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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 radlally
inward main flow stream is presented. The Investigation is
intended as a model study of the film cooled radial flow gas
furbine. PFilm 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 conditionsL_,*ﬁ

— The heat tramnsTer 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
radlal 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
obtalned on the rotating disk.
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NOMENCLATURE

English Letter symbols:

c
b

&

(o 2N e N ©

o
<

=

Q T 2/

N N & X 2§ = 4 ¢ a3 n IR

o]

Specific heat, Btu/(lbm °F)

Proportionality factor in Newton's Second Law,

32.2 (1bm/lbf)(ft/se02)

Mass velocity, Llbm/(hr £t2)

Local heat transfer coefficient, Btu/(hr ft2 °F)
Average heat transfer coefficient, Btu/(hr £t2 °F)

Thermal conductivity, Btu/(hr ft °F)
Plate length, ft

Rotative speed, rpm

Fluid pressure, 1bf/ft2

Heat Flux, Btu/(hr ft2)

Radial coordinate, ft

Disk radius, ft

Slot gap, ft

Temperature, R

Temperature, °F

Fluid radial velocity component, ft/sec
Fluid tangential velocity component, ft/sec
Mass flow rate, 1lbm/hr

Fluid axial velocity component, ft/sec
Rectilinear coordinate, ft

Rectilinear coordinate, ft

Axial coordinate, ft

Disk - shroud spacing, ft

xi




Greek Letter Symbols:

«< Flow angle with respect to the radial direction, degrees &
Temperature referred to the main stream temperature, see

Eg. 1

Fluid dynamic viscosity, 1bm/(hr ft)

Fluid density, 1lbm/ft3

w Disk angular velocity, radians/sec

el

Nondimensional Quantities:

A
NPr = ucp/k, Prandtl number
A a
NR,F = 2WRumpm/u, Flow Reynolds number 1
N 4 ngp /L, Machine Reynolds number
R,M m
A
NSt = h/Gmcp, Average Stanton number
A
NSt,av = hav/Gme’ Average Stanton number
) 3
e é ef/ew A temperature difference ratio, see Eg. 12
k]
* A .
G = Gf/Gm, Mass velocity ratio
A .
¢ = NSt,av/(NSt,av) 6% = 0, A Stanton number ratio
p! é gcp/(pumg), Nondimensional pressure
r! N r/R, Nondimensional radial coordinate
ut 2 u/um, Nondimensional radial velocity component
vl 4 v/um Nondimensional tangential velocity component I
3
w! 4 w/um Nondimensional axial velocity component |
k]
zt 8 z/R, Nondimensional axial coordinate ‘
Subscripts:
a Denotes average
b Denotes film flow, indicates a quantity evaluated at
the film flow inlet J
m Denotes main flow, indicates a quantity evaluated at
the main flow inlet 3

xii




W Denotes wall, indicates a quantity evaluated at the
disk test surface

I Denotes Case I in the analysis

IT Denotes Case II in the analysis

Miscellaneous:

1bf Denotes pound force
1lbm Denotes pound mass
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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 economlic, or on strictly metallurgical consid-
erations, 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% The

results of this research program are currently being applied

of cooling of hollow axial flow turbine blades.

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 rim1 or by Jjets of
air impinging on the disk.2 The blades, in direct contact
with the working gas, are thus cooled by conduction to the 5

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 ailr 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 blading 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. 1b). 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
its cooling effect. Eckert and Livingood 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 1little 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. lc shows a typlcal cross section of a raidal
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 AiResearch Manufacturing Division of the
Garrett Corporation, with Office of Naval Research sponsorship,
experimentally investigated the effect of film cooling on an
actual radial flow turblne, modified in a manner similar to
that of Fig. lc to admit the coolant flow. His results? indi-
cate that significant coollng can be achieved with relatively
small amounts of coolant air. With a coolant flow rate of 5
percent of the mailn gas flow, an increase 1in iniet temperature
of 250°F 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 AiResearch program with the objectlive of providing a
better understanding of the mechanisms governing film cooling.
The first results of the Stanford program have already been
reported by Mitchell,12
and heat transfer behavior for radial inflow without a film

who investigated the fluld dynamics

flow. The purposes of the present investigation were (1) 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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IT 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."’
7,8,9,10,11 Papell and Trout7 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 elettrically 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 Backll, and Hartnett, Birkebak, and
Eckert9’lo
on flat plates both with and without pressure gradients in the

have experimentally studied tre film heating problem

main stream.

These initial experiments have been carried out only for
two specific boundary conditions: (1) an adiabatic plate, and
(2) constant heat flux per unit area over the entire plate. It
i1s 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 adiabatic wall while Fig. 2b
plctures 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 adiabatic wall and constant heat flux boundary
conditions do model some physical situations of interest, they
do not adequately describe the situation encountered in the



£ilm 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
£ilm and main flows. For example, inlet film and main flow
temperatures of 100°F and 1200°F, respectively, with a fairly
uniform rotor temperature of about 1000°F, are representative
of a turbine wheel cooling situation.5

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, 1n‘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 heating and film cooling
are similar problems.




(a)
(b)
(e)

FIGURE 2

TYPICAL TEMPERATURE PROFILE DEVELOPMENT
FOR FILM HEATING

Adiabatic Wall Boundary Condition
Constant Heat Flux Boundary Condition

Constant Wall Temperature Boundary Condition
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IITI 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
fiim cooling,12 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 1s semi-empirical and utilizes the results of the pre-
vious adiabatic 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
fiim 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)
plctured in Fig. 2c and define the following:

fa
Q—t-tm (l)
and
0" 88 & tp -t (2)
e Tty =
w w m

where tm’ tf, and tw 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.




The superposition is a combined one: first, it is a super-

position in the y-direction of the entering temperature profile,

and second, 1t 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 (ew - ef), since the wall temperature is maintained at

(Gw - Gf) and the effective free stream temperature 1is zero.

In Case II the potential 1s initially zero since the wall

temperature 1s maintained at Gf and the effective free stream

temperature is also € However, the turbulent mixing of the

film and main streams ths 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-direction; hence, positive out of the wall),
For the purposes of the present analysis the heat transfer
coefficients for Case I and Case II, hI and hII’ are assumed
to be equal. Although this at first seems unlikely, there is
both analytical and empirical Justification for such a hypothosis.
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 transior coefficients
very much in turbulent flow. For example, from Ref. 13 the
turbulent heat transfer from an isothermal plate is given by:

0.4 L9 2
N = 0.0296 NR,X (3)

L Pr

St

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

Superposition of Case I and Case II
Case I

Case II
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N n.O%_ 50309 n, -©2 (4)

St "Pr 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-direction 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, hI = hII’ and that the component
heat fluxes, q"I and q"II can 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:
-0.4 N -0.2

h: = 0.0296 G ¢_ N

I P B r R,x
where:
no_ _
a"p = by (6, - 0¢)
Therefore:
noo_ . -0.4 -C.2 (5)
Q' = (Gw Gf)(0.0296) G cp NPr NR,X

Case 1I Solution Under the assumption that the heat

transfer coefficlents hI and hII are equal, hII is also

given by:

hII = 0.0296 G cp NPr

and:

H —
9 i BiR. e (6)

where Ge is an effective temperature potential.
It is noted that near the start of the plate the effective
temperature potential is zero and thus the heat transfer q"II

is also zero.

L




In this region the heat transfer coefficient, hII’ is
indeterminate, and results in an apparent contradiction with
the assumed heat transfer coefficient. However, this mathe-
matical difficulty exists only in the region where Qe is
zero, and in this region q“II = h;.6, 1s zero regardless of
the value of h

A plausiblglassumption regarding the effectlive temperature
potential, ee’ is that ee 1s approximately equal to the
difference between the Case II wall temperature, 9f (see
Fig. 3c), and the Case II adiabatic wall temperature, eaw'
eaw is the equilibrium wall temperature that would exist on
an adiabatic 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
ee. A summary of most of the avallable adiabatic wall temper-
ature data is provided by Hartnett, et al (Fig. 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 1s drawn through

this data, it can be represented approximately by the following

pair of equations:

eaw/ 6p=1 - 0.006 (x/s) (7)
for 0K x/s< 50
_ -0.8
eaw/ef = 16 (x/s) (8)
for x/s> 50
Consequently, Ge e eaw can be represented as:

\
0, - 6, [; - 0.006 {xx’aj
for 0<x/s< 5

o, - 8, [16 (x/s)'D'E] >

for x/s> 50

(9)

12




TR L. e e e e

Therefore, for Case II:

-
6 0.006(x/s)| !
J “for O < x/s < 50
- g -0.4 -0.2 [ -0.8]3(10
q" 1 = 0.0296 ¢ ¢y ¥po, Mg x 6, |1 - 16 (x/s) ]f( )

for x/s > 50
v /

Combining Cases I and II For the superposed or original
boundary condition, the total heat flux, q" total, is given as:

f g . " "
q total = hew =Wl g R 1T . (11)

Adding (5) and (10) in (11) and noting that 6,/ o & CH
results in:

(1 _ 6" [1 ; o.oo6(x/sq )
J for .« @ K- Tx.g 58
A -0.4 -0.2 )
Ne, 2 h = 0.0296 N N
St G—E; Pr R,x 1 _ U6 9* (X/S) -0.8
for %/8 > 50
B T
] =04 —0.2
Note that the quantity (0.0296 Np.. Np o ) is 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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b 1o [1 - 0.006 (x/S)]

for @ £ #® < 50
Ng/(Ng.) = < (13)

St Sit o
i C L'e 16 2 (x/s)_o’8 (

for /s ¥ 50 ]

This equation is presented in graphical form for some representa-
tive values of 6  1in Fig. 4a.

It should be noted that negative local Stanton numbers are
obtained near the front edge of the plate for values of 6*
exceeding 1.0. The greater the value of 6*, the greater the
extent of the negative Stanton number region. From Fig. 3a it
can be seen that when 6*= Gf v Gw is greater than 1.0 that
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 differernce
between the wall and the main stream, Gw, 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
4 may be expressed as the ratio of the average Stanton number
with film cooling to the average Stanton number without film

cooling. Defining:

>

B= NSt,av 4 (NSt,av)6*= 0 (1%)

14




where:

Mo o 4 (s/z)j' Ng, d(x/s)

and:

A L/s

@~ 4 (s/ﬂ)f (Ng,) a(x/s)
St st eP) = den .
o
(NSt) 1 is given by (3) as:
o=
Ly -0.2 0.3
(NSt)e*= A 0.0296 Np Np..
Thus:
£/s

_ 2052 =0 %
(NSt,av)e*= 5= (s/z)_['o.o296 NR,X Np. d(x/s)
(o]

Nst is given by (12); therefore:

O *
Ngt,ay = (8/4) 7 (Nge) o, {1 - [1- 0-006(x/s)]} d(x/s)
o) .

£/s y -0.8
+ (/) [ Og) e {1 - 16 0"(x/s) } a(x/s)
50

Where (Ng.) « is given above.
St 2% 10
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Noting that NR,x &g x/u = (G s/u)(x/s) and performing the
indicated integration yields the following result:

B A 12.8 1n (£/s) - 30.3 (15)

(l/S)O.S
for £/s > 50

Equation 15 is presented in graphical form in Fig. 4b for
various values of £/s. Only the case of practical signifi-
cance is shown; that is, 0 < ¢ < 1.0. 1
Extension to film cooling of a rotating disk The heat
transfer sclution for flow over a rotating disk (shrouded with

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

be represented as:

Ng; = Function (NPr, NR,F, NR’M/NR’F, zo/R)

where the additional parameters, N M/N and zo/R are

R, R,F
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 adlabatic 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 0.36 and the disk radius, R, 1is substituted for the
plate length, £:

16




12.8 1n (R/s) - 30.3
6= 1.~ 0.36 @ () (16)

then the resulting equation (16) fits most of the experimental
data of the present study to within & ten percent. A discussion
of the factor 0.36 1n the above equation is contained in Section
VII, DISCUSSION OF RESULTS.

L4




FIGURE 4

RESULTS OF ANALYSIS - FLAT PIATE
FILM COOLING

(a) Local Heat transfer

4

1 -9 [1 - o.oo6(x/s)]
L/ 0 < x%/s £ 50
hSé ( St)6*= O— ) 1 - 168 (x/s)_o'8

/52 50

(b) Average Film Cooling Effect

A

¢ = NS’c,av 7 (NSt,av)9*= o

" [12.8 in (t/g) - 38.3
1 -9

(z/S)O.B
for /%P 56
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IV. GOVERNING NONDIMENSIONAL PARAMETERS FOR FILM
COOLING OF A ROTATING DISK

The governing nondimensional parameters are obtained
from the pertinent differential equations and boundary con-
ditions which describe the problem. With the nomenclature
and coordinate system described in FPig. 5 and with rotational
symmetry taken into account, the following equations from
Schlichtinglu represent the fluid dynamics and heat transfer
in the flow passage. They are written for uniform and constant
density, p.

Continuity:

%%+%%+%=o (17)

Momentum in the radial direction:

2 g 2 2 8
VS L pou. Sedp . p faul, e (B d%u (18)
USr T "z F o arteliztaE\r) 2
or oz
Momentum in the tangetial direction:
2 2
Vv L uv , OV B3V 9 (V] 97V
Brtr Y2 T ) ar2+§?(r,+az2 (19)
Momentum in the z-direction:
2 2
oW oW _ W jo°w 1 9w . 3°w -
Ut Y TG VT T B (20)
Energy:
3t , 3\ _ 3%
Cpp (UBF + wé?) = kgz—2 (21)
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The boundary conditions are:

- Temperature:
at r=R; t = tf 0L z<s
| t=1t, s<z<Lz
i Az =1 05" Tt = tw = constant
|

Velocity:

A e 1= R | e

H)C
(@)
IN
N
IN
[}

at z =0; u=w=20

e
e iz = g E=Ne
0

0

b These are the pertinent equations and boundary conditions in
dimensional form based upon the idealization of a constant

j density fluid. They can be nondimensionalized to yield the

| governing parameters by defining the following quantities:

Coordinates:

rt 8 r/R , z! 2 z/R

Velocities:

A A A
ut = u/um , VI = v/um , Wt = w/um
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FIGURE 5

i (a) ROTATING DISK COORDINATE SYSTEM

| (b) FILM COOLING SYSTEM NOMENCLATURE
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Pressure:

Temperature:

A 8
8

become:

Continuity:

SrrSregr-o (22)

Momentum in the radial direction:

} In terms of these normalized quantities, Egs. (17) through (21)
|
|
]

2 2 : B
ou! v! du'! Jp'! 21 3-u! 9 u! 3°u!
=t - —=— + w! = - ~=— + + i =11+ —=
dr T 3z orm " Np 5| ar: 2 Jr (r, .-
- - (23)
Momentum in the tangential direction:
) 2 2
ov! ulv! ov! or d°v! ) v! o°v!
ut i + T + w! T = + 1 =iy
or F Sz Ne F| art2 ar (r ) 3212 (24)
Momentum in the z-direction:
T LAY | LI~ 3%w! + lT w! 3% (25)
or! oz! NR,F 3rt2 T or't 3z12
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2
0!, 130! 3%
' ' =
Ner Nr,F [“ Ser t ¥ sz—'] T e
where: N o 2 2R /
ere: R,F - TR u. P V)
and: Ny 2 we. / k
: py Doy

The boundary conditions, in terms of the normalized

guantities, are:

} Temperature:
ol e S ] *
at vt = 1; 91 = CF SR g < @ ls
o 6 = =
| w m w
} . 6t = 0 8¢ 2% &,
I at z! = 0; 6t =1
| Velocity:
: akit =Ll at = uf/um 0<Lz<s
L ut =1 s £ zX 2z,
1 = =
v Rw/um 2T (NR,F/NR,F)
l wl = 0
at z! = 0; u! =0
t = pteR
v r ,/um
wt = o0
at gt = g /R ni==Q
vi =0
wt =0
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An inspection of the nondimensionalized equations and
boundary conditions reveals the dependence of the heat transfer
behavior on the following parameters:

*
Np,# 5 Npp 5 Ng w/Ng p 5 2o/R 5 ug/u 5 8 ;5 R/s

NR,F and NPr are the parameters usually assoclated 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 g 6* , 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 OF RESULTS.

It 1s noted that for flows with uniform and constant
density and viscosity, film heating and film cooling are

simllar 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 efFfeet o
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 revisilons to the equipment not
described previously. The facility is described by a schematic
drawing in Fig. 6 and by a photograph in Fig. 7.

The complete rotating disk, 16 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 transite 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. TFor a complete tabulation of the disk and
heat meter specifications, refer to APPENDIX D.

e




(a) SCHEMATIC OF THE EXPERIMENTAL APPARATUS
(b) CROSS SECTION OF THE DISK

(c) DETAIL OF THE SEALING SECTION




FIG. 6
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FIGURE 7

EXPERIMENTAL APPARATUS







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 shaff 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.T Since rolling, rather than sliding, contact is main-
tailned, the extraneous emf production i1n the switch itself is
held to a minimum ( B 5 milewevelts). 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 1lbm/hr) is induced by means
of a centrifugal blower located downstream of the disk. The
alr 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 alr is separately metered.

The film flow air (40 to 150 1lbm/hr) is provided by the
laboratory air compressor system, and 1s 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 fllm 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
plastlc divider between the film and main flows. The position
of this plastic divlder can be changed to vary the film passage

spacing.

t Suggested by W. A. Casler of the Aero jet General ngporation.
Patents on the contactor are pending. See Mitchell for a
detalled description of this quite simple and low noise
non-slip contactor. o8




At design point operation, actual gas turbines operate
with the rotor tip velocity approximately equal to the tangential
velocity component of the entering gas. Fullfillment 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
ailr 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. 6¢c) 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. AdJjustable stops attached to the bottom of
the ring limit its upward travel and permit adjustment of the
bearing pressure.

12 was done without the

The experimental work of Mitchell
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 1n
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 flilm air on the heat transfer rate
at the disk surface. A necessary preliminary objéctive 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 béhavior

reported by Mitchell12 was desired.

Heat Transfer to a Shrouded Rotating Disk Without Film Flow

The nondimensionalized governing equations (see Section IV)
indicate that in the absence of a film cooling flow the data
should correlate as:

NSt ay = Function (NPr > Ng g o NR’M/NR’F 5 zO/R)

where 1s defined as the average Stanton number over

NSt,av
the entire disk surface.
Fig. 8 shows some representative data plotted as NSt &
2
vs. NR F for a constant NPr’ at four approximately constant
2
values of NR,M/NR,F and with zO/R held constant. This

family of curves wlll correlate onto a single line when plotted

0.65
as Ngt avVr,F vs. Np ./Np p as in Fig. 9.

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

a value of zo/R 2 0.11. Moreover, it was felt that this parameter
would probably have a minor effect on the heat transfer results.

12 that the effect of

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

It has been previously shown by Mitchell

ated ilncrease 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 < zO/R < o, The velocity profiles presented in

APPENDIX A support the conclusion that the passage flow is

30




virtually a potentlal flow and therefore changes in zO/R
should affect the flow only through the boundary layer effect
predicted.

Some data at Zo/R 2 0.18 was taken to check this effect.
Fig. 9 shows that there may be a slight effect of zO/R in
this range, but that all of the data can be represented within
the experimental uncertainty by:

Q65 _
NSt,aVNR’F = 66.0 + 30 NR’M/NR’F (27)

This equation is believed to be representative of radial inflow
heat transfer over at least the range 0.1 ¢ zO/R < 0.2 and
probably for even higher magniltudes.

Comparison with the results of Mitchelllez Some repre-

sentative data obtained by Mitchell
but with inadequatesealing of the rotating screens, 1s plotted

0.65
in Fig. 10 as NR’F vs. NR’M/N

on the same test facility,

NSt,av
with the present results, Eg. 27. Mitchell's data 1s up to
20 percent higher than the present results at the lower range

R,F and compared

of NR,M/NR,F and up to 10 percent lower at the highest values
)3 NR,M/NR,F' Both sets of data are in essential agreement at
NR,M/NR,F = 0.9. The differences can be rationalized on the
basis of the effect of the bypass flow around the screens.

Higher heat ftransfer coefficients reflect larger relative
velocities between the flow and the disk. It 1s reasonable to
assume, therefore, that at low values of NR,M/NR,F 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,F 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.

Sl




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 Eg. 27:

N. _0.65

NSt,av R,F = 66.0 + 30 N

R,M/NR,F

Figure Symbol Nominal NR,M/NR,F Nominal

VA /R

8 & 9 G 0.3 ©. 11
8 & 9 O 0.6 g, 2
8 & 9 ] 0.9 Q.13
8 & 9 4 AWE- 0.11

9 A e 0.18
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FIGURE 10

COMPARISON OF THE DATA OF MITCHELL WITH THE CORRELATED
HEAT TRANSFER RESULTS OF FIG. 9

The solid line i1s the best fit 1line of Fig. 9
The data points are from Ref. 12

FIGURE 11

EFFECT OF THE MASS VELOCITY RATIO, G*, ON THE CORRELATED
¥*
HEAT TRANSFER AT 6 = O
R/s = 200 zO/R = O sl

The solid line i1s the best fit line of Fig. 9

Symbol Nominal G*
A 0.5
© 1.0
Q) ik 45
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Mitchell has reported stalled regions in the flow passage near
the shroud which are extensive at low values of NR,M/NR,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
1s best described with the aid of the sketch below:

Relative tangetial Without
velocity of the flow bypass flow
with respect to the
disk

+

with 30%
bypass flow

7 /R h

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 veloclity 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 40 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
NR,M/NR,F by the increase in relative radial velocity caused
by the stalled regions. At higher values of NR,M/NR,F’
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 With Film Cooling

Effect of the film flow for 9*= O: Heat transfer
measurements were first obtained for one limiting case of the
film flow, 9*= o, G*= 1l; that is, a film flow with velocity
and temperature identical to that of the main flow. The heat
transfer behavior, as expected, 1s in agreement with the previ-

ous results where no film flow was used. These results are
shown in PFig. 11 for R/s = 200 and zO/R = Ol

In addition, results were obtained for the case where
6*= 0O but u and up, were different. These results are
also shown in Fig.1ll. It should be noted that the results of
Fig. 11 are given in the caption not in terms of a velocity
ratio, but rather in terms of the mass velocity ratio, G*,
where:

*

G = (Pu)f / (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 1s indicative of the
velocity ratio, 2f/um‘ However, work of other researchers
indicates that G is the significant correlating parameter,
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rather than uf/um. Futher discussion of this point is included
in Section VII, DISCUSSION OF RESULTS. 2
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 S_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

10

governs the heat transfer.

Effect of 9* and G*: The effect of 9* and G* was
investigated at various values of NR,M/NR,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 ordinate ¢ defined as:

~ 0.65 0.65
Pl NSt,avNR,F s (NSt,avNR,F )9*= ’ (28)

It should be noted that this definition is simply another repre-
sentation of ¢, as previously defined in Eq. (14). Eguation
(28) is the more convenient formulation for treating the
experimental results.

An inspection of the data indicates that they will correlate

* *¥0.6 L
reasonably well as ¢ vs. 6 G . PFig. (b) of Figs. 12
through 15 and Fig. 16 show the development of this correlation.
* *
As 6 approaches zero, the influence of G vanishes in

agreement with the results of Fig. 1l1.

Effect of NR,M/NR,F: The effect of NR,M/NR,F 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. Egq. 16, 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 6  was
carried out at various G  and NR,M/NR,F 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 1s seen to
correlate reasonably well ona ¢ Vs. G*G*O'6 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 effeetiat Rfs.= 143

Finally, the results for all three R/s values can be
correlated as ¢ Vs. G*G*O'6/ (R/s)O'Y, 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:

6=1.0 - 7.7 8°a*0-6/ (r/s)07 (29)

8t




FIGURE 12

FILM COOLING EFFECT AT A NOMINAL N M/N ORI I25
R, R,F
R/s = 200
zO/R =" @n !

* k7
(a) Effect of 6 at various G  values

(b) Correlated results

Symbol Nominal G
o 1.0
A 1% {5
O 2.85
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FIGURE 13

FILM COOLING EFFECT AT A NOMINAL N M/N oF 1.0
R,M™ "R,F
R/s = 200
zO/R = 0.11

¥*
(a) Effect of 6 at various 6" values

(b) Correlated results

Symbol Nominal G*
O 0.70
A 0.90
8 0.92
@] 1.30
V4 1.90
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FIGURE 14
FILM COOLING EFFECT AT A NOMINAL NR,M/NR,F OF 0.85

R/s = 200
zo/R = 0.11

(a) Effect of 6" at various G  values

(b) Correlated results

Symbol Nominal G*
(0] 1.4
\4 2.6
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FIGURE 15
FILM COOLING EFFECT AT A NOMINAL NR,M/NR,F OF 0.5

R/s = 200
ZO/R = 0.11

»* *
(a) Effect of 8 at variocus G values

(b) Correlated results

Symbol Nominal G*
©) 0.935
0] 0.910
A 1.94
& 2.28
\4 4.0
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FIGURE 16

FILM COOLING EFFECT AT A NOMINAL N /N OF 0.3
R, R,F

R/s = 200 Nominal G = 0.94
z /R = 0.11

FIGURE 17

CORRELATED FILM COOLING EFFECT AT R/s = 200
z /R = 0.11

The solid line is the modified znalysis result, Eg. 16,

evaluated at R/s = 200
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FIGURE 18

FILM COOLING EFFECT AT R/s = 500, ZO/R = 0.11

(a) Effect of 6" at various G and
NR,M/NR,F values

(b) Correlated results
The solid line is the modified analysis
result, Eq. 16, evaluated at R/s = 500

(]

Symbol Nominal N M / Ng,p Nominal

R
O] 0.3 1.0
A 0.3 2.3
3] 0.5 1.9
\V4 0.5 2.4
& 0.75 1.75

43




FIG.18
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FIGURE 19

FILM COOLING EFFECT AT R/s = 143, z /R = 0.11

*
(a) Effect of 6 at various G and
1
Np M / NR,F values

(b) Correlated results
The solid line is the modified analysis
result, Eg. 16, evaluated at R/s = 143

*
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FIGURE 20

CORRELATED FILM COOLING EFFECT IN THE
RANGE 143 < R/s < 500
z,/R = 0.11

The so0lid line is the best fit
line to the data through the

_ * *0.6 0.7
point ¢ = 0, 6 G /(R/s) =9

Symbol R/s
& 143
G 200
tN 500
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VII DISCUSSION OF RESULTS

Test Range of the Model Parameters A survey of the
L2515

literature available on radial turbine design practice

16,17 indicates the following ranges as representative of

current radial flow gas turbine operation:

6

10° < N 10

R,F
Nr,M
Ng, /NR,F < 0.8
z /R < 0.3

Np

IN
IN

10° 10°

V4N
(VAN

0.2

IN

0.1

JA

r = 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 compresscor of the gas turbine
cycle. A small percentage of air will be bled cff of the com-
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 main.flows.
For a compressor pressure ratio of 3 and a compressor inlet
temperature of 7OOF, the film temperature level will be of the
order of 3OOOF, depending on the isentropic efficiency of the

compressor and the temperature drop in the film flow ducting.
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6" ratios will probably be in the range:

*

2<86 <5

" For example, with a main gas temperature, ¢t , of 1260°F, a
film temperature ¢t of 3OOOF, and a disk temperature of

900°F:

f’

g*_ 300 - 1200 _
= 300 - 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 1s approximated across the

nozzles. For critical flow,

G <« P/ 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:

[#p]
*
>
Q2 l 2
Hy
IH3
3
3

3

For the representative temperatures mentioned above:

G s.\ﬁo6o/76o = 1.5

In the model, changes in the mass velocity ratio,
G = (uf/um)/(pf/pm), are brought about by changing the velocity

ratio, (uf/um). Since the densities of the main and film flcws
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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 1500°F) main
flow temperatures. When correlated on a G* basis, their
results show essential agreement9 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 Rossler5 in parallel
with this investigation. The prototype range was:

187 < R/s < 545
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, 2z is of interest. For both
the model and the prototype:

0.02 < 8/z, £ 0.06

Effect of Large Differences Between the Film and Main
Flow Temperatures The effect of fluid property varilations

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 Tr'out7 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/Tm.
Some temperature ratio parameter is undoubtedly pertinent in
the present study, and more knowledge of 1its 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 Gf =(tf - tﬁl 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
£ilm 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, underpredicts the film
effect at the largest slot gap and overpredicts 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 lnvestigation, turbine wheel

temperatures and temperature dlistributions 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:

(tw)without cooling ~ (tw)with cooling
Effectiveness =

tm - tf

Since the heat flux into the turblne wheel was not obtained for
each value of tw’ no predictions regarding the ratio of heat
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 coefflcients 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 Tw/Tm ratios
evaluated from Eq. 29 at conditlions similar to these prototype
tests (R/s = 187; g% 0.8, 1.6; te = 100°F). (The evaluation
of Tw/Tm from Egq. 29 is a useful deslign application of the
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 Flg. 21. It can be seen from the prototype results that a
uniform wheel temperature 1s a good approximation for the film
cooled turbine. The agreement in magniltude between the proto-
type and model results is qulte good.

A further comparison between the present results and
those of the prototype 1s obtained by considering the results
of scme thermocolor tests presented in Ref. 5. These results
are as follows: Operating without film cooling, a maximum
wheel temperature of 850°F was recorded with a turbine inlet
temperature of 1000°F. 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 850 °F was recorded with a
turbine inlet temperature of 1250°F and a film inlet temperature
of 100°F, 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 850°F) then the fact that this
heat flux was produced by temperature potentials of 150°F and
4OO°F 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
6, / 0, = = = 2.9
850 - 1250 -400

*
with an approximate G = 2.0. For these values:

0.6
0" & / (R/s)°"7 = 0.0725

and Eq. 29 yields ¢ = O.U44, a 56% 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, t, = 100°F)

The solid lines are results obtained by
evaluating Eq. 29 at:

R/s = 187
tp = 1oo°F
t, = 850°F
(t. ) = 1080°F

m’uncooled
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Application to Design An important result from the

point of view of the designer 1s 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
’I‘w/’I‘m as in Fig. 21. As an example of how ’I‘w/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:

B N 0.65
St,av R,F * *0'6 0.7
¢ = =1.0 -7.7T 6 G / (R/S) )

0.65
(N5t avMR,F )e*=

0]

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 fluld proper-

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

then Eg. 29 reduces to:

(ew)uncooled 2 Wb 0.7
¢ = =1.0-7.76 G / (R/s)
(ew)cooled
te - (t )
But: 6* é f m’cooled

ty - (tm)cooled

2



Therefore:

(tm)uncooled - %
— = 1o -
(tm)cooled 5
0.6 3
7.7 G* / (R/s)o°7 tf (tm)cooled
tw _(tm)ccoled

For a given film cooling situation, with tw, tf, G*, R/s.
el (tm)uncooled EpRe et (tm)cooled
from the above expression.

For example, with t_ = 850°F, t, = 100°F, G = 0.8,

— — e d
R/s = 187, and (tm)uncooled = 1080°F, the main flow tempera-
ture with cooling, (tm)cooled’ is equal tc 1280°F. This is
a rise of 200°F and results in a TW/Tm of 0.76. For the
same conditions, but with G = 1.6:

can be determined

- c "
(tm)Cooled = 1430°F and TW/Tm = 0.70

These are the results that are presented with the rrototype
results in Fig. 21 A main flow temperature without cocling.
(tm)uncooled’ of 1080°F was selecied so that TW/Tm without
cooling was equal to 0.85, in agreement with the protctype
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* > 1) the heat transfer is in a direction out
of the disk near the disk edge and into the disk away from thne
disk edge. This characteristic of the local heat transfer
coefficient means that consideration of longitudinal ccnduc-
tion will be important in determining the temperature distribution
throughout 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 be

summarlzed as follows:

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:

0.65 _
Ngt,avR,F = 66.0 - 30 Np \/Np (Eq. 27)

for:

An analytical prediction of the film cooling effect
on a constant temperature flat plate has been ob-
tained (Eq. 15). The analysis overpredicts the
magnitude of the effect obtained for the rotating
disk, but the equation, when emplirically modified
(Eq. 16), represents most of the data to within 10%.

The effect of film cooling a shrouded, constant wall
temperature rotating disk (Fig. 20) can be represented

by:

6.6
6=1.0-7.7 6 a / (r/s)°T (Eq. 29)
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in the range:

This emperically

sidered as a
film cooling

e< @ '<'5
*

I € '@hadidl

143 < R/s < 500

somewhat conservatilve estimate of the
effect on the disk. Heat transfer in

the film flow passage and screens probably lowers

the fillm temperature below its measured value.

| 4, A comparison
with some of
the parallel
magnitude of
the model is

of the results of the present study
the results obtained by Rossler5 in
prototype study has been made. The
the film cooling effect obtained on
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 thermoccuple
location to allow a more accurate determination
of the actual value of this temperature.

2. A more complete fluid dynamilcs investigation of the
single radial inflow in the presence of the rotating
disk including velocity profilles 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
£41m flow heat transfer

4. An investigation of the
single radial inflow on

5. An investigation of the
the vaned disk.

Apart from the above future
facility, it is felt that a more

effect of Tf/Tm on the

results.

heat transfer behavior of a

a vaned disk.

effect of a film flow on

use of the rotating disk test
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, Egs. (17) and (19) become:

du

or

B S
r

(31)

These equations can be integrated directly to yield the solu-
tions:

(32)

rv = 02 (33)

where C1 and 02 are constants depending upon the tangential
and radial velocity components at the disk periphery. The
behavior described by (32) and (33) i1s termed free vortex flow.
It can be seen that the angle of the resultant velocity with
respect to the radial direction, o , should be uniform through-
out the passage since:

v
tan o = a = constant

The velocit& profiles and flow angles were measured at
two values of r'!' = r/R (0.642 and 0.893) for four different
values of NR,M/NR,F (0.75, 0.84, 0.93, and 1.18). Figures 22
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through 25 show the results of these surveys.
The measured values generally agree with the predicted

values withlin the experimental uncertalnty, 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 satisfylng the assumed initial
condition v = Rw at r =R . That 1s, the flow is passing
through the screens.




FIGURE 22

VELOCITY PROFILES AND FLOW ANGLES
FOR Np /Np p = 0.75

(a) Velocity Profiles

0 — v at r!' = 0.642

U — -u at r!' = 0.642

VY — v at r!' = 0.893

®© — -u at r!' = 0.893
(b) Flow Angle Profiles

®© — r' = 0.893

A — r!' = 0.642

The solid symbols indicate the predicted results.
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FIGURE 23

VELOCITY PROFILES AND FLOW ANGLES
FOR NR’M/NR’F = 0.84

(a) Velocity Profiles

a0 —— v at r!' = 0.642

g — -u at r! = 0.642

v — v at rt!' = 0.893

® =— -=u at: r+= 0.893
(b) Flow Angle Profiles

® — r' = 0.893

A — 1r! = 0.642

The solid symbols iIndicate the predicted results.
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FIGURE 24

VELOCITY PROFILES AND FLOW ANGLES
FOR NR’M/NR’F = 0.93

(a) Velocity Profiles

g-— v at
g— -u at
Y — v at
® — -u at

(b) Flow Angle Profiles

©Q — r!
A

rt

The solid symbols indicate the predicted results.

63

0.893
0.642

0.642
0.642
0.893
0.893




FIG. 24
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FIGURE 25

VELOCITY PROFILES AND FLOW ANGLES
FOR NR,M/NR,F =1.18

(a) Velocity Profiles

e v at r!' = 0.642
N9 — -u at r!' = 0.642
Y — Vv at r!' = 0.893
® —— -u at r?' = 0.893

(b) Flow Angle Profiles

r!

O]
A

0.893
0.642

rt

The solid symbols indicate the predicted results
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APPENDIX B DATA REDUCTION

As an example of the data reductlon 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_ 29.99 1in Hg abs. at 32°F

Inlet pressure, P, ~-0.2 1n Hg gage at 75°F
Main flow inlet temperature, t_ 70.6°F

Film flow inlet temperature, tf 137°F

. Main Flow Orifice Conditions:

| Orifice diameter, D, 3.351 in. .
Upstream pressure, Pl -2.0 in. Hg gage at 75°F
Pressure differential, AP, 4.35 in. H 0 at T5°F j
Temperature, ty 77 .2°F 1

Film Flow Orifice Conditions:

Orifice Diameter, D, 0.2008 in.
Upstream pressure, P2 19.0 psig
Pressure differential, AP2 25.0 in. Hg gage at 75°F
} Temperature, t, 79.2°F

Speed, N 1620 rpm

Dimensions:
Disk radius, R 7.979 in.
Main flow spacing, z_ 0.847 in.
Film flow spacing, s 0.040 in. =
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Temperature Data:

Test Surface Temperatures:
0.95)
0.84)
oLy
0.55))
0.317) 91.5°F

TC 1
TC
T

-3
Q Q

2
3
L
5

=)
Q

(r/R

L S T L |
\ \
RS
1] 1] 1] ]

93.0°F
98- 1%,
92.3°F
91.5°F

Heat Meter Temperatures and Qutputs:

338 mv

1

SEEEHE

Ul

The flows through the main and film flow orifices are

given by:

W, (lbm/hr)

and

W (lbm/hr)

where Kl 5 K2 R

97.7°F,
96.7 °F,
97.9°F,
97.9°F,
99.3°F,

Y, o

t

0.

4033 KlY

and Y
The mass flow, W,_ , passing through the main flow

0
0.
0
0

.355 mv

355 mv

L

53.3 K2 Y2

2

orifice contains the film flow;

main flow rate is the difference in these two orifice flows:

.320 mv
.595 mv

2
1.3207 (& Pl)(Pa + PlﬂL/

(t, +

1

1.3207 (& P2)(Pa + 2.04 P

459.7) ]

2

(t,

+ 459.7)

are obtained from Ref.

consequently,

the actual

18.
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For this particular test:

wm = 1349.8 1lbm/hr
wf = 59.0 lbm/hr
From these results NR,F R Gf , and Gm can be computed.

Ng | £ orRu_p /= 12.0 W_/(z ) = 4.37 x 10°

p.u_ = 22.9 W_/(Rz ) = 4570 lbm/(hr £t°)

22.9 W,/(Rs) = 4200 lbm/(nr £t°)

G2
>
o]

H

o

L]

|

A 2
Also, Np y =R wp/u = 166.7 Np_/u_ = 4.61 x 10°
Thus:

* A
Np wMg,p = 1.06 and G =2 ap/G =< 0.918

The heat meter calibration factors are obtained from
APPENDIX D, Figure 25. For these particular heat meter
temperatures, the calibration factors are:

KHM I = 706.0
KHM 5 = 653.0
KHM g = 658.5
KHM y = 724.0
KHM 5 = 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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a"; = 238 Btw/(hr £t2) (r/R = 0.95)
q"2 = 232 Btu/(hr ftg) (r/R = 0.84)
q"; = 243 Btu/(hr £t2) (r/R = 0.71)
a", = 232 Btu/(hr £t2) (r/R = 0.55)
a"s = 4ok Btu/(nr £t2) (/R = 0.317)

Notice the relatively high level of heat flux near the
center of the disk (q"5). This 1s probably the result of the
high relative velocities between the disk and the flow in this
region (see APPENDIX A). 1In 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/(nr ££2)

A balance of the energles entering and leaving the disk system
i1s used as a check on the test data. For Run No. 163, the
energies balance to within 2%. This 1is representative of the
results for the rest of the tests.

The average test surface temperature, tw’ is 92.4°F.
Thus the difference between the main flow inlet temperature
and the average test surface temperature, 6, is 21.8°F.

The average heat transfer coefficient is given as:

2
= " 1 o
h, =4 av/ew = 12.35 Btu/(hr £t °F)

Thus:

A  m -2
NSt,av = hav/Gm gy = 1.115 x 10
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Also:

*
>

(tf - tm)/(tw - tm) = 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 ($SFMT)$
FORMAT FMT(BI0*RUN*’B3’*MFLOM*9BZ’*RPM*983"RIH*’BB9*NRF*’BIO’*NRM*9
BS9*NRM/NRF*’83,'MFLOF*,BB’*RIF*,Bko*GEF/GEM*'BB,*VIH”BII’*VIF*Q
W4)$
STARTeeREAD ($SDATA)S
INPUT DATA(RUN:PATMoPI9MVIM’P0MoDP0M9MVOH:POF;DPGF’MVOFoMVXF,DOM’
ZMsZF sRPM) S
VEILes COMMENT 0.2008 VEIL FLOW ORIFICES
TOF = (SQRT(MVOF + 9.081) - 2¢8991/0.003567%
RHOF = 1¢3207(PATM + 2,04POF)/(TOF + 459719
MUF = 040399 + 0,0000605TOF$
NRDF = 239 (SQRT(DPOF.RHOF))/MUFS$
LNRDF = LOG(NROF)S
KOF = 0e6841 — 0e0152LNRDF + 0«00071LNRDF « LNRDFS
YOF = 10 — 0¢294DPOF/(PATM + 2.04POF)$
MFLOF = 53¢3KOF,YOF«SQRT(DPOF.RHOF)$®
TOM - (SORT{MVCM + 9,081) - 2.899)/2.003567%
RHO = 143207(PATM ~ POM)/(TOM + 459.,71%
MU = 00399 + 0.0000605TOM$
EITHER IF DOM GEQ 3,08 GO BIGS
OTHERWISES GO LITLS
BIGee COMMENT 34351 MAIN FLOW ORIFICES

NRD = 6620 (SQRT(DPOM.RHO) ) /MUS
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LNRD = LOGI(NRD)S
KO = 00757254 - 040175707LNRD + 0+000645328LNRD+LNRDS

YO = 140 — 040234DPOM/(PATM + POM)$
MFLOT= 4033KO,YO+SQRT(DPOMeRHO)S$ MFLOM = MFLOT -~ MFLOFS$
GO OuTS
LITLese COMMENT 1919 MAIN FLOW ORIFICES
NRD = 2034(SQRT{DPOMeRHO)) /MUS
LNRD = LOG(NRD} S
KO = 04692822 ~ 0.01524B81LNRD + 0.000622632LNRD.LNRDS
YO = 1.0 - 0+0218DPOM/ (PATM + POM)S
MFLOT= 1321K0eYOeSQRTIDPOM.RHO)S MFLOM = MFLOT - MFLOFS
OUTeoTIM = (SQRT(MVIM + 9.081) = 24899)/0.003567$%
MUIM =z 0.0399 + 0,0000605TIMS

NRF =12.O0MFLOM/(ZM.MUIM) S

RIM = 1¢3207(PATM + PIN/(TIM + 459.71%
NRM = 166 TRPMJRIM/MUIMS
TIF = (SQRT(MVIF + 9¢081) — 24899)/0.003567%

RIF = 1e43207(PATM + PIN/(TIF + 459.7)%
GEM = 2.87TMFLOM/ZMS
GEF = 2.87TMFLOF/ZF$
WRITE ($;ANSOHDG)S
OUTPUT ANS(RUNIMFLOMoRPMsRIM s NRF s NRM oNRM/NRF sMFLOF yRIF »GEF /GEM)
GEM/RIMSGEF/RIF) S
FORMAT HODG(I1645sXB8e1915sXBe59F13e59F12e5sXBe49XBe2sXBe593F1359W4)3

GO STARTS FINISHS
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APPENDIX C

EXPERIMENTAL UNCERTAINTY

The following experimental uncertainties,

based on 20:1

were ecstimated for the results of this study.

Quantity

Inlet Conditions:

(P1 + Pa), in.

Uncertalnty % Uncertainty

Hg 30.0
°F 70.0
°F 50.0

Main Flow Orifice Conditicns:

(P1 + Pa)’ in. Hg 2B.0
4 Py, in. HO 6.0
tl, °F 70.0
Film Flow Orifice Conditions:
(P, + P,), psig 35.0
A P2, in. Hg 20.0
tos °F 70.0
Speed: N , rpm 1500
Dimensions:
R, in. 7.C79
z . in. 0.8
s, in. 0.040
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heat meter
temperature, °F 100

1+
PJ

Heat Fluxes:
0.3%
output 0.5 + 0.01 = 2%

calibration factor 630

|+
N
I

Based on these component uncertainties, the following

unicertainties were estimated.

TABLE 1 SUMMARY OF UNCERTAINTIES

Temperatures:
2] °F 30.0 1 + 3%
|
i
|

Quantity % Uncertainty
Main Flow Rate, W_ + 1%
Film Flow Rate, W, + 1%
Flow Reynolds number, NR,F i.*'5%
Machine Reynolds number, NR M i.*%
3
) Main Flow mass velocity, G_ + 1.5%
Film Flow mass velocity, G, + 5%
l Heat Transfer Coefficient, hav * 3:5
Stanton number, NSt,av i,#%
Normalized Stanton number, + 6
J N
NSt,av/("St,av)e*= 0
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APPENDIX D TEST FACILITY SPECIFICATIOHS

Disk Specifications:
Material:
Yield stress:
Diameter:

Thickness:

Upper aluminum disk:

Heat meter disk:

Epoxy resin:

Lover aluminum disk:

Total

Thermal conductivity:

Disk:

Heat meter section

Heat Meter Specifications:

Material:

Diameter:

Thickness:

Aluminum Alloy 2024 - T4
L7,000 psi

15.958 in.

o O
@
6
n
}..h
"

]
C

Q
)

[
N Q
(0]
N
[Er -

72 Btu/(hr £t° °F/ft)

C.Bv Bt’i//(hr e O /P4

Py

Silver-tellerium,

copper
0.4 in.
0.06 in. (nominal)

The calibration factors as functions of temperature are

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

the reader is referred to Ref. 1l2.

Th




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
fi1lm cooling.

* *
Table 3 presents the effect of G at & = 0, with R/s = 200.

Table 4 presents the film cooling effect at a nominal
NR,M/NR,F of 1.25, with R/s = 200.

Table 5 presents the film cooling effect at a nominal

NR,M/NR,F of 1.0, with R/s = 200.

Table 6 presents the film cooling effect at a nominal

NR,M/NR’F of 0.85, with R/s = 200.

nominal

»
ct
»

Table 7 presents the film cooling effect

NR’M/NR,F of 0.5, with R/s = 200.

riominal

)
ct
W

Table 8 presents the film cooling effect

NR,M/NR,F 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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TABLE 2 HEAT TRANSFER RESULTS WITHOUT FIIM COOLING

(See Figs. 8 and 9)

RUN N W z P h

m o m av
111 235 690 0.0737 0.0754 14.3
112 Loo 1770 0.0737 0.0750 17.5
113 500 1568 0.0737 0.0746 19.3
114 650 1901 0.0736 0.0T42 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 i9.0
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 5.2
130 360 1238 0.1190 0.0735 14.6
131 860 1308 0.1183 0.07323 lirWE
132 1160 1360 0.1180 0.0730 19.8 p
RUN Nst,av Ng M NR,F Ne. WM, p  Vst,ad R, F
x10° x10~° x107°
111 2.65 0.67 2.1 0.32 7.4
112 1.77 1.14 3.93 0.29 76.3
113 1.58 1.41 4.83 0.29 Pl A8
114 1.40 1.82 5.85 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 L4.08 1.30 108.5
1171 2.50 4L.71 3.75 1.25 105.0
118 2.85 1.28 2.18 0.5 84 . L4
119 2.22 1.88 3.07 0.61 81.8
120 1.77 2.65 L.25 0.62 80.5
121 1.50 3.49 5.50 0.63 80.5
122 3.10 1.83 2.18 0.84 32.0
123 2.14 4L.01 L. 22 0.95 97.0
124 1.84 5.13 5.33 0.95 97.5
¢ 130 2.26 0.99 2.53 0.39 3.3
131 2.78 2.36 2.48 0.95 89.0
132 3.00 3.17 2.58 1.23 38.8
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TABLE 3 EFFECT OF G° AT 6 = 0, R/s = 200

(See Figure 11)

RUN N wm wf R Pe z,
150 520 1710.4 4o.4 0.0726 0.0725 0.0706
151 RIRRIO) 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 L2.5 C.0737 0.0737 0.0717
154 600 920.9 ho.4 0.0734 0.0733 0.0708
155 840 932.8 4o.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
* - N, _0:65
RUN G hav NSt,av NR,M/NR,F St,av R,F
X10°

150 0.52 19.8 1.42 0.26 Wor®
151 0.52 21.4 1.54 0.55 82.3
152 (OS5 23.2 1.75 0.78 91.2
153 ¢.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 8.7
157 1.43 16.5 2.31 0.54 80.0
158 1.39 18.5 2.52 0.82 89.2
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TABLE 4

FIIM COOLING EFFECT AT A NOMINAL

NR’M/NR,F OF 1.25, R/s = 200
(See Fig. 12)

RUN N Wm W pm pf zm

160 1200 881.0 Ly 3 QO 36 0.0714 0.0706
161 1200 881.7 4y, 3 O O35 0.0705 0.0706
162 1200 880.6 Ly 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 0.073 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 0.0726
216 1300 970.7 127.2 0.0733 0.0659 0.0726
217 1300 969.0 127.0 0.0731 0.0672 0.0726

* 0.65
R g haov st,av  Vr,wVr,F Nst,av'R,F i
xlO2

160 1.07 19.9 2 1.1i8 96.0 0.61
161 1.06 19.0 2.64 1.18 91.3 0.84
162 1.07 17.1 2.38 1.17 81.0 1.56
167 0.92 9.7 0.92 1.34 40.8 3. 91
168 1.12 8.1 0.77 1.35 34.5 3.54
214 1.74 5.2 0.64 1.14 24.3 3.40
215 1.75 13.3 1.64 1.14 62.0 1.72
216 2.85 7.1 0.93 1.19 33.6 2= 03
217 2.85 14,6 1.90 1.19 68.9 h1'2 L
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TABLE 5

FILM COOLING EFFECT AT A NOMINAL

NRJM/NR,F OF 1.0, R/s = 200

(See Fig. 13)

RUN N wm Wf R Pe z.
163 1650 1349.8 59.0 0.0741 0.0658 0.0700
164 1640 1352.1 59.0 0.0743 0.0660 0.0700
165 1640 1350.2 59.0 0.0745 0.0660 0.0700
166 1640 1348.9 59.1 0.0747 0.0661 050700
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 N0.0753 0.0686 0.0735
180 750 681.7 4o .5 0.0748 0.0674 0.0733
181 1160 962.2 4o, 4 0.0749 0.0673 0.0728
182 1580 1337.0 4o . 4 0.0744 0.0672 0.0717
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 63.9 0.0743 0.0658 0.0713

* . 0.65 =
RUN G hv  VNseav YR,wNr,p Nst,a'R,F 4

xlO2

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 152hl
175 1.93 7.7 1.54 1.11 4.8 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 2.55
179 1.91 8.2 2.12 1.05 Lo .4 1.64
180 1.37 9.9 1.86 1.00 53.7 2.21
181 0.96 12.2 11 GA 1.09 58.7 2.48
182 0.68 14.7 1.38 1.05 62.3 2.59
183  0.91 eyl 1.08 1:@5 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

NR’M/NR’F OF 0.85, R/s = 200

(See Fig. 14)

RUN N Wm Wf pm pf zm
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 0.0651 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 0.0672 0.0732

1 6 6
L by Yst,av MR,WMR,P Vst,avMr,r 095

x10°
208 1.42 6.4 0.64 0.83 27.6 2 w75,
209 1.42 9.9 1.00 0.80 43.0 2.05
210 142 183l N BF 0.79 56.7 70
211 2.63 4.5 0.65 0.88 2210 2.42
212 2.63 8.7 .27 0.88 L4o.9 1.84
12.9 1.89 0.88 63.3 TSR

‘ 2103 2063
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TABLE 7

FILM COOLING EFFECT AT A NOMINAL

NR’M/NR’F OF 0.5, R/s = 200
(See Fig. 15)

RUN N Wm wf P Pe z
170 770 1327.9 57.4 0.0756 0.0753 O .0720
171 770 1320.3 57.2 0.0748 0.0730 O .0720
172 750 1319.7 57.1 0.0748 0.0721 0 .0720
173 750 1318.6 57.1 0.0749 0.0692 0O .0720
174 740 1318.5 57.1 0.0747 0.0663 O .0720
186 860 1521.5 62.9 0.0749 0.0664 0 .0732
187 900 1519.6 62.8 0.0749 0.0662 0 .0732
1881 830 1514.3 62.8 0.0755 0.0666 0 .0732
197 450 735.2 64.3 0.0751 0.0664 0 .0737
198 450 732.9 64.3 0.0748 0.0660 0 .0737
199 450 732.9 64.1 0.0745 0.0658 0 .0737
200 450 731.8 64.1 0.0743 0.0678 0 . 0737
202 450 736.8 64.1 0.0749 0.0717 0.0737
204 750 1220.8 127.5 0.0731 0.0655 0 .0728
205 750 1218.0 127.4 0.0729 0.0653 0 .0728
206 750 1162.5 182.8 0.0729 0.0660 0 .0728
207 750 1121.5 223.9 0.0731 0.0664 0 .0728

* 0.65 *
RGN G hav  Nst,av Yr,WVR,F  Vst,avMRr,F g

xlO2

170 0.93 18.2 1.75 0.53 80.0 0.00
171  0O.94 17.0 1.61 0.52 72.5 0.50
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 1528
197 1.94 6.8 1.19 0.56 36.0 1.93
198 1.94 8T 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 L 1,517 0.55 4o, o 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

FIIM COOLING EFFECT AT A NOMINAL

NR’ /NR’F OF 0.3, R/s = 200
(See Fig. 16)

RUN N Wm wf Pm Pp 2
189 495 1511.5 64.3 0.0748 0.0663 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
195 505 1502.9 64.1 0.0743 0.0660 0.0735
196 500 1511.5 64.1 0.0748 0.0662 0.0735

l

»

|

* 0.65 *
| Bon @ hav  Nse,av R, MR,F Nst,avMR,F <
X102

189 0.94 8.8 0.74 0.30 36.1 2.59
190 0.94 12.5 1.06 0.30 51.3 1.75
191  0.94 14.9 1.27 0.29 61.3 1.18
193 0.94 16.0 1.36 0.30 65.3 0.61
194 0.94 13.8 1.18 0.30 56.8 1.08
195 0.94 13.5 1.15 0.31 55.2 1.46
196 0.94 6.9 0.58 0.30 28.3 3.15
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TABLE 9 FILM COOLING EFFECT AT R/s = 500 -
(See Fig. 18)

RUN N wm Wf P Py z
300 515 1574.9 28.8 0.0748 0.0695 0.0742
301 505 1574.7 28.8 0.0750 0.0696 0.0742
302 460 1512.8 63.9 0.0738 0.0660 0.0733
303 495 1501.8 63.8 0.0730 0.0657 0.0733
304 890 1505.2 52.5 0.0729 0.0661 0.0728
305 880 1500.8 52.6 0.0728 0.0657 0.0728
306 815 1480.7 63.7 0.0732 0.0657 0.0732
307 750 1464,2 63.4 0.0725 0.0661 0.0732
310 1080 1308.4 4i.» 0.0738 0.0672 0.0733
311 1140 1291.9 41.1 0.0736 0.0626 0.0732

* 0.65 *
RUN G hav NSt,aV NR,M/NR,F NSt,avNR,F e

x10°

300 1.02 11.2 0.92 0.30 45.8 3.51
301 1.02 16.0 1.31 0.30 65.2 1.41
302 2.33 6.5 Q.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 0.69 0.52 33.2 3.35
305 1.91 13.2 1.12 0.52 53.7 1.83
306 2.36 7.4 O.64 0.49 30.6 3.29
307 2.38 14.1 1.22 0.45 57.2 1.45
310 1.73 11.0 1.08 0.74 47.3 3.45
311 1.75 15.4 1.50 0.79 65.0 251l
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TABLE 10 FILM COOLING EFFECT AT R/s 143
(See Fig. 19)

RUN L] wm wf pm pf zm
Loo 485 1445.3 96.5 0.0743 0.0660 0.0730
Lol 470 1439.9 96.4 0.0743 0.0659 0.0730
Loo 450 1380.4 171.5 0.0741 0.0673 0.0733
403 Loo 1376.4 57 ol 0.0738 0.0670 0.0723
Lok 820 1368.2 17lJo 0.0737 0.0670 0.0726
L4o5 820 1372.0 170.8 0.0740 0.0670 0.0726
Lot 830 1315.6 270.1 0.0742 0.0695 0.0728
Lo8 1100 1270.3 269.8 0.0739 0.0677 0.0722
409 1060 1267.1 269.5 0.0736 0.0676 0.0722
410 1720 1292.4 216.1 0.0736 0.0670 0.0710

* 6*
RUN G av st,av  YrR,W r,F Vst,av'm,F

xlO2

4oo 1.03 .7 0.50 0.30 23.9 2.36
L4o1 1.03 .2 0.90 0.30 4o.3 il i
L4oo 1.49 .3 0.58 0.30 26.5 1 337
Lo3 1.50 .3 0.96 0.28 43,4 1.07
Lok 1.49 .7 0.98 0.53 L4i.8 1.09
Los 1.49 .1 0.65 0.54 29.6 1.43
Lot 2.01 .0 0.87 0.57 38.6 0.99
408 2.04 .8 0.58 0.77 25.3 1.38
409 2.04 .8 0.87 0.74 37.8 it 0y
410 1.75 .5 1.10 1.16 4g.8 1.06
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