0 2,51 

177 0.92 12.7 1 21 1.03 54,0 2,90 

178 0.73 14.6 1 10 1.05 57-6 2,95 
179 1.91 8.2 2 12 1.05 49.4 1.64 

180 1.37 9.9 1 86 1.00 53-7 2.21 

181 0.96 12.2 1 .61 1.09 58,7 2,48 

182 0.68 14.7 1 .38 1.05 62,3 2.59 

183 0.91 13.1 1 .08 1.05 53.2 2,87 
184 0.91 16.5 1 • 37 1.04 67.3 2,04 

185 0.92 20.5 1 • 71 1.04 83.5 1,42 
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TABLE 6   FILM COOLING EFFECT AT A NOMINAL 

*K,l/*RT  0F 0-85j R/s = 200 

(See Pig. 14) 

RUN N W m W. m m 

208 1180 1264.8 82.3 0.0738 0.0657 0.0727 
209 1140 1260.7 82.2 0.0734 0.0653 0.0727 
210 1120 1256.4 82.0 0.0730 O.O651 0.0727 
211 850 876.7 104.9 0.0746 0.0663 0.0732 
212 850 872.5 104.7 0.0741 0.0659 0.0732 
213 850 869.7 104.5 0.0736 O.0672 0.0732 

RUN av N St^av "R,W*nt¥ N,- NSt,avNR,F 0-65 

xlO 

208 1.42 6.4 0.64 0.83 
209 1.42 9.9 1.00 0.80 
210 1.42 13.1 1.32 0.79 
211 2.63 4.5 O.65 0.88 
212 2.63 8.7 1.27 0.88 
213 2.63 12.9 1.89 0.88 

27.6 
43.0 
56.7 
22.1 
42.9 
63.3 

2.75 
2.05 
1.70 
2.42 
1.84 
1.14 
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mm 

TABLE 7       FILM COOLING  EFFECT AT A  NOMINAL 

N
R,N/

N
R,F  

0F
 

0-5,   R/S  =  200 

(See  Fig.   15) 

RUN W m m 

170 770 1327 .9 57 .4      0.0756 0.0753 O .0120 
171 770 1320 • 3 57 .2       0.0748 0.0730 O .0720 
172 750 1319 • 7 57 .1       0.0748 0.0721 O .0720 
173 750 1318 .6 57 1       0.0749 0.0692 O .0720 
174 740 1318 5 57 1       0.0747 0.0663 O .0720 
186 860 1521 5 62 9       0.0749 0.0664 O -0732 
187 900 1519 6 62 8       0.0749 0.0662 O -0732 
1881 830 1514 3 62 8       0.0755 0.0666 O .0732 
197 450 735 2 64 3       0.0751 0.0664 O • 0737 
198 450 732 9 64 3       0.0748 0.0660 O • 0737 
199 450 732 9 64 1       0.0745 0.0658 O . .0737 
200 450 731. 8 64 1       0.0743 0.0678 O . • 0737 
202 450 736. 8 64. 1       0.0749 0.0717 O. ■ 0737 
204 750 1220. 8 127. 5       0.0731 0.0655 O . .0728 
205 750 1218. 0 127. 4       0.0729 0.0653 O. 0728 
206 750 1162. 5 182. 8       0.0729 0.0660 O . 0728 
207 750 1121. 5           223. 9       0.0731 0.0664 O . 0728 

RUN 
* 

G hav NSt,av    K R,M^NR,F NStJavNR,P 
O.65      e* 

xlO2 

170 0.93 18.2 1.75 0.53 80.0 O.OO 
171 0.94 17.0 1.61 0.52 72.5 0.5O 
172 0.94 16.8 1.60 0.51 71.5 0.69 
173 0.94 15.6 1.48 0.51 66.5 1.05 
174 0.94 5-6 0.53 0.50 24.0 3.58 
186 0.91 10.2 0.85 0.52 41.8 2.70 
187 0.91 12.7 1.07 0.54 52.3 1.95 
1881 0.91 15.4 1.30 0.50 63.4 1.23 
197 1.94 6.8 1.19 0.56 36.0 1.93 
198 1.94 8.7 1.52 0.56 45.8 1.49 
199 1.93 4.2 0.74 0.56 22.4 2.62 
200 1.94 9.9 1.73 0.56 52.0 1.32 
202 1.93 11.9 2.07 0.56 62.7 0.79 
204 2.28 8.7 0.90 0.55 37.8 1.51 
205 2.28 11.2 1.17 0.55 49.2 1.19 
206 3-44 5-3 0.58 0.57 23.6 1.63 
207 4.37 7-4 0.83 0.59 33.2 1.32 
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TABLE 8   FILM COOLING EFFECT AT A NOMINAL 

NR^M/NR p OF 0.3, R/s = 200 

(See  Fig.   16) 

RUN N m m m 

189 495 1511.5 64.3 0.0748 O.O663 0.0735 
190 500 1509.9 64.3 0.0748 0.0663 0.0735 
191 480 1505.4 64.2 0.0747 0.0662 0.0735 
193 500 1507.0 64.2 0.0743 0.0712 0.0735 
194 495 1504.8 64.1 0.0743 0.0682 0.0735 
19b 505 1502.9 64.1 0.0743 0.0660 0.0735 
196 500 1511.5 64.1 0.0748 0.0662 0.0735 

RUN h av Nst.av     VM
/N

R,F 
.... ,„   .. 

xlO 

189 0.94 8.8 0.74 0.30 
190 0.94 12.5 1.06 0.30 
191 0.94 14.9 1.27 0.29 
193 0.94 16.O 1.36 0.30 
194 0.94 13.8 1.18 0.30 
195 0.94 13.5 1.15 0.31 
196 0.94 6.9 0.58 0.30 

NSt,avNR,F 
0.6^ 

36.1 
51.3 
61.3 
65.3 
56.8 
55.2 
28.3 

2.59 
1.75 
1.18 
0.61 
1.08 
1.46 
3.15 
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TABLE  9        FILM   COOLING EFFECT AT R/s ;00 

(See   Fig.    18) 

RUN W. m Pf m 

300 
301 
302 
303 
304 
305 
306 
307 
310 
311 

515 
505 
460 
495 
890 
880 
815 
750 

1080 
1140 

157^.9 
1574.7 
1512.8 
1501.8 
1505.2 
15O0.8 
1480.7 
1464.2 
1308.4 
1291.9 

28.8 0,0748 0.0695 0.0742 
28.8 0.0750 0.0696 0.0742 
63.9 0.0738 0.0660 0.0733 
63.8 0.0730 0.0657 0.0733 
52.5 0.0729 0.0661 0.0728 
52.6 0.0728 0.0657 0.0728 
63.7 0.0732 0.0657 0.0732 
63.4 0.0725 0.0661 0.0732 
41.2 0.0738 O.0672 0.0733 
41.1 0.0736 0.0626 0.0732 

RUN G hav N wSt,av VI/VF N            N          U •' ̂          9 

2 
xlO 

300 1.02 11.2 0.92 0.30 45.8 5.51 
301 1.02 16.O 1.31 0.30 65.2 1.41 
302 2.33 6.5 0.55 0.27 26.4 3.26 
303 2.34 12.2 1.04 0.29 49.5 1.86 
304 1.90 8.2 O.69 0.52 33.2 3.35 
305 1.91 13.2 1.12 0.52 53-7 1.83 
306 2.36 7.4 0.64 0.49 30.6 3.29 
307 2.38 14.1 1.22 0.45 57.2 1.45 
310 1.73 ll.O 1.08 0.74 47.3 3.45 
311 1.75 15.4 1.50 0.79 65.O 2.11 
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TABLE   10        FILM  COOLING   EFFECT AT  R/s   =   143 

(See  Fig.   19) 

RUN N W m Wf Pm Pf z
m 

400 485 1445.3 96.5 0.0743 0.0660 0.0730 
401 470 1439.9 96.4 0.0743 0.0659 0.0730 
402 450 1380.4 171.5 0.0741 0.0673 0.0733 
403 420 1376.4 171.1 0.0738 O.0670 0.0723 
404 820 1368.2 171.0 0.0737 O.O670 0.0726 
405 820 1372.0 170.8 0.0740 0.0670 0.0726 
407 830 1315.6 270.1 0.0742 0.0695 0.0728 
408 1100 1270.3 269.8 0.0739 0.0677 0.0722 
409 1060 1267.1 269.5 0.0736 O.O676 0.0722 
410 1720 1292.4 216.1 0.0736 O.O670 0.0710 

RUN 
* 

G hav NSt,av VI/VF 
U         XT        0 . 65 
NSt,avNR,F 9 

2 
xlO 

400 1.03 5.7 0.50 0.30 23.9 2.36 
401 1.03 10.2 0.90 0.30 42.3 1.47 
402 1.49 6.3 0.58 0.^0 26.5 1.37 
403 1.50 10.3 0.96 0.28 43.4 1.07 
404 1.49 10.7 0.98 0.53 44.8 1.09 
405 1.49 7.1 0.65 0.54 29.6 1.43 
407 2.01 9.0 0.87 0.57 38.6 0.99 
408 2.04 5.8 0.58 0.77 25.3 1.38 
409 2.04 8.8 0.87 0.74 37.8 1.13 
410 1.75 11.5 1.10 l.lb 48.8 1.06 
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