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This experimental investigation involved the study of gas film cooling
from a single row of spanwise angled holes using the stagnation region of a
cylinder in cross flow to model the leading edge of a turbine vane. The
objective was to obtain data for the local convective heat transfer rates to
a highly cooled, curved surface exposed to a turbulent hot mainstream flow
and a secondary, film coolant flow. Since the leading edge of the first stage,

inlet turbine vane experiences some of the most severe thermal loads found in
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20. (continued)

the turbine engine, effective film cooling is most important in this area.
Film cooling of the leading edge area was modeled by making heat transfer
measurements on the front stagnation region of a cylinder in cross flow.

Experiments were conducted in a rectangular duct using a film cooled
cylindrical test surface normal to a two-dimensional freestream flow. A ga:
turbine combustor provided heated air flow to simulate a Reynolds number
typical of a high pressure, high temperature turbine vane. Internal convec-
tion cooling of the cylinder allowed a gas-to-wall temperature ratio of 2.1
to be achieved while using a moderate freestream gas temperature (~1000°R;
555K). The film coolant was chilled to obtain a coolant-to-freestream density
ratio of 2.2, representative of the gas turbine environment. The cylindrical
test surface was instrumented with miniature heat flux gages, and wall therm:-
coup]ei to dftermine the influence of t?e film coolant blowing ratio and the
injection hole geometry on the film cooling performance.

e

Local heat flux measurements were made at three different locations dowr -

stream from the row of coolant injection holes. At each specific downstrear
location studied, the heat flux measurements were taken for three different
spanwise locations of the coolant hole with respect to the heat flux gage.
This provided an indication of the film coolant uniformity in the spanwise
direction and its deterioration in the downstream direction. Experiments
were conducted to study the influence of the spanwise coolant hole angle, ¢,
and the location of the row of holes relative to the stagnation line on the
cylinder, 6;. Data were obtained for injection angles of 8 = 25°, 35°, and
45°, and three locations 65 = 20°, 30°, and 40° as a function of the coolant
blowing ratio (mass f1ux o} the coolant/mass flux of the freestream).

The results are presented showing both the downstream and spanwise
variations of the film cooling performance, and the influence of the spanwic:
coolant hole angle and of the location of the row of holes relative to stag-
nation on the Stanton Number Reduction due to film cooling. The results
enabled the identification of an optimum coolant blowing ratio. Correlations
were developed to show the relationship of the coolant hole angle, B, with
the blowing ratio that produced the maximum film cooling performance and with
the spanwise variation of the film cooling performance.
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1. INTRODUCTION

I.A. General Discussion

A thermodynamic cycle analysis shows that the performance of the
gas turbine engine is strongly influenced by the maximum temperature
of the thermodynamic cycle, i.e. the turbine (gas) inlet temperature.
Therefore, advances in gas turbine engine performance are severely
limited by the material properties of the turbine vane and the cooling
techniques utilized in maintaining acceptable material temperatures.
With the maximum allowable vane temperature being on the order of
2350°R (1305K) for available materials [l].* operation at higher turbine
inlet temperatures has been made possible by significant advances in
vane cooling techniques. Forced convection cooling within the vane,
using compressor bleed air, has proven adequate for turbine inlet
temperatures up to 3150°R (1750K) [1]. Although the capabilities of
internal convective cooling schemes have been enhanced by the use of
impingement flow, the high temperature and pressure conditions found in
current and future advanced engines require that additional thermal
protection (such as film or transpiration cooling) be provided to
supplement the internal blade cooling.

Transpiration and film cooling are two ways that a coolant can be

injected through a turbine vane surface to provide the extra thermal

TNumbers in [ ] refer to references in the Bibliography.




protection needed. With transpiration cooling, the coolant is injected
uniformly through a porous wall, resulting in the formation of a thin
layer of coolant along the surface. With the coolant traveling through
many tortuous internal passages in the porous wall, the coolant temper-
ature as it emerges at the surface is approximately the same as the ex-
ternal wall temperature. Thus the porous wail serves as an effective
heat exchanger. Although transpiration cooling has been found to be a
very effective way of providing the extra thermal protection needed,
the fabrication of a porous turbine vane poses a very complex and ex-
pensive problem. Also, problems of oxidation within the porous material
have forced the operating material temperature to be lowered, thus
hampering the utilization of this scheme in turbine engines.

Film cooling is similar to transpiration in that it protects the
surface from the influence of a hot gas stream by the injection of a
coolant through the vane wall onto the surface. However, for film
cooling, the coolant passes through discrete slots or holes machined in
the vane which are generally easier and less costly to fabricate. The
coolant acts as a heat sink, providing a protective layer of cool
fluid along the surface. However, as the film flows downstream from
the point of injection, it deteriorates due to mixing with the free-
stream. Therefore, an efficient application of film cooling on a
turbine vane surface requires a thorough understanding of the film
coolant behavior after injection.

There are a variety of ways to film cool a surface. A cool,
secondary fluid may be injected onto a surface exposed to a hot primary
flow through slots, holes or a combination of both as illustrated in

Fig. 1. Numerous studies have shown that a continuous slot will
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provide more efficient cooling than a row of holes, due to the in-
creased mixing between the freestream and the coolant jets for in-
jection from holes. However, from a practical point of view, while
slots and interrupted slots may be excellent for use in large compo-
nents such as combustor liners, they are more difficult to use in
smaller components like turbine vanes. High thermal stresses in the
vane can cause structural problems that make the use of slots difficult
to incorporate, except perhaps in the trailing edge region. Therefore,
most applications of film cooling on a turbine vane are accomplished
using rows of holes in spite of the complex three-dimensional nature
of the mixing phenomena and the large number of parameters which must
be considered in an optimal design. Film cooling of the turbine vane
leading edge, one area that has received little attention in the open
literature, is the subject of the present study.

The experimental program described herein was undertaken to in-
vestigate the film cooling performance for a single row of holes in
the turbine vane leading edge by using the stagnation region of a
circular cylinder in crossflow. Experiments were conducted in a rec-
tangular duct using a film cooled cylindrical test surface normal to a
two-dimensional freestream flow. A gas turbine combustor provided
heated air flow to simulate a Reynolds number typical of a high pres-
sure, high temperature turbine vane. Internal convection cooling of the
cylinder allowed a gas-to-wall temperature ratio of 2.1 to be achieved
while using a moderate freestream gas temperature (~1000°R, 555K). The
film coolant was chilled to obtain a coolant-to-freestream density ratio
of 2.2, representative of the gas turbine environment. The cylindrical

test surface was instrumented with miniature heat flux gages and wall
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thermocouples to determine the influence of the film coolant blowing
ratio and the injection hole geometry on the film cooling performance.
Data were obtained to show the reduction in local heat flux due to film
cooling as a function of streamwise location downstream from the row of

holes and spanwise location between the holes.

I.B. Introduction to Film Cooling Parameters

This section provides a general overview of the film cooling
process and introduces the terminology and parameters commonly employed
in the literature. The statements are made in a general context with
appropriate justification provided in the following section dealing
with the literature survey.

Film cooling is the process whereby a cool fluid is injected onto
a surface to protect it from a hot external freestream. The protective
film serves as a heat sink, reducing the level of the heat flux to the
surface. Figure 2 illustrates the coordinate system used to charac-
terize the effect of film coolant injection through holes or a siot.
Injection through a slot tends to provide a film that is uniform in
the lateral direction. For injection through holes, the coolant jets
flow downstream in the freestream (x) direction while at the same time
spreading laterally across the surface in the z direction. If the
coolant jets coalesce, they tend to reinforce each other, improving
the uniformity of the protective film across the surface. The origin
of the coordinate system is located at the center of the hole (or slot)
of interest (see Fig. 2), and the hole diameter, do’ slot width, So?
or the center-to-center hole spacing, s, are frequently used to non-

dimensionalize the x and z coordinates.
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With the film coolant acting as a heat sink, the magnitude of the
reduction of the surface heat flux depends strongly on the amount of
coolant injected (i.e. thermal capacity) which is commonly represented
by a dimensionless mass flux ratio defined asJr

3 PV
M = the blowing ratio = 5 W (1)

As the coolant is blown onto the surface, mixing with the hot free-
stream results in a deterioration of the coolant film. The extent of
this interaction depends on the penetration of the coolant Jet away
from the surface, into the freestream. Two hydrodynamic parameters
frequently employed to characterize the Jet penetration and mixing
phenomena are the velocity ratio, VC/VQ, and the momentum flux ratio,
A

[=-L£¢C
eV

(2)
As can be seen, the magnitudes of the blowing ratio, the velocity ratio,
the momentum flux ratio and the coolant-to-freestream density ratio
are strongly interdependent. Therefore, while an increase in the
blowing ratio will enhance the thermal capacity of the coolant, ex-
cessive coolant blowing can promote mixing and coolant jet penetration
to the extent that the net effect is a deterioration of the coolant's
ability to protect the surface.

Of equal importance in characterizing the penetration of the
coolant jet is the injection hole angle which is defined in Fig. 3.

1"rhe symbols are defined in the Nomenclature.
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The B angle represents the angle made with respect to the surface and
the a angle represents the angular position relative to the x-axis.
Thus, a hole angled at 35° in the streamwise direction would be repre-
sented by a = 0°, B = 35°, while a similar hole in the spanwise direc-
tion would be represented by a = 90°, 8 = 35°. To minimize penetration
of the coolant, it is desirable to maintain the B angle as shallow as
possible.

When one considers the application of film cooling near the
leading edge of a turbine vane, the surface curvature complicates the
problem of maintaining a shallow injection angle, B, as illustrated
in Fig. 4. For streanwise angled holes (a = 0°), the minimum injection
angle is limited by the vane wall thickness. To resolve this problem,
coolant holes angled in the spanwise direction (o = 90°) are frequently
employed. This permits the use of a shallow injection angle, B,
although it does place some restrictions on the closeness of the hole
spacing.

The hole spacing, s, is an important geometrical parameter relative
to the uniformity of the film in the spanwise direction, z. The coolant
jets interact with the freestream and spread in the spanwise direction
attempting to coalesce. By reducing the hole spacing ratio, s/do, the
lateral spreading before coalescence is decreased, helping to create a
more uniform film across the surface. Furthermore, the reduction of
the hole spacing ratio also decreases the area between the coolant jets
exposed to freestream interaction, subsequently retarding the free-
stream-coolant mixing process. When using spanwise angled holes, a

compromise must be made between the advantages of a shallow injection

hole angle and a small hole spacing ratio.
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Streamwise Injection (a=0°)

View B-B

Spanwise Injection (a=90°)

Figure 4 Leading Edge Cooling Configurations on a Turbine Vane




11

In view of the importance of the injection hole angle in minimizing
the coolant jet penetration and mixing with the freestream one can ex-
pect that the freestream boundary layer conditions at injection can
also have a significant influence on the mixing process and the film
cooling performance. A thin freestream boundary layer improves the
performance due to the ability of the freestream to more readily de-
flect the coolant along the surface,thus reducing penetration. This is
frequently characterized by the displacement thickness-to-hole diameter
ratio, 6*/d°. at the point of injection. Other parameters influencing
the coolant penetration into the freestream and/or the mixing process
are the freestream acceleration and the freestream turbulence. These
parameters have particular significance when applying film cooling to
the leading edge of a turbine vane.

The foregoing discussion has provided a brief introduction of the
film cooling process and important parameters which are employed in
discussion of the film cooling literature presented in the following

section.

1.C. Review of the Literature

A comprehensive review of the extensive film cooling literature
has been prepared by Goldstein [2]. Those areas which are of specific
interest to the application of film cooling to a turbine vane leading
edge are reviewed herein, including literature that has been published
since the Goldstein review.
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I.C.1. Film Cooling Performance Parameters

As with all convective heat transfer analysis, film cooling re-
quires a knowledge of the heat transfer rate at the solid surface for
points downstream from the point of coolant injection. The two dif-
ferent approaches which have been developed for the correlation of
film cooling heat transfer data are discussed and compared in this
section.

In early investigations of film cooling, it was found convenient,
experimentally, to use a "heated" coolant jet in a cold freestream flow
to model the film cooling process. This is justified by an examination
of the governing conservation equations which show [2], assuming
constant property flows for small temperature differences, the analogy
between film heating and film cooling. Investigations using a heated
film also have shown the similarity of the temperature profile found
in a boundary layer exposed to film heating compared to that found in
high speed flow where kinetic effects and viscous dissipation combine
to heat the fluid layers close to the surface. In high speed flow, if
similarity of the velocity and temperature profiles is assumed, the
heat transfer rate can be expressed [3] in terms of the heat transfer
coefficient found for low velocity flow (ho) and a driving potential
between the wall temperature and the adiabatic wall temperature. Drawing
on the resemblance of the temperature profiles for film heating and high
speed flow, it has become conventional to express the heat flux to a

film cooled surface as

9. rc = M Tagw,rc = Tw,rc) (3)
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where Tadw FC ™ adiabatic wall temperature with film cooling
Tw fc wall temperature with film cooling
q; £ heat flux at the wall with film cooling

h' heat transfer coefficient with film cooling,

defined by Eq. (3)

The adiabatic wall temperature reflects the extent that the freestream
gas temperature near the wall has been changed by the addition of a
cool (or hot) film. Film cooling experiments are conducted with an
adiabatic surface for selected temperatures of the freestream (Tm) and
the coolant (TC) to measure Tadw,FC' The adiabatic wall temperature is

commonly presented in terms of the dimensionless adiabatic film cooling

effectiveness
T-T
_ o adw,FC
Made T TT_ (4)

with Nadw given as a function of the coolant blowing ratio (M), the
location from injection (x/do, z/s), the injection angle (a,B), etc.

When the adiabatic film cooling effectiveness is known from previous
experiments, the wall heat flux on a surface with film cooling can be
determined from Eq. (3) provided that the heat transfer coefficient can
be estimated. As a first approximation, it is frequently assumed that
h' is approximately equal to ho. the heat transfer coefficient with zero
film coolant flow. This is found to be a good approximation for distances
sufficiently far downstream from the point of injection. However, for
application of Eq. (3) near the point of injection, it is necessary to
know the value of h' more accurately because of the influence of the

coolant mass addition on the hydrodynamic boundary layer.
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Previous experiments have been conducted to determine both Nadw
(under adiabatic wall conditions) and h' with a non-adiabatic wall.
For the case in which film heating or cooling (with a small coolant-
to-freestream temperature difference) has been employed to determine
Nadw® it is possible to determine h' by using unheated coolant injec-
tion (TC=Tm) on a non-adiabatic surface (Tw.FC #T). Then, the
driving potential becomes (IN-TW,FC) since, for unheated injection,
the adiabatic wall temperature equals the freestream temperature.
Equation (3) can be employed to determine h' from the measured values
of T, Tw,FC’ and q;,FC‘ Figure 5 illustrates the results of such an
experiment using tangential slot injection [4] showing h'/ho as a
function of the downstream distance, x/do, for selected values of the
blowing ratio, M. It can be seen that for a downstream distance,
x/so > 50, and a blowing ratio, M < 1.0, the heat transfer coefficient
with blowing (h') is equal to the "dry wall" heat transfer coefficient
(i.e. without blowing), ho' However, near the point of injection
(x/so < 50) and/or with M 2 1.0, the vaiue of h' can be substantially
larger than ho due to the hydrodynamic effects of coolant injection.

Metzger and Fletcher [5] have obtained similar results to compare
the heat transfer coefficient for injection from a slot and a single
row of holes as shown in Fig. 6.7 While the values of h' and R' rep-
resent averaged values taken over the finite length of the test surface,

the results show that, near injection, the hydrodynamic effects on h'

(or h') can be significant. It does appear that the magnitude of the

*F' for the row of holes represents the laterally averaged value.
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influence of coolant injection on h' may be strongly dependent on the
injection geometry (8, s/d,, . . .) as well as the blowing ratio. The
results from detailed experiments with injection from a row of stream-
wise angled holes (B = 35°) [6], shown in Fig. 7, indicate that

F‘/ho may not exceed 1.10 for values of M < 1.0.

It should be noted that the experiments in the foregoing references
were conducted using small freestream-to-coolant temperature differences
such that the effects of variations in the fluid properties are insigni-
ficant. To more closely model the film cooling conditions representative
of turbine blade applications, Lander, Fish and Suo [7] conducted an
experiment using film cooling injection from two staggered rows of holes
on a turbine vane with a freestream-to-coolant temperature ratio of
approximately 2.0. A transient measurement technique enabled the deter-
mination of h' under the same flow conditions used to measure Tadw,FC’
The results shown in Fig. 8 again indicate that the hydrodynamic effects
of coolant injection on h' are generally of such importance (or uncer-
tainty) that the application of Eq. (3) near injection requires experi-
ments to determine both Tadu.Fc and h'.

Although most film cooling effectiveness measurements have been
made by measuring the adiabatic wall temperature distribution, the mass
transfer analogy has also been employed. The film cooling process with
an air freestream at T_ and an air coolant at T  can be simulated by in-
jecting a different coolant gas using the same film cooling geometry,
but under isothermal conditions. Then, the mass fraction of the in-
Jjected gas along the wall represents the impervious wall condition
analogous to the adiabatic wall temperature. Measuremcnts of the wall
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mass fraction distribution are used to determine the'film cooling
effectiveness. This analogy becomes exact when the fluid properties
are constant and when the Schmidt number in the mass transfer case
equals the Prandtl number in the heat transfer case [8]. Then, the
impervious wall cooling effectiveness is analogous to the adiabatic
wall effectiveness and is treated as such in the subsequent discussion
herein.

An alternative method for correlating film cooling performance
was initiated by Metzger [9] to make use of direct heat transfer
measurements under film cooling conditions. This method has subse-
quently been developed by Choe, Kays, and Moffat [10] and is reviewed
herein to show the comparison with the adiabatic wall effectiveness
method.

The direct heat flux method is based on the definition of a con-

vective rate equation given as

9Fc " Mec T = Tuore! (5)

where the subscript FC refers to 'with film cooling'. It should be
noted that the definition of the convection coefficient, hFC’ in Eq. (5)
combines all of the effects of film cooling (the hydrodynamic effects
of blowing and the thermal capacity of the coolant) and it should not
be confused with h' in Eq. (3). The analysis by Choe, Kays, and Moffat
[10] starts with the governing energy equation for low speed, constant

property flow.
2

T T k 3T
B e B Y e W s (6)
X ay pCy ;;f
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The boundary conditions for two dimensional tangential slot injection

over a constant temperature plate are

at x =0 T=Tc Ogygso (7)
R y>s,
aty=0 T-= Tw,FC = constant

The energy equation and the boundary conditions are non-dimensionalized,

yielding the following

RePr [u' 30+ v 28 -:327" (8)
' o '
at x' =0 9=T’E—-_—t=ec 0<y' <s,/t
8' =0 y‘>s°/L
y'=0 6' =1
where °"T—:¥r
w,FC ©

It was noted [10] that the influence of changing the coolant temperature,
i.e. °c’ on the temperature in the boundary layer could be isolated since
the energy equation was linear and ec appeared as a linear, non-homogen-
eous boundary condition. Therefore the temperature, T, was shown to be
a function of x, y, z and °c°

Considering a given location on the test surface, and using the
linearity of the system, the following equation was written to represent
the temperature as a function of 8-

T(8.) = T(0) + 6_ » AT (9)
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where AT = T(1) - T(0)

with 0

R 0 for TC =T, and ec = 1 for Tc = Tw

An exprassion for the heat flux at the surface as a function of ec is

obtained by applying the operator -k +— a to Eq. (9) and then considering

y
the temperature gradient at y = 0. For a common driving potential

(Im - Tw FC)’ the heat flux expression reduces to
h(s.) = h(0) - 8. [h(0) - h(1)] (10)

Equation (10) is the form originally suggested by Metzger [9]
showing a linear relationship between the heat transfer coefficient
with film cooling, h(ec)*, and the dimensionless coolant temperature,
b+ Figure 9 illustrates a typical plot of the h(ec) - ec variation.
The point where the curve intersects the ec axis represents h(ec) =0,
i.e. an adiabatic surface. Therefore, the intersection of the h(ec)
line with the ec axis gives

e K 1

0 4 = - (1)
CAM - Togw,FC ~ o Madw

An examination of Fig. 9 also shows that

-1 .o -h(1 (12)

n
adw ec.adw h(0

Thus, Choe, Kays, and Moffat [10] show that by substituting Eqs. (10)
and (12) into (5), the heat flux with film cooling can be expressed as

ror clarification, it should be noted that the coefficient h(e ) is
jdentical to hFc previously defined by Eq. (5).
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Figure 9 Heat Transfer Coefficient with Film Cooling versus
the Dimensionless Coolant Temperature Ratio, 6.
(Choe, Kays, and Moffat [10])
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ql%c = h(O) {] - ec * nam} {Ton - TW,FC} (]3)
By noting the definitions of 8. and Nadw’ Eq. (13) reduces to

9c = MO (Tagw,rc = Tw,rc! dhe

which confirms the driving potential used in Eq. (3) and shows that
h(0), the heat transfer coefficient with film cooling with § » 0
(i.e. Tc = T_), corresponds to h'.

The foregoing discussion indicates that by conducting film
cooling experiments to measure q;c, T Tw,FC’ the heat transfer co-
efficient, h(ec), can be determined for selected values of B- Then
by using a plot similar to Fig. 9, a linear extrapolation through the
data points can be employed to determine the values of h(0) and Nadw*
Then either Eq. (3) or (5) could be used to compute the heat flux at
the film cooled wall.

Choe, Kays, and Moffat [10] concluded with one caution when
comparing values for Nadw found by extrapolating the h(ec) - 6. curve
with those values obtained by measuring Tadw,FC on an adiabatic surface.
The linearity of the h(ec) - 6. curve was based on a constant wall
temperature boundary condition, Tw,FC' However, for experiments to
determine Nadw for a given value of Tc’ the wall temperature (Tadw,FC)
is allowed to vary. Thus, the derivative of the enthalpy thickness
would not be the same in both cases and the h(0) values found from the
h(ec) il plot should not be used with the values of adiabatic effec-
tiveness determined from an adiabatic test surface with a variable wall

temperature.
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An important fact to remember about the preceding analysis
showing the relationship between the direct heat flux and the adiabatic
wall effectiveness methods is that the h(ec) -8 linearity is the
result of the constant property assumption. This is the basis of
the linearization of the energy equation, but once the temperature
difference becomes large, the effect of property variations is un-
certain.

I.C.2. Flow Visualization

Frequently, flow visualization has been employed to enhance the
understanding of the film cooling process. The text of Abramvoich [11]
and the papers by Ramsey and Goldstein [12], Eriksen [13], Liess [14]
and most recently by Colladay and Russell [15] have provided an excel-
lent picture of the interaction between the film coolant and the free-
stream for injection from discrete holes. Figure 10 provides a visual
repr=: -atation of a coolant jet injected into a freestream flow [16].
As the coolant jet leaves the surface, it retards the freestream flow
along the upstream side of the jet causing an increased pressure there.
Downstream of the jet, as the freestream flows around it, a reduced
pressure occurs, providing the pressure difference necessary to deform
and deflect the jet. Abramovich [11] explained that because of intense
intermixing between the jet and the freestream, a turbulent layer
quickly develops around the periphery of the jet. The slower peripheral
particles are more forcefully bent in the direction of the freestream
(moving along curved trajectories) than the higher velocity particles in
the core of the jet. This creates the "horseshoe"” shape and the circu-
latory motion within the jet shown in Fig. 10. This circulatory motion
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and the deflecting freestream flow causes the jet "legs" of the
"horseshoe" to spread which only further enhances the vortex motion in
the jet. The vortex motion increases the entrainment of fluid from
the freestream, leading to large-scale mixing within the jet.

Ramsey and Goldstein [12] investigated the interaction of a
heated jet injected normal to the freestream by making temperature
measurements as a function of position normal to the surface (y/do),
and downstream (x/do) and lateral (z/do) from the point of injection.
Figure 11 presents contours of constant dimensionless temperature
defined as

T-T1

() o
9 (15)
62 Tc 6

Data for three values of the blowing ratio are shown. Figure 11
clearly shows the "horseshoe" shape of the jet, especially at the down-
stream distance of xld0 = 1.37. For the smallest value of the blowing
ratio (M = 0.5), Fig. 11 also shows a substantial influence of the
coolant on the wall temperature (at y/do = 0). The wall temperature
approaches the freestream temperature (i.e. e/ez + 0), as z/do and
XIdo increase, due to mixing of the coolant with the freestream. How-
ever, for the largest value of M (=2.0), the data show that the
coolant has no influence on the wall temperature because of excessive
penetration of the coolant jet into the freestream.

To investigate the jet penetration and mixing phenomena, Ramsey
and Goldstein [12] did an extensive flow visualization study for the
normal jet at a blowing ratio of 2.0. They observed that as the jet
left the hole, a vwoid was created immediately downstream of the hole as
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illustrated in Fig. 12. The void was filled as the freestream air
moved around the jet toward the downstream side. From this location,
the freestream moved upward, away from the wall, as it was entrained
by the jet. At a distance, x/d0 = 1, downstream, it was

observed [12] that the freestream flowed upward away from the wall
until it reached a height where it turned upstream and reverse flow
existed. This flow of the freestream away from the wall was found to
diminish with axial distance, until at a distance of x/do = 10, it was
no longer observable. However, due to the flow of the freestream
away from the wall and the reverse flow above the wall, Ramsey and
Goldstein [12] found that large eddies were created which enhanced the
mixing between the freestream and the coolant. Ramsey and Goldstein
[12] also conducted flow visualization studies at a blowing ratio of
1.0, and the trends were similar to those just discussed for M = 2.0.
The difference in the two cases was that for the lower value of M,
the vertical components of velocity in all regions were smaller.

For effective film cooling, it is desirable to minimize the pene-
tration of the coolant jet in order to avoid the excessive coolant-
freestream mixing that results from the large eddies generated when
the freestream passes around and underneath the coolant jet. If the
Jet does not penetrate far into the freestream (for a moderate blowing
ratio), it is possible for the jet to be deflected back toward the
surface. A re-examination of the temperature profiles presented in
Fig. 11, shows that as the blowing ratio is increased, the core of the
jet (where 6/6, is largest) moves farther away from the wall and the

core temperature, (9/°z’m- decreases. Therefore the increased
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Figure 12 Interaction of a Jet with the Freestream
(Ramsey and Goldstein [12])
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blowing has caused the jet to penetrate farther into the freestream,
and the increased mixing that accompanies the penetration of the jet
has resulted in the core having lower values of 6/62. For the down-
stream distance of x/do = 4.98, it can be seen that, at M = 0.5, the
core of the jet is attached to the surface while at a blowing ratio of
1.0, the core of the jet is slightly detached but the outer layers of
the jet definitely influence the wall temperature. For a blowing ratio
of M = 2.0, the jet is completely detached from the surface and has no
influence on the wall temperature.

Liess [14] also studied the penetration of the coolant jet from
the surface using a row of holes angled at 35° in the streamwise
direction. His experiments showed that the jet was attached to the
surface for a blowing ratio of 0.5, but for M = 1.0, it was slightly
detached from the wall, and for M = 1.5 it was completely detached
from the wall. The only possible benefit of a high blowing ratio, as
observed by Eriksen [13], was that the increased mixing generated by
the higher blowing ratio increased the lateral spreading of the jet.

Colladay and Russell [15] investigated the penetration of the
coolant jet for three different coolant angles, with four holes
arranged in a staggered array, 5do apart. For normal injection, they
observed that the jet detached from the surface and penetrated into
the freestream at a blowing ratio of 0.3. However, when the holes
were angled at 30° with the freestream, the coolant jet did not begin
to detach until the blowing ratio reached a value of 0.5. ThiS indi-
cates that shallower angles allow a higher blowing ratio to be used

before the jet detaches from the surface. Their results for a compound
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angle (o = 45°, B = 30°) showed that the lateral angle made by the

jet entering the freestream tended to generate a single, strong vortex
filament downstream that was observed to start at a blowing ratio of
0.3 and was most pronounced at the blowing ratios of 0.7 to 0.9. The
strong vortex motion helped to keep the compound angled jet attached to
the surface at a high blowing ratio. Even at an M value of 0.9, the
jet remained attached to the surface.

While the penetration of the jet depends to a large part on the
blowing ratio and the angle of injection, the boundary layer thickness
of the freestream can also be expected to influence the deflection of
the jet toward the surface. With a thinner boundary layer, the coolant
encounters a higher freestream velocity closer to the surface which
should reduce the penetration. Colladay and Russell [15] conducted
tests on their 30° streamwise angled hole configuration for a boundary
layer thickness 37% larger than previously tested. The film coolant
was found to penetrate farther from the surface for the thicker
boundary layer, but the penetration relative to the boundary layer thick-
ness remained the same.

The foregoing flow visualization studies indicate that the best
film cooling performance can be achieved when the coolant jet remains
attached to the surface. Jet detachment from the wall and penetration
into the freestream results in increased mixing with the freestream and
reduced cooling effectiveness. Therefore it is important that the
blowing ratio and the angle of injection be selected so that the coolant
jet penetration is minimized.
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1.C.3. Mass Flux Ratio, Velocity Ratio, Momentum Ratio and
Angle of Injection

As the flow visualization studies have shown, the ability of the
film coolant to protect the wall depends heavily on the penetration of
the coolant, which determines whether the coolant jets remain attached
to the surface. The penetration of the coolant is influenced by the
mass flux ratio (M), the velocity ratio (Vc/Vm). and the momentum flux
ratio (I). Since these parameters and the density ratio (pc/pm) are
all interrelated, it has been difficult in previous experiments to
isolate their individual influence on the condition of jet detachment
from the surface. Furthermore, the flow visualization studies have
shown that the angle of injection can have a significant influence on
the jet penetration and subsequent detachment. It is expected that
the component normal to the surface of the mass flux, velocity, and
momentum flux ratios is instrumental in determining the condition for
jet detachment from the surface.

Since the film coolant acts like a heat sink, the mass of coolant
blown onto the surface is influential in the film coolant's ability to
protect the wall. As long as the coolant remains attached to the
surface, increasing the mass (i.e. thermal capacity)_of the coolant
lTeads to better film cooling performance. However, an increase in
coolant mass by excessive blowing, resulting in coolant detachment
from the surface, leads to large scale mixing with the freestream that
overwhelms any benefit of the additional thermal capacity of the coolant.

Early investigations of film cooling with slots studied the influ-
ence of the blowing ratio on the film cooling effectiveness. However,

for injection from a slot, a continuous film is formed across the
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surface, in contrast to injection from holes where the freestream is
able to pass between the coolant jets. When the coolant is injected
from a slot, the mixing process between the coolant and the freestream
is directly related to the coolant-freestream velocity ratio. Wieghardt
[17], investigating film cooling with a slot, found that the adiabatic
effectiveness reached a maximum for M = 1.0 as shown in Fig. 13. Since
the density ratio was near unity, this value of M also corresponds to
Vc/Vw ~ 1.0. As Figure 13 reveals, for a blowing ratio greater than
1.0, the beneficial effects of increasing the coolant thermal capacity
were overwhelmed by the detrimental influence of the coolant-freestream
mixing process. Other film cooling studies with tangential slots [18]
[19] indicate similar trends with the mixing becoming a minimum when
the coolant and freestream have the same velocity.

To isolate the influence of the blowing ratio on the thermal
capacity of the coolant, Burns and Stollery [20] measured the effecti-
veness with injection from a tangential slot using different density
ratios. The velocity ratio was held constant at 1.0 while different
values of the density ratio were used to increase the mass flux ratio.
Figure 14 shows that increasing the thermal capacity of the coolant
(by increasing pc/pm) resulted in an increase in the film cooling effec-
tiveness.

For injection from discrete holes it is much more difficult to
isolate the influence of the blowing ratio on the coolant-freestream
mixing process. With injection from holes, the freestream flows be-
tween the coolant jets, causing the coolant to exhibit a three-dimen-

sional behavior different from that observed for two-dimensional slot
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Figure 14. The Influence of the Density Ratio on the Film
Cooling Effectiveness for Tangential Slot
Injection (Burns and Stollery [20])
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cooling. Numerous investigations have been conducted to determine the
influence of the blowing ratio on the adiabatic effectiveness, including
those by Liess [14], Goldstein, Eckert, and Ramsey [16], and Eriksen
[13]. They observed that injection from a streamwise angled hole or

row of holes (a=0°, B=35°) achieved an optimum cooling effectiveness

for a blowing ratio of M = 0.5. Since these investigations were con-
ducted with pc/quo x~ 1.0, this corresponded to a velocity ratio of 0.5.
Figure 15, from Goldstein, Eckert, Eriksen, and Ramsey [21], shows that
close to injection (x/do = 5.2 and 11.1) the adiabatic effectiveness
increased with blowing ratio for M 5 0.5, due to the increased thermal
capacity of the coolant. However, as the blowing ratio was increased
further, the effectiveness decreased markedly apparently as a result

of the coolant penetration into the freestream and the enhanced free-
stream-coolant mixing. There was little difference between injection
from a single hole or a row of holes. Further downstream the decrease
in effectiveness for M > 0.5 was not as pronounced. In fact, for the
row of holes, Nadvw increased again as M was increased above approximately
1.0 to 1.5. Since the density ratio was near unity, these results again
. indicate an optimum cooling effectiveness for a velocity ratio of
approximately 0.5.

While most previous studies have concentrated on streamwise injec-
tion, Goldstein, Eckert, Eriksen, and Ramsey [21] also investigated
injection from a single spanwise angled hole (a=90°, B=35°), again with
a negligible density variation. Figure 16 illustrates their results
showing the adiabatic effectiveness as a function of spanwise location

(z/do) for selected values of x/d, and the blowing ratio. Close to
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injection (x/do < 11.2), the highest values of adiabatic effectiveness
were achieved for the blowing ratio of 0.5, while Fly iy decreased for
higher values of the blowing ratio. Due to the limited values of M
investigated, it is not possible to accurately identify the blowing
ratio giving the optimum film cooling effectiveness, but it is in the
neighborhood of M = V /V_ = 0.5.

The influence of the b]oﬁing ratio on the film cooling effectiveness
is strongly dependent on the coolant-to-freestream density ratio, PSP
To investigate this effect Pederson [22] measured the film cooling
effectiveness for a row of streanwise angled holes (a=0°, B8=35°) for a
range of density ratios from 0.75 to 4.14. Figure 17 presents the
spanwise averaged effectiveness as a function of the blowing ratio, M,
and the density ratio, for a fixed location downstream (x/do). As can
be seen, when the density ratio was increased the maximum level of
effectiveness increased. However, it will be noted that the blowing
ratio giving the maximum effectiveness increased as the density ratio
was increased. Figure 18 shows similar results obtained by Pederson
[22] with the centerline effectiveness (z/s = 0) plotted as a function
of the velocity ratio for the range of density ratios studied. The
results indicate that the maximum effectiveness for the entire range of
pc/pw occurred for a velocity ratio varying only from 0.4 to 0.5. Thus,
while the blowing ratio for maximum effectiveness varied from M = 0.38
to 1.67 and the momentum flux ratio varied from I = 0.19 to 0.67, the
velocity ratio was approximately constant. These data suggest that the
velocity ratio is the dominate factor in determining the optimum coolant

blowing ratio.
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Figure 18. The Influence of the Velocity Ratio on Film
Cooling Effectiveness for a Row of Streamwise
Angled Holes (Pederson [22])
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Goldstein, Eckert, and Burggraf [23] examined the use of the
momentum flux ratio to correlate the maximum film cooling effectiveness
for different values of the density ratio. Their results, for both a
row of holes and a single hole (a=0°, B=35°), shown in Fig. 19 indicate
that the maximum film cooling effectiveness (centerline value at x/do =
6) was achieved for a momentum flux ratio that was approximately con-
stant at a value of 0.2. For the values of density ratio investigated,
this value of momentum flux ratio corresponds to vc/V°° in the range of
0.24 to 0.48.

Foster and Lampard [24] also have investigated the influence of
density ratio on the film cooling effectiveness for a row of normal
holes (B=90°). They found that close to the hole (x/do = 6.5), the
effectiveness increased as p/p, Was increased (p /p, = 1.50 to 3.50)
for a constant value of Vclvw. Furthermore, for a constant value of
Pc/Pys the effectiveness increased as V /V, was decreased (V. /V, = 1.06
to 0.38). For the condition, p /e, = 2.0, their data indicate the
maximum film cooling effectiveness occurs for VC/V°° somewhat less than
0.38, although the data presented do not show how the optimum velocity
ratio varies with pc/pw. As Foster and Lampard [24] have concluded,
the influence of the density ratio and the velocity ratio on the con-
dition for optimum cooling effectiveness is too complex to be accounted
for in terms of simple parameters such as the mass flux ratio, M, or
the momentum flux ratio, I.

While the hydrodynamic parameters just discussed play an important
role in the coolant jet penetration into the freestream and detachment

from the surface, the angle of the coolant hole is also significant.
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When investigating the jet detachment from the surface, the normal
component of the jet velocity and/or momentum flux ratios is expected
to be the predominant factor. Also, the tangential component of the
momentum flux ratio probably has an influence on the coolant jet
trajectory across the surface (especially when using non-streamwise
injection).

One of the initial investigations into the influence of the angle
of injection was conducted by Papell [25] using a slot (pc/pm %z 3.

His results, presented in Fig. 20, show that the adiabatic effectiveness
decreased as the injection angle (B) increased. The sharpest drop in
the effectiveness was seen when the angle was increased past 75°. The
decrease in effectiveness with increasing angle increased as the blow-
ing ratio increased.

For film coolant injection from holes, increasing the angle of
injection would cause the jet to detach at a lower blowing ratio result-
ing in lower levels of effectiveness [15]. The data of Goldstein,
Eckert, and Ramsey [16] shown in Fig. 21 compare the results for stream-
wise injection at an angle of B = 90° and 35°, illustrating the higher
level of adiabatic effectiveness achieved with the shallower angle.

For a blowing ratio of 0.5, the jet from the shallow angle probably
remained attached to the surface, while the jet from the 90° angle most
Tikely detached and penetrated into the freestream [15].

While injection with a steep angle causes the jet to detach at a
lower blowing ratio, the increased mixing involved with the jet pene-
tration into the freestream does have one advantage. The increased

mixing causes the "legs" of the "horseshoe" of the jet to spread at a

—
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Figure 20. The Influence of the Slot Injection Angle on Film
Cooling Effectiveness (Papell [25])
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faster rate, so that adjacent jets will coalesce closer to injection
and reinforce each other. The ability of the jet to spread in the
spanwise direction can be seen clearly in Figure 22. The data by
Goldstein, Eckert, and Ramsey [16] show that for a single hole angled
at 35° in the streamwise direction the adiabatic effectiveness for

z/do 2 1.0 increased (or remained constant) as the coolant flowed down-
stream. Thus the jet spread laterally as it flowed downstream, increas-
ing the film cooling performance at the locations, z/d0 >1.0. This
jet spreading creates a more uniform film cooling effectiveness in the
spanwise direction. Figure 23 presents additional data from [16] show-
ing the spanwise variation of the adiabatic effectiveness at three
different x/do locations for two injection angles. This figure demon-
strates that while the centerline effectiveness is clearly higher for
the shallower angle, the steeper angle provides a more uniform film
cooling effectiveness in the spanwise direction.

While varying the angle (B) for injection in the streamwise di-
rection was found to have a significant influence on the jet detachment
and penetration into the freestream, the angular orientation of the jet
(o) can also influence the film cooling performance. In the flow
visualization studies by Colladay and Russell [15] the use of a com-
pound injection angle, a=45° and 8=30°, showed that a strong vortex
filament generated by the jet entering the freestream enabled the jet
to remain attached to the surface for a blowing ratio up to 0.9. Very
few film cooling studies have heen conducted for non-streamwise injec-
tion configurations, but Goldstein, Eckert, Eriksen, and Ramsey [21]
did investigate a single hole angled at 35° in the spanwise direction
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(B=35°, a=90°). The results presented in Fig. 24 show the contours of
constant adiabatic effectiveness on the test surface, comparing the
results with those obtained for a single hole angled at 35° in the
streamwise direction (B=35°, u=0°). Data for two values of the blowing
ratio are shown. At the value M = 0.5, the spanwise injection produced
a wider field of film cooling coverage, but with a lower level of
effectiveness. However, for the value of M = 1.0, the spanwise injec-
tion not only widened the field of coverage but achieved a higher level
of adiabatic effectiveness. These results may reflect the observation
of Colladay and Russell [15] that for a higher blowing ratio, the span-
wise injection results in the jet remaining closer to the surface
subsequently resulting in higher effectiveness values downstream from
injection.

The foregoing discussion illustrates the complex interaction of
the mass flux, velocity, momentum flux, and density ratios and the
angle of injection in governing the film cooling performance. It
appears that the choice of an optimum film cooling condition requires

that all of these parameters be taken into consideration.

I.C.4. Hole Spacing
Although it is desirable to have the coolant jets remain attached
to the surface to achieve high cooling effectiveness, it is also impor-
tant to have the jets spread laterally across the surface to form a
uniform protective layer. With jet detachment, the enhanced mixing
between the coolant and freestream aids the lateral spreading of the

jet. The parameter that directly influences how far the jets must
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spread before they coalesce is the hole spacing-tc-diameter ratio, s/do.
If the holes are spaced close together, less mixing will be required to
spread the coolant because the jets will have a shorter distance to
spread before they coalesce. Therefore a small spacing ratio would
enable the jets to be kept close to the surface (i.e. no detachment),
while at the same time enhancing the formation of a spanwise uniform
film coolant layer. A subsequent benefit of a close hole spacing is
the smaller area available between the coolant holes for the freestream
to flow. Therefore more of the freestream is forced to flow over the
top of the coolant jets, providing a larger pressure difference to bend
the jets toward the wall. The only negative influence of a small
spacing ratio might be the possible interaction between jets. This
could enhance the mixing process between the coolant and the freestream.
Also, from the designer's viewpoint, it is desirable to avoid smaller
values of s/do than necessary, in order to minimize the coolant flow
rate (per unit area of coverage) requirements.

In the limit as the hole spacing ratio approaches unity, the hole
configuration approaches that of a slot. Slot cooling has the advantage
of the freestream always flowing over the top of the coolant, never
underneath it. As expected, slot cooling has been found to provide
better film cooling performance than a comparable hole configuration
at the same blowing ratio. Figure 25 presents the results of Metzger
and Fletcher [5] comparing film cooling with hole and slot injection.
The data correspond to a blowing ratio of 0.25 for holes with two
values of s/do. The data for two injection angles, B=20° and 60°,
showed 1ittle influence of B since, at this low blowing ratio, the

IR P 5
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Cooling (Metzger and Fletcher [5])
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coclant apparently remained attached to the surface. Figure 25 illus-
trates the higher adiabatic effectiveness for injection from a slot due
to the ability of the freestream to pass between the coolant jets even
for such small values of s/do.

To determine the influence of the freestream blockage on the film
cooling performance, Goldstein, Eckert, Eriksen, and Ramsey [26] com-
pared the downstream variation of the adiabatic effectiveness for cool-
ant injection from a single hole and a row of holes spaced at s/do = 3.0.
Figure 26 shows the results for two values of z/do and four values of
the blowing ratio. At the low blowing ratio of 0.5, corresponding to
an attached jet, the centerline effectiveness (z/do = 0.0) was iden-
tical, while at z/do = 1.5, the row of holes gave slightly higher values
of effectiveness, indicating a reinforcement of the coolant from
adjacent holes. However, as the blowing ratio was increased to a range
where jet detachment is expected, the effectiveness values (at both
z/do = 0.0 and 1.5) for the row of holes were significantly higher than
for the single hole, with the difference in effectiveness increasing
as the jets flowed downstream. This is attributed to the lateral
spreading of the jets until they eventually coalesced and reinforced
each other. The i‘creased centerline effectiveness (z/do = 0.0) was
probably the resuit of the increased freestream blockage by the multiple
jets since increasad blockage would inhibit the mixing at high values
of M. Thus, for the two values of s/d (0.0 and 1.50) studied, the row
of holes shows a definite improvement in effectiveness over the single

row especially for a high blowing ratio (M > 0.5).
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Comparison of the Film Cooling Effectiveness with Injection
from One Hole and a Row of Holes (Goldstein, Eckert, Eriksen,

and Ramsey [26])
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For coolant injection from holes, there is a substantial spanwise
variation in the film cooling effectiveness especially close to injec-
tion as indicated by Fig. 26. Goldstein, Eckert and Burggraf [23]
investigated the spanwise variation of the adiabatic effectiveness for
a row of streamwise angled holes at several downstream distances.
Figure 27 shows their results for the three middle holes in a row of
eleven holes, with s/d0 = 3.0, using a blowing ratio of M = 0.5 (where
the jets were presumably attached to the surface). At the locations
close to injection (x/d° = 2.7, 6.7, and 16.7), there was a significant
spanwise variation in the adiabatic effectiveness. Further downstream
(x/do > 44.7) the variation was insignificant. An important feature
shown by the data that close to injection (x/do = 2.7) is the hole-to-
hole variation of the centerline effectiveness, which was as much as
+ 11% (0.54 to 0.68) for adjacent holes.

The spanwise variation of the effectiveness has also been investi-
gated by Liess and Carnel [27] using hole spacings of s/d, = 2.22, 3.33,
and 4.0. The data for a row of streamwise angled holes (B=35°) and a
blowing ratio of M = 0.85 are shown in Fig. 28. The results reveal
that even for the smallest hole spacing (s/do = 2.22), the spanwise
variation close to injection (x/do < 5) was significant. However, for
x/do > 10, the coolant jets apparently had coalesced to form a uniform
effectiveness across the surface. For the two wider hole spacings, a
spanwise variation in effectiveness persisted to x/do > 25. A comparison
of the centerline effectiveness (z/s = 0) close to injection (x/d° = 2)
for all three values of s/do shows that Nagy decreased as the hole

spacing was increased. However, at x/d° = 5, the centerline effectiveness
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was highest for s/do = 3.33. HWhile the centerline value for s/do = 2.22
continually decreased with increasing x/do, the centerline effectiveness
for s/do = 3.33 and 4.0 showed an increase with downstream distance

(up to x/d0 ~ 5). Liess and Carnel [27] concluded that for the larger
values of s/do. this trend was due to jet departure and reattachment
further downstream. Even though the centerline effectiveness for s/do =
3.33 was somewhat higher in the range of x/do ~ 3 to 10, the effective-
ness for s/do = 2,22, being almost uniform, had a higher integrated
value.

To achieve a spanwise uniform film cooling effectiveness with
streamwise injection, the hole spacing should not exceed s/d0 z 2.0
However, for spanwise injection, the wider field of coverage shown in
Fig. 24, suggests that a larger hole spacing can be used than that
found for streamwise injection.

In order to reduce the spanwise variation in the film cooling per-
formance with streamwise angled holes, multip]e rows of holes have been
investigated. Metzger, Takeuchi, and Kuenstler [28] investigated
multiple row arrangements, using 10 equally spaced rows of holes (B=90°)
with a pitch-to-diameter ratio of 4.8 with both staggered and in-line
arrangements of the holes. The in-line arrangement proved to be
inferior to the staggered array, because the cooling effect from an
upstream hole was found to be negated after flowing over two holes in-
line downstream. The staggered arrangement used the coolant from an
upstream row to fill in the gaps between the holes of the downstream
row thus allowing the coolant to pass four rows downstream before its

cooling influence became negligible.
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I.C.5. Freestream Conditions

While the hole geometry and the coolant blowing parameters obviously
play a significant role in the film cooling process, the freestream con-
ditions can also influence the film cooling performance. Flow visual-
ization studies by Collady and Russell [15] have shown that the boundary
layer thickness has a definite influence on the freestream's ability to
bend the coolant jets to flow along the surface. With a thinner
boundary layer, the coolant jets encounter a higher velocity closer to
the wall which enhances the deflection of the coolant jets toward the
wall and results in less penetration of the coolant into the freestream,
less mixing and higher Tevels of film cooling performance downstream.

Goldstein, Eckert, Eriksen and Ramsey [21] investigated the influ-
ence of the boundary layer displacement thickness on the centerline
adiabatic effectiveness downstream of a single streamwise angled hole
(B=35°). Goldstein, Eckert, and Burggraf [23] also conducted a similar
investigation, but with a row of streamwise angled holes (B=35°) with a
hole spacing of s/do = 3.0. Figure 29 shows the influence of 6*/do at
three different downstream locations. The trends developed in each
investigation seem to agree that the film cooling effectiveness de-
creases as the ratio of the boundary layer displacement thickness-to-
hole diameter is increased, although the trend does seem to diminish
for the higher values of 6*/do investigated. Since the results for the
single hole are compared with the results for a row of holes, the
results far downstream (x/do = 30) differ as the jets from the row of

holes begin to coalesce.

© o o S S 7
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Liess [14] also conducted an investigation of the boundary layer
thickness on the film cooling effectiveness, but his results were for
a spanwise averaged adiabatic effectiveness, not a centerline value.
The tests were made on a row of streamwise angled holes (g=35°) with
s/d0 = 3. His results, presented in Fig. 30, show the spanwise averaged
effectiveness at three different downstream locations. They show the

same trend seen previously with the effectiveness decreasing as the

ratio 6*/d0 increases. However, the averaged effectiveness was approxi-

mately constant for 6*/do less than 0.2, which is in sharp contrast to
the trend of the centerline effectiveness (Fig. 29) that continues to
increase for 6*/d° values as low as 0.05.

An important consideration when reviewing the effect of the boundary
layer displacement thickness on the film cooling performance, is that
all of the investigations were conducted with a turbulent boundary
layer. On a blunt body like a turbihe vane, the leading edge is covered
by a laminar boundary layer. For a fixed value of 6*/d°, the laminar
boundary layer thickness is about one third that of a turbulent boundary
Tayer. Therefore the coolant jet will encounter higher velocities even
closer to the sufface with the laminar boundary layer, possibly result-
ing in a better deflection of the jet than with a turbulent boundary
layer. This improvement in the jet deflection and the absence of tur-
bulence in the boundary layer could result in higher levels of adiabatic

effectiveness than those seen in Fig. 29, but with the thinner laminar

boundary layer, the effectiveness would probably become even more

sensitive to changes in 6*/do than that already seen for the turbulent

boundary layer.

esttndiin.
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The freestream Mach number has been shown to have little effect on
the film cooling process in the subsonic region as verified by two
investigations. Papell and Trout [29] investigated the influence of
the Mach number on tangential slot cooling and their results are pre-
sented in Fig. 31. With a constant blowing ratio of 1.0, three differ-
ent Mach numbers (0.20, 0.50, and 0.70) were investigated and found to
have no influence on the film cooling effectiveness. Liess [14] also
investigated the influence of the Mach number, using a row of stream-
wise angled holes (B=35°) with a blowing ratio of approximately 0.35.
The results for three Mach numbers shown in Fig. 32 indicate no effect
of the Mach number on the film cooling effectiveness.

The presence of large scale freestream turbulence can greatly
enhance the mixing process between the coolant jet and freestream,
decreasing the film cooling performance. Carlson and Talmor [30]
investigated the effect of freestream turbulence on film cooling effec-
tiveness for slot injection. Figure 33 shows their results with the
adiabatic effectiveness plotted against a blowing parameter X, where

Re 0.8 cp

o0 uw o
X = Re, (I;?(cpc) (16)

The figure shows that for all values of X investigated, as the turbu-
lence intensity increased, the film cooling effectiveness decreased.

The freestream acceleration can also be expected to influence the
film cooling performance. The parameter which identifies the freestream

acceleration is K1. where
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Ki = 7 & (17)

8ol 8

Kays, Moffat, and Thielbahr [31] conducted experiments with transpiration
cooling and showed that the influence of a favorable pressure gradient
may increase or decrease the cooling performance depending on the
magnitude of Ki and the coolant blowing ratio. For film cooling through
a slot, Seban and Back [32] and Pai and Whitelaw [33] have shown that
the influence of favorable pressure gradient is small for values of K;
up to approximately IXIO'G, but values of K, = 3107 have produced a
decrease of up to twenty percent i~ the film cooling effectiveness
(compared to a zero pressure gradient case). Goldstein [34] and Liess
[14] have shown similar results with injection through a row of stream-
wise angled holes (B=35°, s/do = 3.0). However there is some uncer-
tainty as to the combined effects of discrete hole blowing and a
favorable pressure gradient since Launder and York [35] and Nicolas
and LeMeur [36] have reported finding an increase in the film cooling
effectiveness with K, = 21075,

When freestream turbulence and acceleration are combined, Jones
and Launder [37] found that the acceleration tended to reduce the tur-
bulence level. This indicates that the suppression of the freestream
turbulence level could lead to a reduction in the coolant-freestream
mixing and to an improvement in the film cooling effectiveness. Liess
[14] confirmed in his flow visualization studies of film cooling that
the freestream acceleration suppressed the streamwise vortices in the

flow, but as soon as the pressure gradient was removed, they suddenly
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developed again. Therefore when freestream turbulence is present, a
favorable pressure gradient may be beneficial to the film cooling

process by suppressing the turbulent mixing.

I.C.6. Film Cooling Correlations

This literature survey has reviewed the influence of the cooiant
blowing parameters, the injection geometry, and the freestream condi-
tions on the film cooling performance. While numerous investigations
have been conducted to study thesec parameters, no correlation has been
reported for hole film cooling which is probably a consequence of the
complex three-dimensional nature of the problem. However, numerous
correlations have been proposed from both analytical and experimental
work with two-dimensional slot cooling. A majority of the analytical
models proposed have been based on the heat sink model [2]. A dis-
cussion of some of the different analytical models developed can be
found in Appendix 1, but the general form of the adiabatic effective-
ness f~r the heat sink model is

c
- 18
Nadw C, + C (18)

(4

Pe. Mo . -0.25
£ (“5;) (9 G Rec)
and c,. Cz. and C:3 are constants.

Even more correlations have been reported from experimental inves-

tigations conducted and some of them are described in Appendix I. The
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n

correlations take the general form
n. o = Alx/Ms )8 (Re )C (19)
adw 0 c
where A, B, and C are constants.

I1.D. Scope of Investigation

As the literature survey has shown, there are numerous parameters
that influence the film cooling process and many of them have been the
object of thorough investigations. However the information available
for the film cooling performance close to injection from a row of holes
angled in the spanwise direction is limited. Since this hole config-
uration is directly applicable to use on a turbine vane leading edge,
this investigation was conducted to provide detailed information regard-
ing the influence of coolant injection on the local convective heat
transfer rate downstream from a single row of spanwise angled coolant
holes.

The leading edge of a turbine vane was modeled in the subject
investigation using the front stagnation region of a circular cylinder
in crossflow. Hot combustion gas flowing over the cylindrical, film
cooled test surface was employed to simulate the Reynolds number repre-
sentative of a high temperature, high pressure gas turbine. Internal
coling of the cylinder wall maintained the test surface at a temper-
ature of ~261K (470°R), allowing the use of a moderate gas temperature
(~555K, 1000°R) to simulate a gas-to-wall temperature ratio of ~2.1.
Film cooling experiments were conducted to determine the local heat flux

using spanwise injection hole angles of g = 25°, 35°, 45°; a = 0° with
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different locations of the row of holes relative to stagnation (ei = 20°,

30°, and 40°).

i

The objectives of the experimental study were:

1) to measure the heat flux reduction on a film cooled cylindrical
surface as a function of the downstream (x/do) and lateral (z/do)
distance from the injection holes

2) to determine the influence of the spanwise injection angle, 8

3) to determine the influence of the location of the rows of holes
relative to stagnation

4) to determine the film coolant blowing condition that produces
the optimum film cooling performance

The following chapters contain a detailed description of the experi-

mental investigation, the results obtained, and the correlation of the

data.
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II. EXPERIMENTAL INVESTIGATION

II.A. Modeling of Gas Turbine Environment

The objective of this research program was to investigate film
cooling under conditions characteristic of the leading edge region of a
turbine vane. To model the leading edge region, geometric similarity
was obtained using the front stagnation region of a circular cylinder
in crossflow. Effective modeling of the convective heat transfer on
a turbine vane requires the simulation of the important dimensionless
parameters that govern the flow and heat transfer phenomena. A dimen-
sional analysis procedure, following that by Eckert and Drake [3], is
summarized herein to identify the dimensionless parameters that require
modeling. Since we are only interested in the dimensional structure
of the terms in the conservation equations, the continuity, x-momentum,

and energy equations, shown below,are written in an abbreviated form.

Continuity: a(g:) + 3(‘;;) =0 (20)
x-Momen tum: pu%;-:-+ =-g—z+[g—x—(ug%)+ il (21)
: aT e N 9_ (oL
Energy: pcpu e [u 5t s [ax (k T sl
2
sy + ... (22)

Due to the large temperature differences characteristic of the turbine
environment, it is of interest to include the temperature dependence of

the physical properties. Generally, for the ga. and temperature range
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of interest, the property variations can be reasonably approximated by

the following simplifying expressions [3]:
P b € 5 €
°P=RT u = CuT k = CkT
cp = constant Pr = constant (23)

where Cu. Ck are constants.

Since the Prandtl number and cp are assumed to be constant, the expo-
nents for the viscosity and the thermal conductivity will be the same.
The variables in Eqs. (20) through (22) are non-dimensionalized

by defining the following quantities [3].

x' = x/D y' =y/D
u' = u/(Vy, ) v = v/(V, )
0 0
gk 2 o T
P' = P/p (V) Ao AR
(] ()
p' = /o, w' o= wluy
k' = k/k, (24)
b e designates the freestream condition upstream of
the cylinder
D = cylinder diameter
v = freestream velocity
P = density
u = dynamic viscosity
k = thermal conductivity

" e, 1s set equal to T  because of the Tow flow velocity used in this
1nvegtigation.
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The non-dimensional form of the equations then becomes:

©

3 itye ' 3 P_.. €3 =
Continuity: u') + Tl (T' v') =0 (25)
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where Re

Pr

o+

L

Ec

The corresponding non-dimensional boundary conditions are:

In the freestream, upstream lgh Ak sl nlS et S Gl
of the cylinder

n

At the cylinder surface e g T"/Tm (28)

The functional dependence of the solution of this system of

equations with the boundary conditions can be expressed as:

u f(x', y's Re, Pr, Ec, €, Tw/Tw) (29a)

Tl

{x's ¥'s Rey Pr, Ec, ¢, D (29b)

Thus, if one considers the convective heat transfer coefficient

defined as
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k oT
he=- (= (30)
ZTW-wa an W
where n is the direction normal to the wall surface

then the dimensionless Nusselt number can be written as

h O
Nu = = ooy G, (31)

An examination of Eqs. (29b) and (31) shows that the Nusselt number

depends upon the following parameters
NU = f(X', y’, Re, Pr! EC, e! Tw/Tm) (32)

Therefore, under conditions where the Prandtl number and the exponent ¢
do not vary significantly, and the kinetic energy available in the free-
stream for dissipation is small compared to the thermal energy (Ec<<1.0),
the heat transfer environment at elevated temperatures and pressures
can be simulated by reduced flow conditions if the Reynolds number and
the wall-to-freestream temperature ratio are maintained constant. The
experimental conditions for this study were chosen to simulate the
Reynolds number (1.7x105) and the freestream-to-wall temperature ratio
(~2.0) typical of a high temperature, high pressure gas turbine engine.
Experiments were conducted using a dimensionless coolant temperature
ratio, ec = 1.03, which is typical of gas turbine applications. Colladay
[38] has shown that when considering a combination of internal convec-
tion cooling and external film cooling, the optimum cooling of the vane

is achieved when Tc = Tw’ i.e. ec = 1.0.

B i
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I1.B. General Description of Experimental Apparatus

The investigation of stagnation region film cooling typical of a
turbine vane leading edge was conducted using a cylindrical test sur-
face exposed to a crossflow of heated air from a gas turbine combustor.
A brief description of the experimental apparatus is presented in the
following sections, while a more detailed description is given in

Appendix II.

II.B.1. Flow System
Figure 34 is a simplified schematic of the overall flow system
used in conducting this investigation. A blow-down facility provided
an air flowrate of ~4 1bm/sec with the air storage facility pemmitting
a typical run time of approximately 30 minutes. The air entered a J-47
gas turbine combustor, where methyl alcohol was burned to provide the

nominal freestream conditions of T, ~ 550K (990°R) and P - 3.9x10°

T

(]

N/m2 (56.7 psia). Downstream of the combustor, the flow passed through
a diffuser into the rectangular flow channel (0.114m wide x 0.205m high).
Figure 35 shows a photograph of the flow channel. Initially the com-
bustion gas passed through a flow straightener (consisting of three
drilled plates and a rectangular flow mixing section) to minimize the
non-uniformity of the freestream flow. The straightener-mixing section
was followed by a turbulence section and the test section. Figure 36
presents a photograph of the turbulence section which consisted of a
combination of interchangeable ducts and square mesh screens to permit
the variation of the screen grid and its location relative to the test

cylinder. In this study, the freestream turbulence was maintained
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Figure 36 Photograph of the Turbulence Section
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constant throughout all of the experiments with the screen grid
(1.59mm wire dia. x 6.36mm center-to-center wire spacing) located at
a fixed position (.49m) upstream from the test cylinder.

Figure 37 shows a photogrﬁph (viewing upstream) of the rectangular
test section with the test cylinder installed. A traversing probe,
located upstream of the test cylinder, was used to measure the free-
stream total temperature and total adyl static pressures. The test
cylinder was held by circular flanges attached to the test section side
walls. This enabled the cylinder to be rotated and the location of the
row of film cooling holes relative to stagnation to be varied. A flat
plate nozzle was attached to the exit of the test section to control
the freestream Mach number upstream of the test cylinder.

v I1.B.2. Test Cylinder

Figure 38 prov1des a photograph of the test cylinder prior to the
installation of instrumentation. The test cylinder was fabricated from
two concentric copper cylinders. The inner cylinder had 10 channels
milled along the outside to form coolant channels for internal cooling
of the test cylinder. The outer cylinder (5.02cm dia. x 0.159cm wall)
was slipped over and then oven brazed to the inner cylinder. Holes
were drilled into each end of the cylinder to provide inlet and exit
ports for each internal coolant channel. Methyl alcohol was chilled
in a dry ice heat exchanger and then circulated through the individually
throttled coolant channels to maintain a nominal test cylinder surface
temperature of 260K (470°R).

The test cylinder was equipped with a film coolant plenum chamber
and a removable film coolant injection plate as shown in Fig. 39. Two
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1.27cm (0.5 in) tubes were used to supply air film coolant to the
plenum chamber. Holes were drilled at selected locations for the
installation of heat flux gages, thermocouples, and wall pressure taps.
The film coolant injection plate, shown in a close-up view in Fig. 40,
was sealed to the cylinder with a silicone adhesive and secured with
screws on the ends. The injection plate was fabricated from a 0.32am
thick plate bonded to the back of a thin, 0.16cm plate to obtain a
length-to-diameter ratio of the coolant holes greater than 3. A copper
coolant channel was attached to the back of the injection plate through
which chilled alcohol coolant was circulated to control the injection
plate temperature. Film coolant holes of the desired geometry were
machined in the injection plate, with a series of plates allowing a
wide range of geometry to be investigated.

The flow system used to meter the film coolant flow to the plenum
chamber is shown schematically in Fig. 41. The film coolant air was
initially stored in a surge tank at 1.03x10’ N/m® (1500 psig). The
air flow was filtered and regulated to maintain a constant flowmeter
inlet pressure. The film coolant flowrate was controlled by three
valves in parallel. Two hot wire mass flommeters (in parallel) were
used to provide an accurate measurement of the film coolant flowrate
in both the low flowrate (0-5 SCFM) and the high flowrate (0-20 SCFM)
range. The film coolant air was chilled in a methanol-dry ice bath

heat exchanger just upstream of the film coolant plenum chamber.
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II.B.3. Instrumentation and Measurements

Figure 42 presents a photograph of the test cylinder mounted in the
flow channel. The instrumented cylinder has been rotated so that the
injection plate is visible by viewing upstream in the flow channel. The
figure shows the traversing probe, upstream of the cylinder, that was
used to measure the freestream total temperature and total and static
pressures. The probe was indexed to the center of the flow channel to
measure the freestream conditions at the beginning of each experimental
run and then was retracted close to the top wall of the test section so
as not to disturb the flow passing over the cylinder.

Previously, Fig. 38 illustrated holes drilled through the cylinder
surface for the installation of thermocouples and wall pressure taps.
Figure 42 shows the copper-constantan thermocouples and wall pressure
taps installed flush with the cylinder surface. The locations of the
thermocouples and pressure taps on the cylinder surface are shown in
Appendix II.

A1l pressures were measured by a differential pressure transducer
(validyne DP15) using the freestream static pressure (P_ ) upstream of
the cylinder as a reference pressure. A pressure sampli:g device with
one transducer was then used to measure (Pw'wa) at discrete locations
along the cylinder, and to measure the freestream stagnation-to-static
pressure difference (PT;b-Pmo).

Figure 42 shows that the test cylinder surface downstream from the
injection plate was instrumented with six heat flux gages. The thin
foil, Gardon heat flux sensors (Thermogage, Inc., Model 2000, 0.44cm o.d.)
were press fitted into the test cylinder flush with the surface. The
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gages were mounted at different dimensionless distances downstream (x/do)
from the row of film coolant holes as shown in Table 1. Since the loca-
tion of the heat flux gages was fixed, the variation of the heat flux
with respect to z/s (i.e. between holes) was measured by shifting the
spanwise location of the coolant holes drilled in the injection plate.
As Fig. 42 shows, to change the spanwise location of a heat flux gage
with respect to a coolant hole, the coolant hole can be shifted in the
spanwise direction with the drilling of a new injection plate. In this
investigation, for each value of the injection angle, B, three injection
plates with the holes shifted relative to the gages were used on succes-
sive experiments in order to measure the heat flux at three different
z/s locations.

The Gardon heat flux gage operates on the principle that the
incident heat flux on a thin constantan foil flows radially to the
cylindrical copper body (heat sink) of the gage, establishing a parabolic
temperature profile over the foil. The Thermogage heat flux gage con-
sisted of a constantan foil, 0.025mm thick and 0.051cm diameter, bonded
to the end of a cylindrical, copper tube. The sensor was then press
fitted into a 0.44cm outer diameter copper plug. The temperature dif-
ference that is created between the center and edge of the foil is then
dependent on the magnitude of the incident heat flux. A fine copper
wire is fused to the center of the foil on its underneath side, while
another copper wire is fused to the copper body and the emf from these
two thermocouple junctions is representative of the temperature differ-
ence across the foil and the incident heat flux. Coincidentally, the

variation of the thermal conductivity of constantan and the thermoelectric
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Heat Flux Gage Location

Gage No.

x/do

(from row of coolant holes)

n W N

8.0
6.4
15.2
13.6
22.4
19.5

do = 0.159cm
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power of the copper-constantan thermocouple are such that a linear
relation between the heat flux and the emf from the copper-constantan
gage is produced. Due to the small size of the gages used, the signal
produced is in the microvolt range, and each sensor was matched with an
operational amplifier (gain ~1000) to provide a millivolt level signal.
Each sensor was calibrated (by Thermogage, Inc.) using a radiation
source with the amplifier gain adjusted to obtain a sensitivity of
115.7'1%919- mv. A more detailed discussion of the heat flux gage
theorymagzegperation is presented in Appendix III.

The cylinder surface temperature was measured using copper-constantan
thermocouples installed ag shown in Fig.42. The temperature of the injec-
tion plate was measured with copper-constantan thermocouples mounted in
the plate 0.8mm below the surface.

Figure 41 previously illustrated the flow system used to supply
air film coolant to the test cylinder. The air was precooled in a dry
ice heat exchanger to ~228K (410°R) and supplied to the film coolant
plenum chamber. A hot wire mass flowmeter (Thermo Systems, Inc., Model
1352) was used to measure the coolant mass flow rate. Copper-constantan
thermocuples, positioned in the film coolant plenun chamber, were used
to measure the plenum air temperature. The temperature of the air
leaving the film coolant holes (Tc) was determined from the measured
values of the plenum air temperature, the injection plate temperature,
and the coolant mass flow rate, using a calibration curve (shown in
Appendix IV) to account for the heat transfer to the film coolant flowing
through the injection plate.
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I11.C. Experimental Conditions

This experimental program was conducted to investigate the reduction
in the local heat flux due to film cooling from a single row of spanwise
angled holes on a cylindrical test surface in order to model the film
cooling process on the leading edge region of a turbine vane. The exper-
imental flow conditions used in this study are presented in Table 2. To
achieve a Reynolds number of 1.7XI05, typical of a high temperature,
high pressure gas turbine engine, a freestream total pressure and total
temperature of 3.9x10° N/m® (56.7 psia) and 553K (995°R), respectively,
were utilized with a cylinder having D = 5.02an. While no turbulence
measurements were made, a constant turbulence level was maintained
throughout the investigation by fixing the turbulence screen grid size
and the screen location relative to the cylinder (see Section I1.B.1.).

A nominal cylinder wall temperature of 261K (470°R) was maintained
giving approximately isothermal wall conditions with the surface temper-
ature variation AT"/T"nom s 4%. The low wall temperature was chosen to
simulate a gas-to-wall temperature ratio of 2.1, representative of the
gas turbine environment. The injection plate temperature also was
maintained at approximately the cylinder temperature, with a temperature
difference AT"/T"nom < 15%. A discussion of the effect of a step change
in the surface temperature on the downstream heat transfer coefficient
is presented in Section III.A.2. and Appendix V.

Before entering the plenum chamber, the film coolant air was pre-
cooled in a dry ice heat exchanger to a nominal value of ~228K (410°R),

with the specific value of temperature varying somewhat with the coolant

mass flow rate (see Table 2). The temperature of the coolant injected




94

Table 2 Experimental Flow Conditions

Rep 1.7 x 10°
Py 3.91 x 10° N/m? (56.7 psia)
T;m 553K (995°R)
Ma: 0.08

o
Tw 261K (470°R)
Tc 250K (451°R) + 9%
P/ P, 2.21 + 9%
6. 1.03 £+ 7%
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from the holes (TC) was determined from the measured values of the plenum
air temperature, the injection plate temperature, and the coolant mass
flow rate, using a calibration curve (discussed in Appendix IV)to account
for the heat transfer to the film coolant flowing through the injection
plate. The mean value of the coolant temperature (250K, 451°R) was used
to compute nominal values of the coolant-to-freestream density ratio and
the dimensionless coolant temperature, 6c» as shown in Table 2. The
percentage variations listed with the pc/qn° and 8¢ values correspond to
the variations of Tc with mass flow rate due to the film coolant heat
exchanger performance and the heat transfer from the injection plate.

The range of film coolant injection parameters studied in this
program are summarized in Table 3. Three different values of the injec-
tion hole angle (B) were investigated with holes angled in the spanwise
direction (a=90°). The injection plate was fabricated to ensure a
length-to-diameter ratio of the coolant hole greater than 3, with the
specific value varying with injection angle as shown in Table 3. The
hole spacing-to-diameter ratio, s/do. was held constant throughout the
investigation corresponding to the smallest value obtainable for g=25°
within fabrication limits.

The location of the row of holes relative to stagnation, ei’ was
varied by rotating the cylinder to a new orientation on successive exper-
iments. The important hydrodynamic parameters characteristic of the
injection locations investigated, namely the acceleration parameter, Ki’
the boundary layer displacement thickness-to-hole diameter ratio, 6*/d°.
and the boundary layer momentum thickness-to-hole diameter ratio, enum/do
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Table 3 Film Coolant Injection Parameters

Injection Angle B L/do
a=90° 25° 6.2
d = 0.159cm 35° 4.5
9 45° 3.7
s/do 3.3
7 5
Injection Location e1 Kixlo 6*/do emom/do
20° 4.8 0.026 .0114
30° 2.1 0.027 .0119
40° 1.1 0.028 .0124
Measurement x/do zZ/s
Locations
6-4 0' 033’ 067
8-0 0, 033’ 067
15.2 17, .50, .83
M

0+ 2.0 in intervals of 0.25
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are presented in Table 3.+ It can be seen that, for the range of ei
investigated, the change in 6*/d° was insignificant while the value of
K; varied fourfold.

The coolant hole diameter, do’ was selected to simulate values of
emom/do typical of those expected for turbine vane leading edge appli-
cations.

The film cooling performance was determined by measuring the heat
flux at the downstream distances (x/do) and spanwise locations (z/s)
listed in Table 3.7 The heat flux reduction was determined as a func-
tion of the blowing ratio, M, varying fromM = 0 to M = 2.0 in intervals

of 0.25.

II.D. Data Reduction

During each experimental test for a particular injection configu-
ration the following measurements were recorded: (a) the freestream
total temperature, total pressure, and the total-to-static pressure
difference, upstream of the cylinder, (b) the cylinder surface wall
temperature and wall heat flux, and (c) the injection plate temperature,
the plenun air temperature and the coolant mass flow rate. These values

were used to determine the film cooling performance as described below.

*The K; values were calculated from potential flow for a cylinder in
crossflow. The values of §*/d, and 8pon/d, were calculated for a cylin-
der in crossflow using the integral momentum boundary layer equation [39].

Tof the six heat flux gages installed in the cylinder (see Table 1), two
failed prior to the onset of the film cooling experiments. Film cooling
data are reported for only three gage locations (see Table 3) since the
effect of film cooling at x/d° = 22.4 (the fourth operative gage) was
insignificant.
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The physical properties of the combustion heated air freestream
flow (u, k, Y, Mol. Wt.) were determined from Ref. 40. The physical
properties of the film coolant air (u, Pr, Mol. Wt.) were determined
from Ref. 41. The freestream density was computed from the freestream
static temperature and pressure assuming a perfect gas. The freestream
velocity was calculated from the freestream total and static pressures
and the total temperature. The Reynolds number, based on the cylinder
diameter, was computed from the freestream density and velocity and
the viscosity evaluated at the freestream static temperature.

For experiments without film cooling, the surface heat flux and the
freestream-to-wall temperature difference were used to compute the local

convective heat transfer coefficient.

h+ . _Sin.‘.’_ (33)

The subscript o designates no film coolant flow (i.e. dry wall). The
dry wall heat transfer coefficient, ho' was computed directly from the
heat flux, wall temperature and freestream temperature measurements
recorded during each experimental run. The Nusselt number, based on the
cylinder diameter, was calculated from ho with the thermal conductivity
evaluated at the mean film temperature, (Tw +T)/2.

For the experiments with film coolant flow, the heat flux and the
freestream-to-wall temperature difference were used to compute a local

convective heat transfer coefficient with film cooling.

T In view of the low freestream velocity (Ma=0.08), the heat transfer
coefficient was defined with the freestream static temperature.
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qll
hFC = T__!LEQ__ (34)
FC

oo-Tw
The subscript FC designates with film cooling.

The effect of film cooling is indicated by the ratio of the two
heat transfer coefficients, hFc and ho’ which is equivalent to the

Stanton number ratio

i (35)
h St
0 (]
where St = h
pV_c
°°p
and V_ = local freestream velocity along the cylinder.

The film cooling data reported herein are given as a percentage reduction

in the Stanton number due to film cooling which is defined as

Stec
1- L+ g the Stanton Number Reduction. (36)
(V)

The dimensionless coolant temperature, ec. characteristic of the
experiments reported was determined from a calculated temperature of

the air leaving the coolant holes, T The injection plate temperature

c
and the plenum air temperature, recorded during each experimental test
were used to correlate the temperature rise of the coolant passing through
the injection plate as a function of the coolant mass flow rate (see
Appendix IV), such that the film coolant temperature (Tc) could be calcu-
lated and 8¢ determined.

The film coolant blowing parameters, M, vc/vw. and I, were computed

assuming equal flow through all of the coolant holes. The mass flux

R ————
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(ocVC) of the coolant was determined from the measured coolant flow rate,
and the number and diameter of the coolant holes. The coolant velocity,
Vc, was computed from the coolant mass flux (pcvc) and the coolant
density based on Tc and Pc+ (assuming a perfect gas). The blowing
ratio, M = o V /o, V,, was determined from p V. and the local value of
PV, at the point of injection on the cylinder surface. Similarly, the
coolant-to-freestream velocity ratio (Vc/Vw) and the momentum flux ratio
(pcvg/pmvﬁ) were computed from the values of M and o /o,

A1l of the calculations described in this section were performed
using a data reduction computer progfam. A detailed discussion of the
program and all of the geometric, thermodynamic, and hydrodynamic values
calculated is presented in Appendix II.

Each experimental test was limited to a steady state run time of
approximately thirty minutes due to the capacity of the air supply
facility. The investigation was divided into several phases which are
described in Appendix I1. A detailed discussion of the results from

each phase of the experimental investigation follows in Section III.

*Pc was assumed equal to P_, the local static pressure on the cylinder
surface.
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[IT. RESULTS AND DISCUSSION

The experimental investigation was divided into three separate

phases:

A. Preliminary experiments to determine the freestream flow,
cylinder surface, and coolant flow conditions that were main-
tained constant throughout the investigation.

B. Experiments without film cooling to determine the dry wall heat
flux distribution around the cylinder.

C. Experiments with film cooling to determine the influence of
injection geometry and coolant flow rate.

The results from'each phase are described in the following sections.

III.A. Preliminary Experiments

This initial phase of the investigation was conducted to determine
the freestream flow conditions, the cylinder and coolant temperatures,
and the cylinder pressure distribution characteristic of the experimental

apparatus.

ITI.A.1. Freestream Flow Conditions
The freestream flow conditions were determined by measuring the
horizontal and vertical total temperature and velocity profiles upstream
(6.4cm) of the test cylinder. Figures 43 and 44 present the initial
vertical and horizontal velocity profiles obtained before the flow

straightener had been inserted into the flow channel. A traversing probe
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(discussed in Appendix 1I) was indexed in 1.27cm (0.5") incrementc to
within 1cm of the test section walls. [he Reynolds number used to char-
acterize the film cooling experiments and the profiles is based on the
freestream conditions at the test section centerline. As shown in Fig.
43, the profiles were examined for the nominal Reynolds number of

1.7x10° (used in Phases B and C) and for values above and below. The
profile data, in Figs. 43 and 44,are presented in non-dimensional form.

A numerical integration of the measured velocity profiles was performed

to compute an average velocity, defined by Eq. (37), to non-dimensionalize

the profiles.

Vertical Profile vave = Ih Vwdy /Area
0

W
Horizontal Profile Vave = I Vhdz/Area (37)

0

The vertical velocity profile presented in Fig. 43 shows a non-
symmetric variation of the dimensionless velocity, with a maximum value
of ~1.1 occurring at the y/h location of 0.3, while a minimum value of
~0.65 occurs close to the top of the test section. Figure 44, showing
the horizontal velocity profile, indicates a symmetrical distribution
about the test section centerline with a dimensionless velocity varying
from a maximum of ~1.15 at the centerline to a minimum of ~0.8 close to
the test section walls. Since it was desired to conduct the film cooling
experiments in a two-dimensional flow, a flow straightener (described in
Appendix II) was inserted at the front end of the flow channel and the

profile measurements were repeated.
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Figures 45 and 46 illustrate the vertical and horizontal velocity
profiles obtained with the flow straightener installed. The dotted
lines represent the profiles (without the flow straightener installed)
previously seen in Figs. 43 and 44. In Fig. 45 the cross hatched area
represents the vertical region occupied by the test cylinder. The
profiles presented in Figs. 45 and 46 show the velocity of the flow
approaching the cylinder to be uniform in the z-direction and approxi-
mately constant in the y-direction. It is noted that the variation of
the Reynolds number had a negligible effect on the velocity profiles.

Total temperature profiles upstream of the cylinder were also
measured with the traversing probe and the results are presented in
Figs. 47 and 48. Since no significant changes were found in the profiles
before and after the flow straightener was installed in the flow channel,
only the final vertical and horizontal profiles (with the flow straight-
ener installed) are presented. The total temperature is non-dimension-
alized by an average temperature, defined by Eq. (38), using a numerical

integration of the measured data to compute the average temperature.

h h
Vertical Profile T . = jo pVTTdy/J . oVdy (38)

w w
Horizontal Profile TT.ave = Jo pVTTds/TO pVdz

The horizontal profile shown in Fig. 48 indicates a uniform freestream
total temperature in the z-direction. The vertical profile presented
in Fig. 47 exhibits some variation with the temperature decreasing as
y/h increased. However, for the location of the cylinder shown by the

cross hatched area, the temperature variation of the freestream directly

e et s e
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in front of the cylinder was < 5%, which was judged acceptable. Figures
47 and 48 again reveal that the variation of the Reynolds number had a
negligible effect on the total temperature profiles.

While the Reynolds number listed with the profile data was based on
the test section centerline conditions, another Reynolds number, based
on the TT.ave and vave values computed from each profile, was calculated
and found to never differ from the centerline Reynolds number by more

than 1%.

ITII.A.2. Cylinder and Coolant Conditions

The ten internal coolant channels distributed evenly around the
cylinder surface and the use of copper for the cylinder material resulted
in a nearly uniform temperature along the cylinder surface. Thermocouples,
distributed along the surface were used to measure the cylinder tempera-
ture from an angle of 3° to 214° downstream from the injection plate-
cylinder wall junction. There were no thermocouples directly upstream
of the injection plate to record the cylinder temperature in this region.
During each experimental run, the cylinder wall temperature distribution
was measured and Fig. 49 presents data for two experimental tests repre-
sentative of the wall temperature variations observed. The variation of
the cylinder wall temperature never exceeded more than 4% (from the maxi-
mum temperature to the minimum).

The injection plate was equipped with a coolant tube attached to the
back to maintain the plate tllpcra;uro near that of the cylinder. However,
with no film coolant flow through the injection holes, the plate temper-
ature was higher than the cylinder wall temperature, but the difference
never exceeded 15% of the mean cylinder wall temperature. As Fig. 49
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reveals, as the film coolant flow through the coolant holes was increased,
the plate temperature decreased, approaching the cylinder wall temperature.

An analysis of the influence of this step change in the surface tem-
perature on the heat transfer coefficient downstream of the injection
plate is presented in Appendix V. The analysis was performed assuming
a surface temperature equal to the injection plate temperature for the
region extending from the stagnation line, with a step decrease to the
cylinder temperature at the injection plate-cylinder junction. The
analysis revealed that, for a step change in temperature of 39K, the
heat transfer coefficient (ho) at the heat flux gage closest to the
injection plate (8° downstream of the injection plate-cylinder junction)
increased ~11% over the case with an isothermal surface. Further down-
stream, at the heat flux gage 39° from the injection plate-cylinder
junction, the increase was only ~4%. For a step change in temperature
of < 11K, which is more representative of the injection plate temperature
with blowing, the corresponding value of ho would differ from the iso-
thermal case by < 3% (as shown in Appendix V),

Figure 49 reveals a variation of the injection plate temperature as
the coolant blowing ratio was varied. Since the important parameter
influencing the film cooling performance is the temperature of the coolant

leaving the hole, T_, an experimental study was conducted to determine

c
the temperature rise of the coolant in passing through the injection
holes. A discussion of this experimental study and the results are pre-
sented in Appendix IV, From this study, a calibration curve was developed

so that the coolant temperature (Tc)Ocould be calculated by measuring the
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coolant temperature in the plenum, the injection plate temperature, and
the coolant mass flow rate.

The temperature of the film coolant in the plenum chamber was
directly related to the coolant temperature emerging from the film coolant
dry ice bath heat exchanger which varied with the coolant flow rate.
Representative data from the experimental runs showed a film coolant

plenum temperature of 257K (3°F) with a coolant flow rate of 5.2x10™%

kg/sec, and a temperature of 219K (-66°F) with a flow rate of 8.55><10'3
kg/sec. Thus increasing the coolant flow rate caused the plenum temper-
ature to decrease, but the higher flow rate increased the heat addition
to the coolant as it passed through the injection plate. Figure 50
presents a plot of the calculated coolant temperature leaving the injec-
tion hole as a function of the coolant mass flow rate. The length-to-
diameter ratio of the coolant holes was constant for g=25°. The trend
shows a gradual decrease in the coolant temperature as the mass flow
rate was increased. Thus, as the flow rate was increased, the lower
plenun temperature more than compensated for the increased heat addition
from the injection plate to the coolant. The coolant temperature for
each coolant configuration (i.e. particular values of B, ei’ and blowing
ratio) were used to compute a mean coolant temperature of 250K (-9°F).
The coolant temperature (Tc) for any experimental condition varied by

less than 9% from this mean value.

III.A.3. Cylinder Pressure Distribution
In order to provide the background for understanding the cylinder
heat transfer characteristics in the present study, it is informative to

review the results of previous cylinder drag and pressure distribution
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studies that have defined the nature of the cylinder boundary layer
development. The variation of the drag on a cylinder as a function of
the Reynolds number, shown in Fig. 51 from Schlichting [39], illustrates
that past a Reynolds number of 1x104, the drag coefficient, CD’ remains
constant up to a value of Reynolds number =2x105 and then drops off

sharply, reaching a minimum value at a Reynolds number of SXIOS. The

range of Reynolds number between ZXIOS and 5xl05, that corresponds to
the rapid drop in the cylinder drag, is referred to as the critical
range, and is of interest since the Reynolds number studied in this
investigation, l.7x105, falls very close to this range.

The occurrence of the sharp decrease in the drag can be related to
the boundary layer development on the cylinder. As with all blunt bodies,
a laminar boundary layer develops from the front stagnation line on the
cylinder. With the favorable pressure gradient, the laminar boundary
layer remains attached to the surface as the flow moves around the front
of the cylinder. For a subcritical Reynolds number (Re < 2x105), the
laminar boundary layer persists toward the 90° point on the cylinder where
the adverse pressure gradient causes the boundary layer to separate from
the surface. This leaves the rear portion of the cylinder in a low
pressure wake, causing a high form drag. However, with a supercritical
Reynolds number (Re 2 ZX105), the laminar boundary layer transitions to
a turbulent one before reaching the adverse pressure gradient near the
90° point. The turbulent boundary layer subsequently remains attached
further into the adverse pressure gradient region which moves the point
of separation farther downstream on the cylinder surface (beyond the 90°
point), reducing the low pressure wake behind the cylinder and resulting

in a much lower drag force.
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This boundary layer development can be illustrated by reviewing the
pressure distributions arocund a cylinder for both a subcritical and super-
critical Reynolds number. Figure 52 presents the results of Flachshart
[42], measured in a near turbulence free wind tunnel, with the pressure
coefficient plotted as a function of the angular distance from stagnation
6. The pressure coefficient was based on measurements of the freestream
conditions upstream of the cylinder and local wall pressure measurements.
Also shown in Fig. 52 is the pressure distribution that results from
potential flow theory. With fhe subcritical Reynolds number, the pres-
sure distribution along the front of the cylinder reached a minimum
value near a 6 of 70°. Experimental results have shown that laminar
boundary layer separation occurs soon after this minimum, near 6 =~ 80°.

An exact solution for the boundary layer equations along the cylin-
drical surface can be computed by using the Blasius series [39]. If the
pressure distribution established by potential flow theory is used for
the boundary layer calculations, laminar separation is predicted to
occur at 6 ~ 109°. But when the flow initially separates from the sur-
face, reverse flow starts just downstream of the separation point. This
reverse flow starts to penetrate forward along the cylinder surface,
altering the pressure distribution along the surface from that estab-
lished by the potential flow theory. When the boundary layer calcula-
tions are repeated using an experimentally measured pressure distribution
around the cylinder, the laminar separation point is found to be near 80°,
the same location observed experimentally [39]. As Fig. 52 reveals, the
pressure distribution from 80° to the rear point on the cylinder is

relatively flat.
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When the Reynolds number becomes supercritical, Fig. 52 shows that
the pressure distribution deviates much less from the potential flow
than seen for the subcritical Reynolds number. The minimum value of Cp
is reached at 8 ~ 90° and just past the minimum, an inflection point is
visible in the curve. Fage and Faulkner [43] found that this inflection
point in the pressure distribution curve corresponded to a minimum point
on the surface shear stress distribution curve. They [43] identified
this as the point where transition from a laminar to a turbulent boundav;
layer began. The turbulent boundary layer finally separates at 6 = 120°
to 130° [44]. Thus, for a supercritical Reynolds number, the boundary
layer transitions and remains attached to the surface longer than it
would with a subcritical Reynolds number. This boundary layer attachment
significantly reduces the wake region behind the cylinder, causing a large
decrease in the cylinder drag.

An investigation by Schmidt and Wenner [45] of flow over a cylinder
showed similar results. Their results, obtained using a relatively tur-
bulence free wind tunnel (turbulence intensity <1%), are presented in
Fig. 53 for two different Reynolds numbers. At a value of ReD = 1.7x105,
the pressure distribution followed the trends established for subcritical
flow. The minimum Cp was reached at a 6 ~ 70°, and past 80° the distri-
bution remained relatively constant. Increasing the Reynolds number to
4.26x105, the pressure distribution followed the patterns established
for supercritical flow. The minimum Cp was reached near a 6 ~ 90°, and
just beyond an inflection point occurred, indicating the beginning of
the transition from a laminar to a turbulent boundary layer. For a
value > 130°, the pressure distribution remained relatively constant

indicating separation of the turbulent boundary layer.
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Figure 53. The Pressure Distribution for a Cylinder in
Cross Flow (Schmidt and Wenner [45])




118

From these experimental observations it is concluded that for sub-
critical flow, the laminar boundary layer separates from the surface,
the minimum Cp is reached near 6 =~ 70°, the flow separates near 6 ~ 80°,
and thereafter the pressure distribution remains relatively constant.
However, for the case of supercritical flow, when the laminar boundary
layer transitions to turbulent before separation, the minimum Cp is
reached near 6 = 90°, followed by an inflection point indicating transi-
tion, and turbulent boundary layer separation at 6 ~ 120° to 130°.

While the Reynolds number of 1.7X105 used in this investigation
appears to fall in the subcritical flow range, the critical Reynolds
number at which the boundary layer transition takes place can be strongly
influenced by the freestream turbulence level. Giedt [46] investigated
the influence of freestream turbulence on the flow around a cylinder.

His [46] results, presented in Fig. 54, were measured for two levels of
turbulence. For a low level of turbulence intensity generated by a
screen mesh (~1%), Fig. 54 shows that for a Reynolds number of 0.98x105,
the pressure distribution follows the pattern previously described for

subcritical flow. However, at the Reynolds number of 2.12x105

» the pres-
sure distribution followed the pattern characteristic of supercritical
flow. Data for a Tow level of turbulence intensity at ReD = 1.66x105
(see Fig. 54) indicate a trend similar to subcritical flow but with the
appearance of delayed separation somewhat characteristic of supercritical
flow. Comparing the results in Figs. 52 and 54 it can be seen that in a

relatively turbulenc: free wind tunnel ([42] Fig. 52), 2x10°

would be a
subcritical Reynolds number, while in a wind tunnel with a low turbulence

intensity of 1% ([46] Fig. 54), the Reynolds number of 2.12x10° would
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Pressure Distribution for a Cylinder in Cross
Flow (Giedt [46])
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have a pressure distribution representative of supercritical flow. Thus,
the freestream turbulence can significantly decrease the Reynolds number
where transition first occurs.

Giedt [46] also measured the pressure distribution at ReD % 1.7x105
for two different levels of turbulence intensity (1% and 4%) with the
results shown in Fig. 54. For the lower turbulence intensity (ReD =
1.6SX105), the pressure distribution followed a pattern somewhat between
that established for subcritical and supercritical flow. The minimum
Cp was reached at a 6 ~ 75°, and beyond the pressure distribution con-
tinually increased, rather than reaching a constant level characteristic
of supercritical flow. However, when the turbulence intensity was in-
creased to 4% (ReD = 1.7ZXI05), the pressure distribution definitely
followed the pattern established for supercritical flow. Therefore,
Giedt's [46] results indicate that the flow over a cylinder is likely to
be supercritical at a Reynolds number of 1.7XI05 when the turbulence
intensity is 2 4%.

The effect of the freestream turbulence on the boundary layer devel-
opment was confirmed by the results of Seban [47] who investigated the flow
over a cylinder at ReD = 1.7x]05 in a clear tunnel and in a tunnel with
a 4 mesh screen inserted. Figure 55, showing the measured pressure
distributions, indicates subcritical flow for the clear tunnel and super-
critical flow for the tunnel with a 4 mesh screen. Thus, the turbulence
generated by the screen was sufficient to cause supercritical flow at
ReD S l.7x105. Therefore, it is highly probable that the turbulence
generated in the flow channel used in this investigation was sufficient

to cause supercritical flow for ReD = l.7x105.
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Figure 56 shows the pressure distribution measured around the test
cylinder used in this investigation. The results are plotted as Cp as a
function of 6, with the pressure coefficient being computed from the
freestream conditions upstream of the cylinder and the local wall pres-
sure measurements. The results are presented for a Reynolds number of

1.7x10°

for cold flow and hot flow (combustor in use). Figure 56 shows
that the temperature level and the combustor operation had no effect on
the pressure distribution. As expected, the pressure distribution
followed the pattern established for supercritical flow. The minimum Cp
was reached near 6 = 90°, closely followed by an inflection point, and
beyond 6 = 130° the pressure distribution remained relatively constant.
While 1.7XI05 may be considered a subcritical Reynolds number for a
relatively turbulence free freestream, the freestream turbulence level

in this investigation was sufficient to cause supercritical flow. There-
fore, along the top half of the cylinder where the film cooling experi-
ments were conducted, it was concluded that the boundary layer development
along the surface progressed from laminar to turbulent with separation

occurring on the rear half of the cylinder.

I11.B. Heat Transfer Without Film Cooling

The second phase of the investigation dealt with a study of the
cylinder heat transfer without film cooling, hereafter referred to as
the dry wall heat transfer. The dry wall héat transfer data were
obtained as a function of position relative to stagnation, 6. By
rotating the cylinder on successive experiments, it was possible to
position‘each heat flux gage at selected locations in the range of
© = 0° to 90°. The objectives of this phase of the study were:
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1) to check the calibration of the heat Tlux gages
2) to identify any influence cf the removable injection plate on
the cylinder heat transfer
3) to compare the data from this study with previous investigations
of cylinder heat transfer
In order to provide some background for interpreting the dry wall
heat transfer data from the present study, a short review of previous
investigations of cylinder heat transfer is presented. In general, the
heat transfer distribution arouna the cyiinder is correlated with the
Nusselt and Reynolds nunbers (ReD being based on freestream conditions
upstream of the cylinder), and the dry wall results are presented in
the form of Nu/Jﬁéb as a function of the angular position (5) on the
cylinder.
Schmidt and Wenner [45] conducted one of the first investigations
of heat transfer for a cylinder in cross-flow. Figure 57 presents their
results for measurements taken at two different values of the Reynolds

i and 4.26&105. in a relatively turbulence free wind

number, 1.7x10
tunnel (intensity <1%). The pressure distributions corresponding tu

these two Reynolds numbers were presented in Fig. 53. The Cp plot for
the low Reynolds number case (1.7XI05) indicated that the flow was in

the subcritical range (minimem C_ at 6 ~ 70°) with the laminar boundary

layer separating near 6 ~ 80°. $he heat. transfer measurements (Fig. 57)
show that the minimum value of Nu/JﬁEb is reached near a value of ¢ = 80°,
the same location where the laminar boundary separates from the surface.
For subcritical flow, the point of minimun heat transfer can be identi-

fied as the point of separation for the laminar boundary layer.
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For the measurements taken with the higher Reynolds number
(4.26x105), the pressure distribution (Fig. 53) exhibited the trends
characteristic of flow in the supercritical range with transition from
a laminar to turbulent boundary layer delaying separation such that
the minimum Cp occurred near 6 ~ 90°. Just beyond, the inflection point
in the curve was identified [43] as the beginning point for transition
from a laminar to turbulent boundary layer. The corresponding heat
transfer data (for Rep = 4.26x105) in Fig. 57 has a minimum value of
Nu//ﬁib occurring at 6 ~ 97°, the same angular location where the inflec-
tion point was found on the Cp curve. For supercritical flow, the point
of minimum heat transfer can be identified as the point of transition
to a turbulent boundary layer. Past the minimum Nu//ﬁEb value, the
curve had a much steeper slope than that seen for the subcritical flow
(ReD = 1.7XI05). The magnitude of the Reynolds number is thus seen to
have a significant influence upon the cylinder heat transfer character-
istics due to the difference in the boundary layer behavior for sub-
critical and supercritical flow.

The freestream turbulence Tevel also is known to have a substantial
influence on the boundary layer nature and, subsequently, the cylinder
heat transfer. A previous examination of the pressure distribution
around a cylinder (Fig. 54) showed that increasing the level of free-
stream turbulence caused a supercritical flow to occur at a lower
Reynolds number. This is further illustrated by the heat transfer data
obtained by Giedt [46], shown in Fig. 58. For a constant (low) level
of turbulence intensity, curves A and C exhibit the features of sub-

critical and supercritical flow, respectively. For curve A, the laminar
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boundary layer separation is identified at the minimum heat transfer
point, near 80°. For curve C, the minimum heat transfer point, near 92°,
now identifies the transition point from a laminar to a turbulent
boundary layer.

Curves B and D were both generated at approximately the same Reynolds
numbers, 1.7XI05 (the Reynolds number modeled in this investigation), but
at two different levels of turbulence intensity. As the pressure distri-
butions in Fig. 54 revealed, at the lower level of turbulence intensity
the trend was somewhat in between those characteristic of subcritical
and supercritical flow, however, at the higher turbulence level, the
trend was definitely characteristic of supercritical flow. The heat
transfer results in Fig. 58 show the minimum Nu/JﬁEb for the low turbu-
lence intensity curve being reached at 6 ~ 85°, which is between the
locations of the minimum Nu/JﬁEb for subcritical and supercritical flow.
However the curve for the higher turbulence intensity shows the minimum
value of Nu//REb occurring at 6 ~ 93°, the same location as the inflec-
tion point on the pressure distribution curve. This & location, charac-
teristic of supercritical flow, represents the beginning of transition
from a laminar to a turbulent boundary layer. Therefore, when the turbu-
lence intensity was increased, curve D, in Fig. 58, shows that the flow

at a Reynolds number of 1.7*105

was definitely supercritical. Further
examination of curve D in comparison with curve B (ReD x> constant) indi-
cates that increasing the freestream turbulence increases (by 20 to 30
percent) the overall level of the heat transfer rate.

Seban [47] has obtained similar heat transfer results as shown in

Fig. 59 with the corresponding pressure distributions shown previously
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in Fig. 55. For a Reynolds number that is near the critical value
(1.7XI05), curve A (Fig. 59) shows chat the low level of freestream
turbulence in the clear wind tunnel results in subcritical flow, while
curve B, obtained with a turbulence grid inserted in the wind tunnel,
indicates that the flow was supercritical. Also the freestream turbu-
lence generated by the screen grid increased the overall level of the
heat transfer rate (by 30 to 40 percent).

The influence of ReD and the turbulence level on the behavior of
the cylinder boundary layer and overall heat transfer level was of
particular interest in the present study because:

(a) the turbine vane leading edge Reynolds number simulated in

the experiments (ReD = 1.7XI05) was in the critical range,
and

(b) the flow environment had a high level of freestream turbulence.
On the basis of the foregoing discussion, the cylinder boundary layer
behavior was expected to be characteristic of supercritical flow.
Transition to a turbulent boundary layer was expected in the neighborhood
of 90° away from stagnation while an attached, Taminar boundary Tayer was
anticipated for the entire region 6 = 0° to 90° where the influence of
film cooling was investigated.

Dry wall heat transfer data were obtained during this phase of the
investigation to accomplish the three objectives outlined previously.

As mentioned in Section II.B.3. and Appendix III, the heat flux gages
were calibrated by the manufacturer using a radiation source. It was
desired to check the validity of the calibration curves and to establish

a standard heat transfer condition to permit a periodic check of the
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t Figure

performance of each gage during the course of the investigation.
60 presents the dry wall heat transfer results for three heat flux gages,
#0, #1, and #4. Figure 61 shows how the gage identification number
corresponds to the heat flux gage location on the cylinder surface. The
ability to rotate the cylinder allowed the heat flux gages to be posi-
tioned at any angular position (6) from the stagnation point. To check
the calibration of the gages, the cylinder was rotated around so that

the removable injection plate was downstream of the heat flux gages,
thereby eliminating any influence of the plate on the heat transfer rate
measured by the gages. As Fig. 60 reveals, the data from all three gages
were reproducible, confirming the calibration of the gages. A smooth
curve was fared through the data to establish a standard heat transfer
condition with which to check the dry wall heat transfer data generated
during the course of this investigation. The data are seen to fall in

a band (+ 11%) about the standard curve.

The dry wall heat transfer results from Gage #2 (see Fig. 62), fell
far below the standard curve shown in Fig. 60, indicating an error in
the calibration curve for Gage #2. However, a shift of the standard
heat transfer curve down 0.25 units (Nu/JﬁEb units) shows that the shifted
curve (— - —) and standard data band provide a good representation of
the data for Gage #2. It was concluded that a zero shift for Gage #2

(and/or its amplifier) caused the consistently low results. Therefore,

' This periodic check was conducted, however no change in gage sensi-
tivity due to surface erosion or oxidation was observed in this s tudy
which is in contrast to that reported in Ref. [48].
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throughout the rest of the study, the results for Nu//RED from Gage #2
have been increased by 0.25 units to compensate for the erroneous
calibration curve.

It will be recalled that the test cylinder was designed with a
removable film coolant injection plate (see Section II1.B.2.) in order to
permit investigation of 2 wide range of coolant injection geometry
parameters. However, the necessity of a removable plate resulted in a
juncture (or seam) where the injection plate was sealed to the cylinder
surface, the seam being located immediately downstream firom the row of
film coolant holes and upstream from the heat flux gages. Although each
injection plate was hand rubbed to minimize the surface roughness pre-

sented by the injection plate seam, it was of interest to determine what

influence this seam had on the heat flux measured by the gages downstream.

To accomplish this, dry wall heat transfer data were collected with
the injection plate positioned upstream from the heat flux gages (see
Fig. 61) and then data were collected with the cylinder rotated so that
the plate was downstream from the heat flux gages. In both cases, a
smooth injection plate (i.e. no coolant holes) was used. A third series
of experiments were conducted with coolant holes drilled in the injection
plate (but no coolant flow), and with the plate positioned upstream from
the heat flux gages to examine the influence of the holes. The ability
to rotate the cylinder allowed the heat flux gages to be positioned at
any angular location (6) from stagnation. Therefore, as was shown in
Fig. 60, data were obtained for each heat flux gage as a function of @
by rotating the cylinder to a new position before each experimental run.
Figure 63 shows a schematic diagram of the cylindrical surface and the

v LN SR 1 2,
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location of each heat flux gage in relation to the stagnation point, the
row of injection holes, and the injection plate-cylinder seam. Each gage
was positioned a different distance downstream from the injection plate
gage'eseam)’ The dry wall data are
presented in the form of Nu//Re; versus the angular position from stag-

seam with the position labeled A8(6

nation (6) for each gage, since each is a different distance downstream
from the seam. On the figures, the standard heat transfer curve includ-
ing the data scatter band from Fig. 60 is included to show the results
for a smooth cylinder with the injection plate downstream.

Figure 64 presents the results for Gage #4 (A6 = 66°), the gage
positioned farthest from the seam. The data for all three cases investi-
gated are accurately represented by the standard curve for 6 in the range
of 0° to 95°; thus indicating that there was no discernable effect of
the presence of the seam when it occurred in the range of 0° to 29°
(i.e. i * egage - A6 = 95° - 66° = 29°). The data for Gage #4 in
the range of 6 = 95° to 120°, with the plate upstream, are represented
by the — « — curve, which appears as a logical extension of the stan-
dard curve. The results of Giedt [46] from Fig. 58 (Rey = 1.715x10°),
shown by the — - — curve in Fig. 64, are seen to be in good agreement
with the "extended standard curve" (

+ — « —). The only dif-
ference is in the value of 6 where the minimum Nu/JREE occurs. While
Giedt [46] shows the minimum near the location of 6 = 90°, the present
investigation observed the minimun near 6 ~ 100°. This effect is
attributed to tunnel blockage due to the use of a 5.08cm (2 in.) diameter

cylinder in a 20.32cm (8 in.) high wind tunnel. The increased acceleration

of the freestream near 6 = 90° could have delayed the onset of boundary
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layer transition until near 6 = 100°. Figure 65 shows the local free-
stream velocity distribution calculated from potential flow for a
cylinder in an infinite freestream and a cylinder in a finite tunnel
representative of the present investigation. At the location 6 = 90°,
the local freestream velocity in the finite tunnel was 5% greater than
that computed for an infinite freestream. Thus, it is concluded that
the increased freestream acceleration delayed the boundary layer tran-
sition until & = 100°. Besides this discrepancy, the results of Giedt
[46] and the present investigation for Gage #4 were in excellent agree-
ment. Therefore, while no data were obtained for the smooth cylinder
with Gage #4 in the range of 95° to 120°, it was concluded that there
was no discernable effect of the presence of the upstream seam on the
data for Gage #4. The "extended standard curve" is presented for com-
parison in the remaining dry wall heat transfer figures.

For Gage #2, which is closer to the seam (46 = 40°), the results
for the three cases investigated are shown in Fig. 66. The data for
the smooth cylinder (i.e. plate downstream of gage), the data are in
good agreement with the standard curve from Figs. 60 and 64. However,
with the plate upstream of the gage, the data are higher than the stan-
dard curve for 6 > 85°. Therefore, the presence of the seam appears to
have affected the value of Nu/JREb near the transition point.

Figure 67 presents similar results for Gage #0 which is even closer
to the seam (46 = 14°). Again, the data for the smooth cylinder (i.e.
plate downstream of the gage) is accurately represented by the standard
curve. The data for the plate upstream agree with the standard curve

(within the + 11% band) for 6 S 45°. Reference to Fig. 63 shows that




g O LA TR,

140

2'5 P T T L v T Ll T T
e}
3
> 2.0 L Potential Flow
- 5 for Cylinder in Ny
§ Wind Tunnel T2
-
o
f 1.5 F -
[V
E Ve
o v
s “0
e 1.0 |- s
=
8 Potential Flow for
i Isolated Cylinder
3
S 0.5 ]
Y
o
o
ps
& 0 1 1 1 L 1 1 L 1 1

0 30 60 90
6
Figure 65. Local Freestream Velocity Distribution With

and Without Flow Blockage




141
i ] T ey SRR T T T
R -
o 3 o
93~
1.5 L ™ oy
N
N —
— Data Fari
a Faring
JRED b \\ \/ -
N >
= = \\ W —
1.0 o= ki M '
. ‘/ _Jﬂ
N
2 o
- N S
- Heat Flux Gage Location .
0.5 b— v — Smooth Plate Downstream of Gage
4 — Smooth Plate Upstream of Gage
> — Drilled Plate Upstream of Gage
[ ———  Standard Heat Transfer Curve s
and (Fig. 59)
~ "'~ and Extension (Fig. 64) 3
P S Data Bandwidth -
0 i 1 1 F S | | 1 | A 1
0 20 40 60 s 80 100
Figure 66. Dry Wall Heat Transfer Distribution around the Test

Cylinder as Measured by Gage #2 (A6 = 40°)

> SO W




0.5

Figure 67.

142

Heat Flux Gage Location

— v - Smooth Plate Downstream of Gage —
q - Smooth Plate Upstream of Gage
B~ Drilled Plate Upstream of Gage
- Standard Heat Transfer Curve
F and (Fig. 59) e
—¢— e+~ and Extension (Fig. 64)
- —eeee e Data Bandwidth B
. i .| 1 | 4 N | L d
0 20 40 ¢ 60 80 100
Dry Wall Heat Transfer Distribution around the Test

Cylinder as Measured by Gage #0 (A6 = 14°)

o S A LD 4 SR A




143

this corresponds to es in the range of 0 to 31°. However, for values

eam

of 6 2 45° (8 2 31°), the data for the plate upstream of the gage

seam
(9,») were substantially higher than the standard curve. Therefore,
the presence of the seam caused a significant increase in the heat
transfer rate measured by Gage #0 when the gage was moved past 45° or
the seam location was moved past 31°. For eseam < 31°, the seam does
not appear to create a sufficient disturbance to cause the heat transfer
to increase above the level found for a smooth cylinder. As to be
expected, there is some scatter of the data (for the plate upstream) as
the heat transfer rate increased with 8, since the boundary layer is
very sensitive to the size of the surface disturbance.

Figure 68 presents the results for the gage closest to the seam,
Gage #1 (A6 = 8°). The data show that up to 6 < 40°, all of the data
fall within the data bandwidth for the standard heat transfer curve,
indicating no effect of the presence of the seam upstream of the gage.
For values of 6 2 40°, the data for the plate upstream of the gage (<,?)
increased sharply as 6 was increased. Therefore, the influence of the
seam on the heat transfer rate for Gage #1 was first observed-.at 6 x~ 40°,
corresponding to a seam 6 location of 32°. This is in close agreement
with the seam location for Gage #0 where the heat transfer rate began
to deviate from the standard curve. It is apparent that up to 6 = 31°,
the seam had a negligible effect on the surface heat transfer rate, but
moving the seam past 6 = 31° caused a disturbance in the flow that
definitely affected the downstream heat transfer.

To better isolate the dependence of this disturbance on the angular

lTocation of the seam, the dry wall data were replotted to present results
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for four different seam locations, 6 o 25°, 35°, 45°, and 55°

sea
(corresponding to the injection hole locations of ei = 10°, 20°, 30°,
and 40°). The last three values of ei were the row locations investi-
gated during the film cooling phase of this investigation. For each
seam location, the corresponding values of Nu//RED for the four down-
stream gages were plotted as shown in Fig. 69(a). The values were
obtained from the smooth curves fared through the data for each gage in
Figs. 66 through 68. The standard heat transfer curve (obtained from
Figs. 60 and 64) is also shown on each plot to provide a basis for com-
parison. Recalling the results from the individual heat flux gage plots
of the Nu//ﬁEb distribution, the influence of the seam was not observed
until the value of 6 ... had increased past ~31°. Figure 69(a), with
the seam at 6 = 25°, shows that all four heat flux gages have Nu//RED
values close to the standard heat transfer curve. However, when the
seam was moved to 35°, the results in Fig. 69(b) reveal that the heat
transfer rate indicated by Gages #1 and 0 was significantly higher than
the standard heat transfer curve while the data from Gage #2 agreed with
the standard curve. The dashed line in Fig. 69(b) represents the
probable heat transfer distribution defined by the points for Gages #0
and #1. Apparently the disturbance created by the seam at eseam = 35°
caused the laminar boundary layer to begin a transition to a turbulent
boundary layer. However, the acceleration of the freestream along the
cylinder was apparently sufficient to return the boundary layer to a
laminar form, with the data for Gage #2 in good agreement with the stan-

dard heat transfer curve.
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Moving the seam location further back from stagnation, Fig. 69(c)
shows that for D * 45°, the heat transfer rate for Gages #0 and #1
deviated even farther from the standard curve with the data from Gage
#< being about 15% higher. As the dashed line reveals, the freestream
acceleration apparently returned the boundary layer to a laminar form
with normal transition commencing near 6 = 100°. Finally, Fig. 69(d)
reveals that as the seam was moved to Ogeam = 35°» the heat transfer
rate for Gages #1, #0, and #2 was far above the standard curve as the
dashed line reveals. Apparently the freestream acceleration returned
the boundary layer toward a laminar form, with transition occurring
near 6 = 100°, where the heat transfer rate indicated by Gage #2 was
about 40% above the standard curve.

The plots in Fig. 69 have shown that moving the seam past the
lTocation 6 = 31° creates a sufficient disturbance to initiate a laminar
to turbulent boundary layer transition. However, the freestream accel-
eration along the front of the cylinder appears to return the boundary
layer to a laminar form with transition occurring near 6 = 100°. The

effect of the plate seam on the heat transfer rate for o am 2 31° can

se

be interpreted in terms of a critical roughness height as discussed by
Schlicting [39]. He shows that the critical roughness height (Kcrit)
required to initiate boundary layer transition is given by

v*K
—rit . 45 (39)

where T
v*l-—w—
o
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To estimate the effective roughness height of the injection plate seam,
the shear stress at the wall of a cylinder for a laminar boundary layer+

was used to determine T, VS- 6 from which the value of K was esti-

crit

mated. For 6 = 30°, a value of K = 0.0025 in. would be required to

crit

initiate transition, while for 8 = 10°, K = 0.0043 in. It can be

crit
concluded that the effective roughness of the seam was s 0.0025 in.

The final objective of this phase of the investigation was to com-
pare the data from this study with previous investigations of cylinder
heat transfer. Figure 70 shows the data of Giedt [46] and Seban [47]
for a high turbulence level plotted for comparison with the standard
heat transfer curve for the smooth cylinder (from Figs. 60 and 64)
obtained in the present study. As the figure shows, the standard curve
of the present study is in good agreement with the previous investiga-
tions. The only discrepancy is in the value of 6 where the minimum
Nu/JﬁEb occurs. While Giedt [46] and Seban [47] show the minimum near
the location of 6 = 90°, the present investigation observed the minimum
near 6 =~ 100°. As has been discussed, this effect is attributed to the
tunnel blockage due to the 5.02cm cylinder in the 20.32cm high wind
tunnel. It is expected that increased acceleration of the freestream
near 6 ~ 90°, shown previously in Fig. 65, delayed boundary layer tran-
sition until 6 =~ 100°, however inr the range 0 < 6 < 90°, the dry wall
results from the present investigation ave in excellent agreement with

the results of previous investigations.

' presented in Figure 9.7 [39].
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III.C. Film Cooling Results

The third phase of the investigation involved a study of film cool-
ing using a single row of spanwise angled holes. The data to be pre-
sented in this section are discussed only in a qualitative fashion with
the analysis of the data being presented in the following section. As
previously explained, this study was conducted to model the leading edge
of a turbine vane using the stagnation region of a cylinder in cross
flow. Therefore all data presented represent local heat flux measure-
ments obtained on the test cylinder in the range of 0 to 90° from the
stagnation line. The major objective of the study was to determine the
influence of the injection angle, 8, the row location, ei. and the cool-
ant blowing ratio, M, on the film cooling performance at various down-
stream and spanwise locations.

Table 4 outlines the range of parameters investigated. The row
location relative to stagnation, 61. was investigated at three different
values, 20°, 30°, and 40°. Likewise three different values of injection
angle, B, were investigated, 5°, 35°, and 45°. Also the film cooling
performance was measured at i.iree different downstream distances (x/do).
and at each of the downstreai.. distances, the performance was measured
at the three different spanw.se locations (z/s) as listed in Table 4.

While the coolant injection parameters were varied during the
investigation, the freestream conditions were held constant. As Table 2
in Section I1.C. showed, a freestream Reynolds number of 1.7x10° and a
freestream-to-wall temperai. : ratio of 2.1, both representative of a

o gas turbine environment, were maintained throughout the investigation.
The coolant blowing ratio, M, which provides an indication of the
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amount of coolant blown onto the surface, was varied throughout the in-
vestigation, and as was discussed in Section III.A.2., the variation of
the coolant mass flow rate had a small influence on the temperature of
the coolant emerging from the injection hole. However, Table 2 in
Section II.C. shows that the coolant-to-freestream density ratio was
within a +9% bandwidth of a mean value of 2.21.

The film cooling performance data are presented in terms of the
Stanton Number Reduction, which is defined as:
1- EEEQ (36)

Sto

As was discussed in Section II.D., the Stanton number ratio (Sth/Sto)

Stanton Number Reduction

i

is equal to the heat transfer coefficient ratio (hFc/ho) when the wall

= Tw ).
FC o
The Stanton Number Reduction represents the fractional reduction

temperature is the same with and without film cooling (Tw

in the Stanton number due to film cooling. Figure 71 illustrates the
data typical of that obtained in the present study, showing the Stanton
Number Reduction as a function of the coolant blowing ratio, M. The
values of the geometric film cooling parameters (8, ei’ x/do) that were
held constant for these experiments are listed. Figure 71 presents the
results obtained from a single heat flux gage (x/d° = 8.0) for three
different locations (z/s) of the gage between the holes. For each z/s
location, a smooth curve was fared through the data showing the variation
of the Stanton Number Reduction vs. M for the particular location on the
cylinder surface.

As Fig. 71 demonstrates, the Stanton Number Reduction increased
as the blowing ratio initially was increased indicating that Sth
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Figure 71.
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Variation of the Stanton Number Reduction with
the Blowing Ratio, M
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decreased as the film cooling process became more effective. However,
above a certain level of M, further increases in M caused the Stanton
Number Reduction to decrease, indicating poorer film cooling performance.
Figure 71 shows that at high values of the blowing ratio the Stanton
Number Reduction may become negative (i.e. Sth > Sto), indicating that
film cooling has resulted in a surface heat transfer rate higher than
the dry wall heat transfer rate.

The repeatability of the data obtained from separate experiments
using a fixed coolant injection configuration is shown by the uncertainty
bandwidth (—o—) applied to selected data points. The uncertainty
range from these experiments did not exceed +.015 units. To avoid any
effects due to changes in freestream flow conditions or wall temperature
conditions during a given experiment, the dry wall heat flux (q;) was
measured before and after the film cooling measurements. The data were
discarded and retaken if the value of the dry wall Nusselt number shifted
by more than 3 per-cem:.Jr

The injection plate-cylinder wall seam was observed to influence
the downstream dry wall heat transfer rate, as discussed in Section
III.B. It was not possible to determine the influence of the seam on
the heat transfer rate with film cooling. If the influence of the seam
on the values of q; and q;c was of the same order magnitude, then the

Stanton Number Reduction reported herein (cylinder with a seam) would

X The check on the value of qo before and after the film cooling measure-
ments was undertaken to ensure a constant sensitivity of the heat flux
gages during a given experiment. No change in gage sensitivity due to
surface erosion or oxidation was observed in this study which is in con-
trast to that reported in Ref. [48].
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apply to a perfectly smooth cylinder. If the influence of the seam on
the value of q;c was substantially less than its influence on the value
of q;, due to the aerodynamic smoothing caused by coolant injection, the
Starton Number Reduction reported herein would be greater than that
expected for a smooth cylinder. Although there is some uncertainty of
the "seam effect" on the magnitude of the Stanton Number Reduction, the
trends with respect to the blowing ratio, M, and injection geometry
established in this study are expected to be representative of those
found on a smooth cylinder.

Figures 72(a), (b), (c) present the film cooling performance
(corresponding to Case I in Table 4) for an injection angle of g = 25°
at the three downstream distances of x/d0 = 6.4, 8.0, and 15.2. The
location of the row of holes was fixed at 6; = 40° and on each figure
the data are presented for three different spanwise locations (z/s).
Throughout the entire investigation, the data for the downstream distance
x/do = 8.0, exhibited the least data scatter and the most orderly trends.
The increased scatter and/or less orderly trend of the data for x/d0 =
6.4 is attributed to the influence of the seam, while the data for x/do =
15.2 were generally influenced by the Tow level of the film cooling
effect.

The level of the Stanton Number Reduction for all three values of
z/s in Fig. 72(b) increased as the blowing ratio was initially increased.
Then at a particular blowing ratio, each curve reached a maximum, so
that increasing M farther only caused the film cooling performance to
deteriorate. For z/s of 0.00 and 0.33, the Stanton Number Reduction

even became negative. The highest levels of film cooling performance
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were found at the z/s location of 0.67, with the maximum point on the
curve corresponding to a Stanton Number Reduction of 0.40 when using a
blowing ratio of ~1.1.

A significant feature indicated in Fig. 72(b) is the spanwise
variation of the film cooling performance. At low values of M (~0.25),
the spanwise variation was small, but at higher values of the blowing
ratio, it became more significant. At the blowing ratio of 1.0, the
Stanton Number Reduction varied from 0.39 at z/s of 0.67 to 0.02 at z/s
of 0.00, indicating that the film cooling configuration used (8=25°,
ei=40°) provided effective cooling protection at z/s = 0.67, but very
little protection at z/s = 0.00. Due to this large spanwise variation
in the film cooling performance, it is difficult to assess the influence
of the injection angle, B, and the row location, ei’ from an examination
of the data at §e1ected values of z/s. Therefore, only general trends
will be discussed with the presentation of the data and the influence
of 8 and 8; will be analyzed in greater detail in Section III.C.2.

At the downstream distance of x/do = 6.4, Fig. 72(a) shows trends
similar to those in Fig. 72(b). Once again, the highest level of film
cooling performance was observed at the location z/s = 0.67. There was
a significant spanwise variation of the film cooling performance and at
high blowing ratios, all three curves indicated a negative Stanton
Number Reduction. Moving farther downstream, the results for x/do = 15.2
are presented in Fig. 72(c). The levels of film cooling performance
have deteriorated substantially and only at the location z/s = 0.50 was
4 positive Stanton Number Reduction observed. Thus, only a small span-
wiae Mstance along the surface was cooled, while outside of that
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region the surface heat flux was greater than without film cooling.

The next set of data (Case II in Table 4), corresponding to the
row of holes located at ei = 30°, is presented in Figs. 73(a), (b),

(c). The injection angle, B, and the downstream distances, x/do. are
the same as those in Fig. 72. Figure 73(b), for x/d, = 8.0, shows
similar trends for the Stanton Number Reduction as seen in Fig. 72(b).
The highest levels of film cooling performance were found at the loca-
tion z/s = 0.67 with a maximum Stanton Number Reduction of 0.21 observed
at a blowing ratio of ~1.1. . The spanwise variation of the film cooling
performance was negligible for values of M up to 0.75, but at M ~ 1.1,
the Stanton Number Reduction varies from 0.21 at z/s = 0.67 to 0.07 at
z/s = 0.00.

Figure 73(a) shows similar trends for x/d, = 6.4. The spanwise
variation was small up to M = 0.50, but for greater values of M the
spanwise variation was significant. Figure 73(c) presents the data for
x/do = 15.2, showing the Stanton Number Reduction to be negative for
the entire range of M investigated.

Comparing Figs. 73(b) and 72(b), the effect of moving the row of
holes closer to stagnation (from 6i = 40° to 30°) was to decrease the
maximum Stanton Number Reduction from 0.40 to 0.21, while the correspond-
ing blowing ratio remained constant at ~1.1. However, while the film
cooling performance level decreased, the row location closer to stagna-
tion (e1 = 30°) did result in less spanwise variation of the film cooling
performance. Both figures show that the highest level of Stanton Number

Reduction was found at the spanwise location of z/s = 0.67.
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The third data set (Case III in Table 4) again represents only a
change in the row location to 6, = 20°. The results in Fig. 74(a), (b),
(c) are for the same injection angle, B, and downstream distances pre-
sented in Figs. 72 and 73. Figure 74(b) follows the basic trends ob-
served for the previous two data sets. The curves for all three values
of z/s reach a maximum level of Stanton Number Reduction at a particular
blowing ratio, and increasing M past that value only causes the film
cooling performance to deteriorate. As seen in the past two data sets,
high values of M result in the Stanton Number Reduction becoming negative.
The highest level of film cooling performance was found at the location
z/s = 0.67 with a maximum Stanton Number Reduction of 0.14 at a blowing
ratio of ~1.4.

The spanwise variation of the film cooling performance was small up
to the blowing ratio of 1.0. In this range, the Stanton Number Reduction
for z/s = 0.33 even exceeded that for z/s of 0.67, but for M > 1.0, the
highest levels were found at z/s = 0.67. Figure 74(a) shows basically
the same trends found in Fig. 74(b). The spanwise variation of the film
cooling performance is larger than that in Fig. 74(b) because, while
the Stanton Number Reduction for z/s of 0.33 and 0.67 was nearly the
same, the Stanton Number Reduction for the curve of z/s = 0 never varied
far from zero. At the downstream distance of x/do = 15.2, Fig. 74(c)
shows that the film cooling performance was negligible. Only at z/s of
0.50 did the Stanton Number Reduction ever become positive, and even at
that spanwise location it never exceeded 0.03.

A comparison of Figs. 72(b), 73(b), and 74(b), shows that moving
the row of injection holes closer to stagnation (e1 = 40° to 20°) resulted
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in a decrease of the film cooling performance. The maximum Stanton
Number Reduction varied from a value of 0.40 at 6, = 40°, to 0.21 at
oy = 30°, and finally to 0.14 at 0; = 20° while the corresponding blow-
ing ratio for maximum performance increased slightly from 1.1 (ei = 40°,
30°) to 1.4 (ei = 20°). For all three cases, the spanwise variation was
small at low values of the blowing ratio, but the value of M at which
the spanwise variation became significant increased as b; was decreased.
Therefore, a more uniform spanwise film cooling performance was obtained
across the surface up to a higher value of M as the row location was
moved closer to stagnation.

The fourth data set (Case IV in Table 4), presented in Figs. 75(a),
(b), (c), represents an injection angle, 8 = 35°, with the row location
at T 40°. With the steeper injection angle, the general trend of
the data in Fig. 75(b) is similar to that established in the first three
data sets for the injection angle of 25°. The curves for all three
values of z/s increase as M is initially increased reaching a maximum
level at a particular value of the blowing ratio. For greater values
of M, the Stanton Number Reduction continually decreased, resulting in
the Stanton Number Reduction becoming negative at some locations. The
highest level of film cooling performance was observed at the location
z/s = 0.33, with a maximum Stanton Number Reduction of 0.28 at a blowing
ratio of 0.75. The spanwise variation of the film cooling performance
was small only for M < 0.3,

Figure 75(a), representing the downstream distance of x/d, = 6.4,
shows basically the same trends as those described in Fig. 75(b),

although the spanwise non-uniformity of the film cooling performance
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did not become significant until M exceeded 0.75. At the downstream
distance of x/do = 15.2, Fig. 75(c) shows that film cooling causes the
Stanton Number Reduction to be negative for all values of M.

The effect of the injection angle is shown by comparing Figs. 72(b)
and 75(b). The maximum Stanton Number Reduction decreased from 0.40
for 8 = 25° to 0.28 for B = 35°, while the corresponding blowing ratio
was M ~ 1.1 for B = 25° to M ~ 0.75 for B = 35°. Also, the location
where the maximum Stanton Number Reduction was observed shifted from
z/s = 0.67 for g = 25° to 2/s = 0.33 for B = 35°.

Figures 76(a), (b), (c) present the fifth data set, corresponding
to Case V in Table 4, with row location moved to 84 = 30°. Figure 74(b)
shows a maximum Stanton Number Reduction of 0.21 at a blowing ratio of

0.9 for the location z/s = 0.33. The spanwise variation of the film
cooling performance was not negligible although it was not as large as
that seen in previous figures. Figure 76(a) shows that, for x/do = 6.4,
the highest level of film cooling performance was found at the location
z/s = 0.67. Also, the spanwise variation is larger than that seen in
Fig. 76(b). At the downstream distance of x/d, = 15.2, Fig. 76(c)
reveals that the film cooling performance had deteriorated such that the
Stanton Number Reduction was generally negative.

A comparison of Figs. 75(b) and 76(b), with 8 = constant, and 8,
decreased from 40° to 30°, shows the maximum Stanton Number Reduction
decreasing from 0.28 (ei = 40°) to 0.21 (ei = 30°) while the correspond-
ing blowing ratio was approximately constant in the range of 0.75 to 0.9.
Once again, the location of the row of holes at 0y = 30° resulted in less

spanwise variation of the film cooling performance.
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The sixth data set (Case VI in Table 4), shown in Figs. 77(a), (b),
(c) corresponds to injection closest to stagnation, ei = 20°, with
B = 35°. Figure 75(b) shows a maximum Stanton Number Reduction of 0.17
corresponding to a blowing ratio of ~0.9. The spanwise variation was
significant for values of M 2 0.3 and, once again the highest level of
film cooling performance was found at the location z/s = 0.33.

Figure 77(a) shows a maximum Stanton Number Reduction of 0.11 at
the location z/s = 0.67. Figure 77(c) shows that for 6; = 20°, the
Stanton Number Reduction at the downstream distance of x/do = 15.2 was
minimal although positive for values of M up to ~1.3.

Comparing Figs. 75(b), 76(b), and 77(b), for B = 35°, shows that
moving the location of the row of holes closer to stagnation resulted
in a decrease in the film cooling performance as was observed previously
for an injection angle of B8 = 25°. The maximum Stanton Number Reduction
decreased from 0.28 for 0y = 40°, to 0.21 for 8 = 30°, and finally to
0.14 for 6i = 20°, while the corresponding values of the blowing ratio
were approximately constant in the range of 0.75 to 0.9.

The final data set (Case VII in Table 4) presented in Figs. 78(a),
(b), (c) corresponds to an injection angle of B = 45° with the row
located at 0, = 40°. Figure 78(b) shows that the maximum Stanton Number
Reduction observed for x/do = 8.0 was 0.11 at the blowing ratio of 0.45.
There was some spanwise variation of the film cooling performance even
at this low level of Stanton Number Reduction with the highest level of
film cooling performance being found at the location z/s = 0.33 for
M < 0.75. Figure 78(a) shows the highest level of film cooling perform-

ance at the location z/s = 0.33 with the maximum Stanton Number Reduction
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of 0.1 occurring at the blowing ratio of 0.75. At the downstream distance
of x/d0 = 15.2, Fig. 78(c) shows the deteriorated film cooling performance
similar to that in previous figures.

A comparison of Figs. 72(b), 75(b), and 78(b), for ei=constant(40°),
shows the influence of the injection angle, B, as it was changed from
25° to 45°. Increasing the injection angle, B, caused the maximum
Stanton Number Reduction to decrease from 0.40 for B = 25°, to 0.28 for
B = 35°, and finally to 0.11 for B = 45°. Also, the blowing ratio
corresponding to the maximum Stanton Number Reduction decreased from
1.1 for B = 25°, to 0.75 for B = 35°, and finally to 0.45 for B = 45°.

The data from the film cooling measurements taken during this
investigation have been presented in Figs. 72 through 78 and the general
trends exhibited have been discussed. Due to the spanwise variation of
the Stanton Number Reduction seen throughout the data, it was difficult
to assess the influence of the injection angle, B, and the location of
the row of holes, 6y- In the following section, the spanwise variation
of the data are analyzed by first cross plotting the Stanton Number
Reduction as a function of z/s. This permits the identification of a
spanwise maximum Stanton Number Reduction and a spanwise averaged
Stanton Number Reduction. The spanwise maximum Stanton Number Reduction
and the spanwise averaged Stanton Number Reduction are then used to
assess the influence of the injection angle, B, and the location of the

row of holes, 61.
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II1.D. Analysis of Film Cooling Data

In the preceeding section, the film cooling results were presented
for the seven different film cooling configurations studied, each con-
figuration being identified by a particular case number in Table 4.

Due to the spanwise variation of the Stanton Number Reduction found in
the data, it was difficult to assess the influence of the injection
angle, B, or the row location, ei, on the film cooling performance by
examining the data at specific values of z/s. In order to characterize
the spanwise variation of the Stanton Number Reduction, the measured
data were cross plotted as a function of z/s for selected values of M.
Figure 79 is a representative figure of the cross plotted data result-
ing from Case I. The values of the geometric parameters held constant
for the case are presented on the figure. The data from Fig. 70(b)
were cross plotted for selected values of the blowing ratio using the
measured data points for the three values of z/s and a fourth point
based on the assumption of periodicity (z/s = 0.0 equivalent to 1.0).
A smooth curve was fared through the four points using the following
guidelines:

1) if one measured z/s data point had a significantly higher level

of Stanton Number Reduction than the other two measured points,
the smooth curve was drawn so as to peak close to the z/s
location with the highest magnitude of Stanton Number Reduction.

2) if two measured z/s data points had approximately the same

Tevel of Stanton Number Reduction (higher than that of the
third peint), a smooth curve was drawn so that the peak

occurred near the middlie of the two z/s locations.
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Figure 79. Spanwise Variation of the Stanton Number Reduction
(B=25°, 6=40°, x/d°-8.0)
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3) due to periodicity, the slope of the curve at the z/s location
of 0.0 was drawn to match the siope at the z/s location of
1.00.

The smooth curves shown in Fig. 79 represent the spanwise variation
of the Stanton Number Reduction for an injection angle of B = 25°. From
the curve for a selected value of M, one can identify a "spanwise maxi-
mum Stanton Number Reduction", [l-(Sth/Sto)]*. and the corresponding
location (z/s)*.hereafter referred by the "*" designation. The location
of the *-point on each curve is shown in Fig. 79, with the values of
[l-(Sth/Sto)]* and (z/s)* for M = 0.75 identified along the axes for
clarification. As the blowing ratio was increased from 0.25 to 1.0, the
value of [1-(Sth/Sto)]* increased from 0.11 to 0.42, although the non-
uniformity of the film cooling performance was much more severe for the
higher values of M as shown in Fig. 79. The values of (z/s)* shown in
Fig. 79 were in a range between 0.50 and 0.65, with (z/s)* increasing
slightly with M.

In contrast, Fig. 80 shows similar results for the same values of
8 and x/do. but with an injection angle of g = 35°. The results in
Fig. 80 show the level of [1-(Stc /St )]1" increasing with M up to a value
of 0.30 at the blowing ratio of 0.75, and then decreasing as M was
increased to 1.00. For the coolant injection angle of g = 35°, the
"spanwise maximum Stanton Number Reduction" was observed to occur in
the range of (2/s)” = 0.35 to 0.45. Comparing Figs. 79 and 80, it is
apparent that, for a given value of M, the steeper film coolant injec-
tion angle resulted in lower levels of film cooling performance with

the *-point occurring at smaller values of (z/s).
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A1l of the data presented in Figs. 72 to 78 were cross plotted in
the manner illustrated in Figs. 79 and 80 and are included in Appendix
VI. To assess the influence of the injection angle, B, and the row
location, ei' on the film cooling performance, the spanwise distributions
were interpreted by:

* Ay
1) analyzing the variation of [1-(Sth/Sto)] and (z/s) with
respect to M, B, and 6, (Section III.D.1.),
2) analyzing the variation of the "spanwise averaged Stanton
Number Reduction", [l-(Sth/Sto)]AVG, with respect to M, B,
and 8, (Section III.D.2.).

The results from both procedures are presented and discussed in the

following sections.

III.D.1. Data for Spanwise Maximum Stanton Number Reduction

From the presentation of the data (Section III.C.), the coolant
injection angle, B, was seen to have a definite influence on the film
cooling performance. To determine the influence of B, the values of
[1-(Stgo/St,)1", as defined in Section II1.D., are analyzed in this
section. Figures 81(a), (b), and (c) present the Stanton Number
Reduction for the *-points as a function of the blowing ratio, M, for
a constant value of x/do. The data have been plotted for the different
values of the injection angle, B, investigated at each particular row
location, e,. as shown on the figures. For each value of 8, a smooth
curve was fared through the data points to describe the variation with
respect to M. It should be recalled that the values for the *-points
were obtained from data fairings (see Figs. 79 and 80). A flag is
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attached to all symbols (o) designating the *-points te distinguish
them from measured data points.

Figure 81(a), for the location 6, = 40°, shows that at low values
of the blowing ratio, the magnitude of [1-(Sth/Sto)]* increases
approximately linearly with M independent of the value of B, For each
value of B, as M is progressively increased, the trend of [1-(Sth/Sto)]*
deviates from the linear behavior, and reaches a maximum level,
[l-(StFC/Sto)];Ax at a particular blowing ratio, which will be identi-

fied as the optimum blowing ratio, M Increasing the blowing ratio

*
opt’

*
past "o results in a deterioration of the film cooling performance.

t
The cur:e for B = 25° follows the linear trend up to a blowing ratio of
M~ 0.75. A maximum value of [1-(Sth/Sto)]mr of 0.40 was observed at

*

"opt = 1.07. As the injection angle was increased from 26° to 45°,
the level of [1-(St /St )]y, decreased from 0.40 to 0.12 while at
the same time, the magnitude of M. . decressed from 1.07 to 0.60.
Figure 81(b) presents similar results for injection angles of 25°
and 35°, at the row location 0y = 30°. (Data were not obtained for
B = 45°, 6, = 30°.) The results show the same linear trend of the film
cooling performance with M at the lower values of the blowing ratio.
A tlose examination of the data points reveals that slightly higher
values of the Stanton Number Reduction were observed for £ = 35°. The :
.’ maximum level of [1-(Stee/St )1" 4s 0.25 for 8 = 25°, and 0.23 for 6 = ‘
35°, with the value of M_ . decreasing from 1.10 to 0.90 as 8 was
increased from 25° to 35°.
The dotted Tine in Fig. 81(b) represents the linear trend found in
Fig. 81(a) at the location 0y = 40°. (Comparing Figs. 81(a) and (b),
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reveals that the slope of the linear trend decreased as ei was decreased.
In Fig. 81(a), increasing B from 25° to 35° caused [1-(Sth/Sto)]* to
decrease ~ 22%, while in Fig. 81(b), the decrease was only ~ 8%. Both

figures show a decrease in M; ¢ as the value of B was increased.

Figure 81(c) presents thz data with the row location at 8; = 20°.
The same linear variation with M is evident at low values of the blow-
ing ratio. Both curves reach a maximum at a particular blowing ratio,
M;pt’ and then decrease as M is increased past it. The maximum level
of [l-(Sth/Sto)]* for B = 35° reached 0.22 exceeding the value of 0.18

for B = 25°. However, the optimum blowing ratio, M* continued to

opt
decrease as the injection angle was increased, goingpfrom 1.25 for B =
25° to 0.90 for B = 35°.

The linear trends established in Figs. 81(a) and (b) are included
in Fig. 81(c), showing that the linear trend established for low values
of M was essentially the same for the locations of ei = 30° and 20°,
with a steeper slope observed for the location 8; = 40°. Figures 81(a),
(b), and (c) reveal an optimum blowing ratio that decreased as the injec-
tion angle was increased. While the value of [1-(St,_.c/$to)];Ax at
0; = 40° showed a significant decrease (~ 22%) as B was increased from
25° to 35°, the decrease at 8; = 30° was much less (~ 8%) and, in Fig.
81(c), the change with respect to g was seen to reverse. The influence
of g (at 8y = 20°) is illustrated further by examining the spanwise
distributions of the Stanton Number Reduction shown in Figs. 82(a) and
(b). It can be seen that while the values of the spanwise maximum
Stanton Number Reduction at B = 35° exceeded those at B = 25°, a more

uniform distribution was found at the shallower angle. This results in
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a larger spanwise averaged Stanton Number Reduction for B = 25° as is
shown in Section III.D.2.

Figures 83(a), (b), and (c) present similar results for
[1-(Sth/Sto)]* at the downstream location of x/d0 = 6.4. Figure 83(a)
shows the familiar linear variation with M at low values of the blowing
ratio, although the data for the injection angle of 45° deviates for

M 2 0.2. As seen in Fig. 81(a), when B was increased, the level of
*

opt
trend established in Fig. 81(a) for x/do of 8.0 is represented by a

[1-(StFC/StO)];Ax and the magnitude of M decreased. The linear
dotted line in Fig. 83(a), showing that the slope of the linear trend
decreased slightly in moving from x/do of 8.0 to 6.4.

Figure 83(b), for 0, of 30°, shows the linear variation with M at
low values of the blowing ratio as found in the previous figures.
Again, as was seen in Fig. 81(b), the maximum level of [1-(StFC/St°)]*
for B of 35° and B of 25° were not markedly different. The dotted
line in Fig. 83(b) represents the linear trend found in Fig. 83(a),
which shows the linear trends are nearly identical.

Figure 83(c) shows the results for 8, of 20°, and once again the
linear trend at low values of the blowing ratio are observed. The
dotted lines represent the linear trends from Figs. 83(a) and (b)
indicating a slope that is somewhat steeper than that in Fig. 83(c).

The values of [1-(Sth/St°)];Ax and M; ¢ decreased as B was increased

p
in agreement with the trends observed previously.

* *
A summary of the values of [1-(Sth/Sto)]MAx and "o ¢ extracted

p
from Figs. 81 and 83 are listed in Table 5. A common feature found

throughout the data was that the value of H; always decreased as the

pt
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Table 5. The Influence of the Injection Angle, 8, on
Mopt and [1-(Sth/Sto)]
% . ”
8, x/d0 B8 Mopt [l-(StFC/Sto)]MAX
25 1.07 0.40
40 8.0 35 .78 0.31
45 .60 0.12
30 8.0 25 1.10 0.245
35 .90 0.235
20 8.0 25 1.25 0.18
35 .90 0.22
25 b.22 0.37
40 6.4 35 .85 0.235
45 75 0.100
30 6.4 25 1.13 0.26
35 .85 n.29
20 6.4 25 1.00 0.24
35 .85 0.165
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injection angle, B, was increased. At a location of ei = 40°, the
value of [1-(Sth/St0)];AX also decreased as the injection angle was
increased. However, moving closer to stagnation (ei = 30° or 20°),
this trend was not observed. The value of [1-(StFC/St0)];AX for 6, =
30° was essentially the same for g of 25° and 35°. For 6, = 20°, the
value of []'(StFC/Sto)];AX at x/d0 = 8.0 increased somewhat as B was
increased, while at x/d0 = 6.4 the opposite trend was observed.

The predominate trend observed throughout Figs. 81 and 83 was that,
for given values of B, 055 and X/do’ the value of [1-(Sth/Sto)]*
reached a maximum at a particular blowing ratio, M;pt‘ These trends
are consistent with previous investigations by LeBrocq, Launder, and
Pridden [49], Goldstein, Eckert, and Burggraf [23] and Launder and York
[35], indicating an increase in the film cooling effectiveness with
increasing M in the low M range due to an increase in the coolant
thermal capacity, followed by a deterioration of the effectiveness in
the high M range (M > M:pt) due to penetration of the coolant and
enhanced mixing with the freestream. For low values of the blowing
ratio, the freestream-coolant mixing is held to a minimum, and a larger
coolant mass addition (larger M) leads to improved film cooling perform-
ance. This feature is clearly evident in Figs. 81 and 83 with a linear
trend of [1-(Sth/St°)]* vs. M at low values of the blowing ratio,
independent of the value of 8. As long as the coolant jet penetration
into the freestream is minimal, the injection angle B had no influence,
and the film cooling performance continually increased as the blowing
ratio was increased. However, for a sufficiently large value of the

blowing ratio, the coolant jet penetrates into the freestream, allowing
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the freestream flow to pass underneath the jet, greatly enhancing the
mixing process. Thus, as the blowing ratio is increased, the increased
mixing starts to degrade the effects of coolant mass addition and the
film cooling effectiveness (or Stanton Number Reduction) reaches a
maximum value as demonstrated in Figs. 81 and 83. Increasing M above
M;pt lead to a rapid deterioration in the film cooling performance as
the detrimental effects of increased mixing completely overwhelmed the

beneficial effects of increased mass addition.

Since the penetration of the coolant plays such a significant role

&

in the mixing process, the injection hole angle is important in deter-
mining the optimum blowing ratio. With a steeper injection angle,
significant penetration of the coolant can be expected to occur at a
smaller value of the blowing ratio. Therefore, as Figs. 81(a) and
83(a) have shown, the data for an injection angle of 45° deviated from
the linear trend first, followed by the data for 8 = 35°, and then B =
25°%

In addition to the influence of the injection angle, B, on the
value of the optimum blowing ratio, the injection angle also influenced
the spanwise location along the surface where the maximum Stanton
Number Reduction occurred. Previously, in Fig. 79, the location (z/s)*
was defined and, for B = 25°, was observed to fall in the range of 0.50
to 0.65. Increasing the injection angle to B = 35°, as shown in Fig.
80, the location (z/s)* fell in the range of 0.35 to 0.45. A more com-
prehensive 11lustration of the variation of (z/s)* with 8 and M was
prepared from the data in Appendix VI and is shown in Fig. 84. The

solid curves represent data farings for M s.M; . The data for

pt
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M<M show a substantial increase in the level of (z/s)* as B was

*
opt
*
decreased from 45° to 25° and a more gradual increase of (z/s) along
*
pt’ opt’
*
the value of (z/s) tends toward zero. These trends reflect the

each faring as M was increased up to M: For values of M > M
variation of the trajectory of the coolant across the surface which is
governed by the coolant momentum components tangential and normal to
the surface. The tangential or spanwise momentum component varies as
MzcosB while the normal component varies as MzsinB. Consequently, as
the momentum component in the spanwise direction was increased (by
decreasing B or increasing M), the location of [1-(Sth/Sto)]* shifted
to larger values of (z/s)*. Figure 84 shows, for M S'M;pt (i.e.
minimal coolant penetration), that a change in the value of B had a
much stronger influence on (z/s)* than a change in the value of M.

For values of M > M*

opt
the normal component of momentum should be important. Indeed, the data

» When coolant penetration and mixing predominate,

show that the value of (z/s)* decreased with increasing M and B, sug-
gesting that the normal momentum component had the primary influence.

The data for [1-(Stgc/St)]" vs. M also have been examined to
determine the influence of the row location, 91. Figure 85 presents
the Stanton Number Reduction (*-point) as a function of M for the three
values of e1 investigated.

Figure 85(a), for B = 25°, shows the value of []'(StFC/Sto)];AX
decreasing from 0.40 to 0.245 to 0.18 as 61 was decreased from 40° to

30° to 20°, respectively. The corresponding values of M; increased

pt
slightly from 1.07 to 1.1 to 1.25. Thus, movement of the row of holes

closer to stagnation resulted in a 50 percent decrease in
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*
(1-(StFC/Sto)];Ax while the value of Mo ¢ Was relatively unaffected.

Figure 83(b) illustrates similar trendspfor the data with 8 = 35° and a
summary of the results indicating the influence of 6 is presented in
Table 6.

The effect of ei on the film cooling performance reflects the influ-
ence of changes in the freestream acceleration and the boundary layer
thickness. Table 6 also shows the computed va]ues+ of the acceleration
parameter, Ki’ and the boundary layer displacement thickness-to-injection
hole diameter ratio, 6*/do, for each value of 6; studied. As can be
seen in Table 6, the variation of the boundary layer thickness was
relatively insignificant for the range of ei investigated. Thus, the
observed effects of ei are not attributed to changes in 6*/do. On the
contrary, the variation of 6; from 40° to 20° corresponded to over a
fourfold increase in the acceleration parameter, Ki‘ A survey of pre-
vious investigations of the influence of Ki (discussed in Section I.C.5.)
shows some disagreement on the effect of changes in Ki on the film cool-
ing performance. However, the results from Ref. 14, 32, 33, and A,
indicate a general decrease in the film cooling performance (from the
zero gradient case) as Ki is increased, which is in agreement with the

trends shown in Table 6.

1\See Section II1.C. for the method of computation.




Table 6 The Influence of Row Location, 91. on H
[1-(Stpe/St ) Jyay (x/d, = 8.0)
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opt and

*

K3
Injection Location B "opt [l-Sth/Sto]"Ax

0, = 40° 250 1.07 0.40

K, = 1.1x107° 35° .78 0.31
§*/d_ = 0.028 45° .60 0.12

9, = 30° 250 1.10 0.245

Ky = 2.1x107° 35° .90 0.235
§*/d_ = 0.027

9. = 20° 250 1.25 0.18

K, = 4.8<107° 35° .70 0.22
s*/d_ = 0.026
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II11.D.2. Data for Spanwise Averaged Stanton Number Reduction Data

The spanwise variation of [l-(Sth/Sto)] was used to calculate a
“spanwise averaged Stanton Number Reduction" designated as
[1-(Sth/Sto)]AVG. The spanwise averaged values were determined by
graphical integration using data farings such as those shown in Figs.

79 and 80 ahd in Appendix VI. Figure 86 presents the spanwise averaged
film cooling performance as a function of the blowing ratio, M, for
B = 25° and three downstream locations (x/do).

Figure 86(a), for 61 = 40°, shows that the spanwise averaged film
cooling performance at the distances x/do = 6.4 and 8.0 was approximately
the same, with a maximum value (designated as [1'(StFC/Sto)]AVG.MAX) of
~0.19 occurring at Mo

above M

pt = 1.00. As the blowing ratio was increased

opt? the film cooling performance for both values of x/do
decreased substantially. At the downstream distance x/do = 15.2, the
film cooling performance had deteriorated to a negligible level.

The results in Fig. 86(b), for 6; = 30° follow similar trends.
Again, the film cooling performance for x/do = 6.4 and 8.0 were essen-
tially the same while the performance at x/do = 15.2 was negative. The
same observations are made for the data at 64 = 20°, shown in Fig. 86(c).

Similar results are presented in Fig. 87 for the injection angle,

B = 35°. Figure 87(a), for 8; = 40°, shows again that the film cooling
performance for x/do = 6.4 and 8.0 was essentially the same with a
maximum value of 0.19 occurring at a blowing ratio of ~0.67. Downstream
at x/do = 15.2, the film cooling performance had again deteriorated to
negative levels. Comparing Figs. 86(a) and 87(a) for different values

of B, the value of U'(StFC/Sto)]AVG.MAX was essentially the same for
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B = 25° and 35°, while the value of Mo decreased as the injection

pt
angle, B, was increased. The film cooling performance for 8; = 30° in
Fig. 87(b) and Fig. 87(c) for 9; = 20° showed similar trends. The data
for 8 = 45° at the location 0 = 40° are shown in Fig. 88.

A comparison of Figs. 86, 87, and 88 shows that the spanwise
averaged Stanton Number Reduction for x/do = 6.4 and 8.0 was essentially
the same while the values for x/d0 = 15.2 were generally negative.
Increasing the injection angle from 25° to 35° was found to have little
influence on the value of []'(StFC/Sto)]AVG.MAX‘ However, increasing B
to 45° (at ei = 40° only) resulted in a large decrease in the value of

[]'(StFC/Sto)]AVG,MAX' The value of Mo decreased as B was increased

pt
from 25° to 45°. Table 7 summarizes the numerical values for x/do = 8.0.
It can be seen that moving the row of holes closer to stagnation (ei

decreasing) resulted in a decrease in the level of []'(StFC/Sto)]AVG,MAx‘

but the value of Mo and the influence of 8 on the level of

t
[]'(StFC/Stb)]AVG,M:x was relatively independent of 0
Therefore, the trends established by the spanwise averaged results
were very similar to those found from the *-data. As the location of
the row of holes was brought closer to stagnation, both the spanwise
averaged and the *-data showed the film cooling performance decreased

substantially, while the value of Mo ¢ increased slightly. Also, both

types of results demonstrated that 1:creasing the injection angle, 8,
led to a decrease in the optimum blowing ratio, and that increasing B
from 25° to 45° resulted in a significant decrease in the Stanton Number
Reduction. However, for the *-data, the spanwise maximum film cooling

performance for e1 of 40° decreased ~22% as B was increased from 25° to
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Table 7 The Spanwise Averaged Stanton Number Reduction Results

(x/d, = 8.0)
Injection Location B Mopt []'Sth/Sto]AVG,MAx
0, = 40° . 25° 1.00 0.19
K, = 1.x107° | ™ 350 0.67 0.19
6+/d, = 0.028 45° 0.57 0.065
6, = 2° 25° 0.90 0.15
K, = 2.1x10™° 350 0.83 0.17
5%/d_ = 0.027
o, = 20° 250 1.03 0.115
K, = 4.8x10°° 350 0.83 0.10
6%/d, = 0.026
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35° while the spanwise averaged results showed that the value of
[]°(StFC/Sto)]AVG,MAX remained approximately the same for both angles.

It is apparent that the major influence of changing the injection angle
from 25° to 35° was to reduce the spanwise nonuniformity of the Stanton
Number Reduction such that the spanwise averaged value was unchanged.

A significant feature revealed from the averaged results is that the

film cooling performance at x/d0=6.4 and 8.0 were approximately the same
while the value of [1-(StFC/St°)JAVG at the downstream distance x/d0 =
15.2 never exceeded 0.04 and in most cases was negative.

Both the *-data and the spanwise averaged results have shown a
definite influence of B on the value of Mopt’ and the *-data demonstrated
the influence of 8 on the (z/s)* location. In the next section,corre-
lations are developed to show the influence of the injection angle, g,

* *
on Mo and (z/s) .

pt

III1.E. Correlation of the Film Cooling Data

The analysis of the data in the previous section showed the variation

of the spanwise maximum Stanton Number Reduction, [1-(Sth/St°)]*, and

the corresponding spanwise location, (z/s)*, as the coolant hole angle,

B, and the blowing ratio, M, were varied over the ranges investigated.

For a given value of g, it was possible to identify an optimum value of
the blowing ratio, M;pt’ which resulted in the maximum Stanton Number
Reduction, [l-(StFC/Sto)];Ax. As described previously, the occurrence of
an optimum blowing condition is associated with a balance between the
beneficial influence of an increased coolant thermal capacity and the

detrimental influence of enhanced mixing between the coolant and the
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freestream. The detrimental effect of enhanced coolant-freestream mixing
is expected to become significant as the coolant detaches from the sur-
face and penetrates into the freestream. Therefore, the parameter
influencing the coolant jet detachment from the surface should have a
strong influence on the optimum blowing ratio.

Similarly, with the spanwise distributions of the Stanton Number
Reduction, it was possible to identify a spanwise location, (z/s)*,
where the maximum Stanton Number Reduction was observed. As discussed
in the previous section, the variation of (z/s)* with B8 and M is asso-
ciated with the momentum components of the coolant jet tangential and
normal to the surface. Apparently the momentum components, which are
functions of B and M, influence the coolant trajectory as long as the
coolant jet remains attached to the surface. In the following sections,
the data are correlated to show the influence of both 8 and M on the

spanwise maximum film cooling performance.

IIT.E.1. Linear Film Cooling Range

Figures 81 and 83 in Section III.D.1. showed the variation of
[1-(Sth/Stb)]* as a function of the blowing ratio, M, for each value
of B investigated. All of the figures showed a linear trend of
[l-(Sth/Sto)]* with M at low values of the blowing ratio. As previously
discussed, the linear trend was independent of the injection angle as
long as the blowing ratio was below some 1imiting value. The linear
range is associated with minimum penetration of the coolant and minimum
frees tream-coolant mixing. Thus, increasing the blowing ratio imprcved
the film cooling performance due to the increased thermal capacity of

the coolant. However, when the blowing ratio exceeded the 1imiting
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value, the coolant jet penetration increased the freestream-coolant
mixing, counteracting the beneficial influence of the mass addition,
and the film cooling performance began to deviate from the linear
behavior. The occurrence of the deviation from the linear trend which
was attributed to the increase in the coolant jet penetration was influ-
enced by the injection angle.

The data in the linear range (M S'Mlimit) are represented by the
equation

[1-(5th/5to)]* = Slope x M (40)

Table 8 summarizes the values of the slope obtained from Figs. 81 and
83 for selected values of 8, and x/do. The values of the blowing ratio,

M £ defining the upper limit of the linear range are also listed.

Timi
Table 8 reveals a general trend that moving the row of holes closer to
stagnation (ei decreasing) results in a decrease in the slope and a
corresponding decrease in the magnitude of the film cooling performance.
For values of M < M imits EQ- (40) can be applied to estimate
[1-(Sth/St°)]* using the values indicated in Table 8. For values of
M> "limit’ Figs. 81 and 83 would have to be used directly to estimate

the spanyise maximum Stanton Number Reduction.
*
II1.E.2. Correlation of Mopt
The data from Table 5 in Section III.D.1., showing the variation of

*
M

opt with B were examined to determine what fluid dynamic parameter best

» characterizes the occurrence of maximum film cooling performance.

Previous investigations have had some success in correlating the optimum

coolant blowing condition by examining the momentum flux ratio
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Table 8

8, x/do Slope B Miimit
25° .78
40° 8.0 .470 35° .62
45° .20
30° 8.0 .290 25° .70
35° .78
20° 8.0 .280 25° .35
35° 75
25° .75
40° 6.4 . 360 35° .60
45° .12
30° 6.4 370 25° .53
35° .72
20° 6.4 .270 25° .88
35° .54
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(1= ocvi/omvi) or the velocity ratio (V /V,) as discussed in the
literature review presented in Section I.C.3. Goldstein, Eckert, and
Burggraf [23] were successful in correlating their maximum film cooling
effectiveness data using the momentum flux ratio. Pedersen [22] found
the best correlation of centerline maximum effectiveness data using the
velocity ratio. Following these ideas, the data from the present study
were examined in terms of both the momentum flux and velocity ratios in

an attempt to correlate the variation of the optimum coolant blowing

*

ratio, Mo gr as a function of the injection angle.

p
Table 9 presents the data (M

*
opt
Table 5. The pertinent values of the density ratio (pc/pw) are shown

vs. B) previously summarized in

and the corresponding calculated values of the velocity ratio (Vc/Vm)*
and the momentum flux ratio (pcvilquz)*are listed. It can be seen

that for spanwise injection in the stagnation region, neither (VC/V )*nor
I*correlate the variation of M:pt
x/do. the values of (Vc/Mw)* and 1" vary significantly with 8.

with B. For selected values of ei.

It will be recalled from previous discussions that the occurrence

of optimum film cooling performance at M: t is associated with the

balance of the beneficial influence of inzreased coolant thermal capacity
and the detrimental influence of penetration by the coolant and enhanced
mixing with the freestream. At low values of the blowing ratio the film
cooling performance followed a linear trend with respect to M independent
of the injection angle, indicating minimal coolant jet penetration.
However, as M was increased, the film cooling performance deviated from
the 1inear behavior apparently due to increased coolant penetration and

enhanced coolant-freestream mixing. Therefore, it is expected that the
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Table 9
The Influence of the Injection Angle, B, on the Optimum Blowing Ratio

oy | g | 8 | Moy | oo | (V)| (7 [(vgv sin8)"|(15ine)”

25°1 1.07 | 2.31 .463 .495 .196 -209
40°| 8.0 3»°| .78 | 2.26 .345 .269 .198 .154
45°| .60 { 2.23 .269 .161 .190 114
30°| 8.0 25°f 1.10 | 2.22 .495 .545 .209 .230
35° .90 | 2.23 .404 .363 .232 .208
20°| 8.0 25°1 1.25 | 2.18 <573 .716 .242 .302
35° 90 | 2.23 .404 .363 .231 .208
25°1 1.22 | 2.36 .516 .631 .218 .267
40°| 6.4 | 35°| .85 |2.29 .37 .316 .213 .181
45°| .75 | 2.25 .333 .249 .235 .176
30°f 6.4 | 25°)1.13 | 2.24 .505 .571 213 .24]
35°| .85 | 2.25 377 .320 .216 184
20°] 6.4 25°1 1.00 | 2.15 . 465 .465 . 196 . 196
35°| .85 | 2.16 .394 .334 .226 .192
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*
value of Mopt

coolant penetration. It will be recalled that both the *-data and the

is governed by parameters characterizing the extent of the

spanwise averaged results showed the optimum blowing ratio decreasing as
the injection angle increased. Thus, it was reasoned that perhaps the
normal component of the velocity ratio or the momentum flux ratio is the
dominate parameter than governs the penetration of the coolant jet and
may be useful in correlating data for the M;pt'
The values of the normal components of the velocity ratio,
(Vc/Vw sinB)*, and the momentum flux ratio, (IsinB)*, are presented
in Table 9. It can be seen for the different combinations of g, 05
and x/do presented, the normal component of the momentum flux ratio
varied from 0.11 to 0.30. However, the normal component of the veloc-
ity ratio remained relatively constant, falling in the range of 0.19
to 0.24. For any selected combination of Bys x/do. the normal com-
ponent of the velocily ratio was constant with +7.5% or less. There-
fore, it was concluded that the normal component of the velocity ratio
is the dominate factor in determining the optimum coolant blowing
ratio for the range of conditions investigated.
The coolant blowing ratio for the optimum local film cooling per-

formance can be correlated as

* Pe VRopt
"opt 3 (5—9 sing (41)

where Vc
VRopt = (v;o sin8 ~ constant

The values for VR are shown in Table 9.

opt
To further illustrate the utility of the normal component of veloc-

ity ratio to correlate the maximum film cooling performance data,
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The data in Fig. 81(a) have been replotted in Fig. 89 using (vc/vm)sinB
as the pertinent blowing parameter. As can be seen, all three curves
reach a maximum peak value of [1-(Sth/St°)]* at approximately the same
value of (Vc/Vw)sinB.

III.E.3. Correlation of (z/s)*

Figure 84 in Section III.D.1. showed the variation of (z/s)ﬂr with M
and B. The coolant location (z/s)*r is directly influenced by the tra-
Jjectory of the coolant jet along the surface. If the coolant jet remains
near the surface, the coolant trajectory is expected to be primarily
governed by the coolant jet momentum as it emerges from the injection
hole. The coolant jet momentum flux, represented by the momentum f1ux
ratio, I, can be resolved into two components, one along the surface in
the spanwise direction, I, and another normal to the surface, Iy. In
the present study of spanwise angled film coolant holes, Ix was zero.

The momentum flux components, I and Iz’ were used to correlate the

influence of B and M on (z/s)*. Fig.:re 90 illustrates the coolant loca-
tion (z/s)* vs. x/do for two different injection angles. Data for
selected values of Iy and I , are presented and the lines drawn from the
coolant injection hole location (x/d0 = 0, z/s = 0) indicate the probable
trajectory of the coolant along the surface. It can be seen by comparing
Figs. 90(b) and 90(a), for Iy = 0.080 = constant, that the coolart tra-
Jectory shifted away from the injection hole as I, was increased from
0.080 to 0.171. Similarly, for Iz = 0.080 = constant, the coolant tra-
Jectory shifted closer to the injection hole as Iy was increased from
0.037 to 0.080. Thus, both of the components, Iy and Iz' have an influ-

ence on the coolant location (z/s)'.

A S ————————
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Figure 89. Variation of the Stanton Number Reduction with
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Referring back to Fig. 84, it was shown that (z/s)* varied linearly
with M for M < M;pt' Increasing the blowing ratio past M;pt resulted in
the value of (z/s)* tending toward zero. This indicates that for
M> ":pt' when the coolant jet penetration is expected to be severe,
the coolant trajectory is strongly influenced by mixing with the free-
stream. Therefore, in the following correlation of (z/s)*vs. B and M,

the data for M < M; . Will be used.

p
The correlation of (z/s)* vs. B and M was based on the assumption

that (z/s)* was a function of the momentum flux components, Iy and Iz.
represented by the following equation.
(z/5)" = c1.21.P (42)

zy

where C, a, b are constants

The exponents a and b were determined from data plots with one of the
momen tum flux components held constant while the exponent for the other
component was determined. Table 10 shows the data for selected values
of Iy and the corresponding values of Iz for each of the seven film
cooling configurations (see Table 4) studied in this investigation. The
table was constructed by selecting values of M (for the given B) to
obtain the constant values of Iy shown. Previously it was stated that
data only for M < ":pt would be used, so for each film cooling config-
uration presented, only those values of I.y are included for which the
*

corresponding blowing ratio was less than "opt'

The Iy component is a function of the injection angle, B, and as
Table 10 reveals, in order to obtain Iy = constant, the blowing ratio

had to decrease as the injection angle, B, increased. Therefore many
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Table 10
Blowing Ratios and (z/s)* Coolant Locations for Constant Values of

the Spanwise Momentum Component, Iy,at x/do = 8.0
*
[ 8, M I Iy Iz (z/s)
25° 40° .225 .024 .010 .022 .50
.325 .049 .020 .044 .50
.440 .088 037t | .os0 .50
515 .19 .050 .108 .50
.650 .189 .080 A7 .50
.810 .290 .123 .263 .56
.930 .378 . 160 .342 .58
1.05 .477 .202 433 .64
35° 40° .195 .018 .010 .014 .33
.280 .036 .020 .030 .33
.440 .087 .050 .072 .35
.560 .140 .080 .115 .40
.695 214 .123 175 .41
.80 .282 .161 .231 .38
45° 40° .175 .014 .010 .010 .19
.250 .029 .020 .020 .20
.395 072 .050 .050 .22
=900 L 113 .080 .080 .22
25° 30° .220 .024 .010 .021 un'lf|
315 .047 .020 .042 unif
.510 .118 .050 .107 unif
.650 .191 .080 173 .51
.805 .292 123 .265 .56
.920 .380 .160 .34 .58
1.03 .476 .201 .431 .61
35° 30° .190 017 .010 014 .16
.280 037 020 .030 .18
.440 .088 .050 .072 .18
.560 . 141 .080 116 .19
.690 213 .123 174 .19
.790 .278 .160 .228 .22

*QTSZS)value was included since the (z/s)* location was presented in Fig.
. .

¥me designation unit means that the spanwise distribution was too uniform
to identify a (z/s)™ location.




Table 10 (Cont'd)

*

B | oy M I I, I, | (s)
25° | 20° [ .220 | .024 | .010 | .021 | .48
.310  .047 | .020 | .043 | .44

.500 [ .19 | .050 | .108 | .40

630 | .187 | .080 | .170 | .39

790 | .292 | .123 | .264 | .42

.900 | .377 | .160 | .341 | .46

1.00 | .474 | .201 | .430 | .48

35°| 20° | .190 | .018 | .010 | .014 | .40
270 | .036 | .020 [ .030 [ .39

425 | .087 [ .05 [ .071 | .41

545 | .140 | .080 [ .15 | .42

675 | 213 | 123 | .174 | .42

75 | 279 | .60 | .229 | .42
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of the values of the blowing ratio that corresponded to the selected Iy
values did not match the blowing ratios for which the film cooling per-
formance was actually measured. For these intermediate values of blowing
ratio, it was necessary to use values from the smooth curve data farings
in Figs. 72 through 78 (Section III.C.). Figure 91 is presented to demon-
strate the procedure that was followed. For the injection angle of 25°
(Fig. 91), the values of the blowing ratio corresponding to the selected
values of Iy (Table 10) were used to determine the film cooling perform-
ance at the three z/s locations where the data were measured. The
Stanton Number Reduction was cross plotted as a function of z/s and a
smooth curve was fared through the data as in Figs. 79, 80, and Appendix
VI. From these spanwise distributions, for the selected value of M and
I, the (2/s)” locations were identified and listed in Table 10.

Using the data from six different film cooling configurations,+
the log of (z/s)* was plotted as a function of the log of !z for con-
stant values of Iy. A Tinear least squares fit was applied through the
data to compute the slope, a. Although the slopes from the least
squares fits were not identical for all of the constant I.y values inves-
tigated, they fell within a +15% bandwidth of the mean value of 0.9.
Thus the exponent for the Iz momentum flux component was determined as,
a=0.9. :

To find the exponent b for the Iy momentum flux component, the
process was repeated with the Iz component now being held constant.
Once again the slopes were not identical for each of the constant Iz

* Data from the fiim cooling configuration of 8 = 35° and 64 = 30° were
not used in the correlation; the reason for the elimination of this data
will be shown later,




210

T T
0.4L z/s
a- 0.00
o-0.33
o- 0.67

0.2

0.1

N

.224 .325.515 65 .81 .93 M
.01 .02 .05 .08.123 .16 Iy

Figure 91. The Identification of the Stanton Number Reduction
at Intermediate Blowing Ratios
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values investigated, but they all fell within a +10% bandwidth of the

mean value of b = -0.8. Therefore the momentum parameter for correlat-

0.9/ 0.8.

ing (2/s)” vs. 8 and M was determined to be L X It should be

noted that the momentum parameter is strongly dependent on the injection
angle, B, and weakly dependent on the blowing ratio, M.

The data for (z/s)* were plotted as a function of the momen tum
0.9,, 0.8
z /Iy

the data at E)i = 40°, and x/do = 8.0. These data were chosen for the

parameter, I , and Fig. 92 shows the resultant correlation for
basic correlation because they represented the largest effect of film
cooling on the heat flux reduction (at 91‘ = 40°) and the least data
scatter (x/d0 = 8.0). As Fig. 92 demonstrates, the variation of the
coolant location (z/s)* vs. B and M was found to correlate well with
the momentum parameter. A linear least squares fit was applied to the
data in Fig. 92 and the coolant location (z/s)* can be represented by
the following equation

I 0.9

(z/5)" = 0.36 ( Z—3) - 0.055 (43)

y

within £15%.

Figure 93 presents all of the data for (z/s)* at x/do = 8.0 and
Eq. (43) is represented by the solid line. As stated earlier, the data
for the configuration B = 35°, 0; = 30° were not used in the correlation
process because, as Fig. 93 clearly demonstrates, this set of data fell
far below the (z/s)* range established by the rest of the data. However,
all of the other data for x/d, = 8.0 are correlated by Eq. (43). The
additional scatter of the data for 6; = 20° is not unreasonable since at

that location the level of heat flux reduction was small, and small
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experimental errors become more apparent at these low levels of film
cooling performance.

The procedure used to find the exponents in Eq. (42) was applied
to the data for x/do = 6.4, but excessive data scatter made the re-
evaluation of the exponents inaccurate. Therefore, the data at x/d0 =

6.4, ei = 40° were plotted as a function of the momentum parameter,
0.9,, 0.8

Iz /Iy

correlated reasonably well with the parameter although there was more

,and presented in Fig. 94. The coolant location (z/s)*

scatter in the data than that found for the data at x/do =8.0. A
linear least squares fit was applied through the data in Fig. 94 giving
the following equation

¢ 1 0.9
(2/s)" = 0.32 (-£5=5) + 0.085 (44)

Ty

This equation is presented in Fig. 94 as a solid line, while Eq. (43)

from Fig. 92 is presented as a dotted 1ine. As the figure shows, Eq.
(44) gives slightly higher values of (z/s)* than those found with Eq.
(43).

Since the data for (z/s)* at x/do of 8.0 correlated so well with

0.9,, 0.8
t,

the z/s positions corresponding to a 25% reduction in the spanwise

the momentum parameter, » an attempt was made to correlate

maximum Stanton Number Reduction. Only the data for e1 = 40° were used,

“since the highest levels of heat flux reduction were found at this loca-

tion. Therefore, returning to the spanwise distributions of the Stanton
Number Reduction (selected values of M, Iy) that were generated earlier

in the correlation procedure, the [1-(Sth/St°)]* value was reduced 25%

and the z/s locations, (2z/s),, (z/s)_, corresponding to this level of
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the Stanton Number Reduction were tabulated. Figure 95 shows the (2/s),

and (z/s)_ values plotted as a function of the momentum parameter,

0.9,, 0.8
Iz /Iy i
from Fig. 92. Linear least squares fits were applied through this data.

The solid 1ine in the figure represents Eq. (43), derived

The (z/s) locations, which correspond to the locations on either side of
(z/s)* for which the value of the 1ocal Stanton Number Reduction has
fallen to a level of 0.75 [1-(StFC/St°)]*, can be represented by the

following equations.
(z/s), = 0.38 (1 0'9/1 0'8) + 0.125 (45)
+ z y

0.8) _

(2/s)_ = 0.38 (1,0°%1 0.238 (46)

y

Therefore, for the data exhibiting the highest levels of film cooling
performance and least data scatter (e1 = 40°, x/d0 = 8.0), Egs. (43),
(45), and (46) indicate the location of the spanwise maximum S tanton
Number Reduction and a bandwidth encompassing the film cooling perform-

ance within 25% of the maximum.

IT1.E.4. Comparison of Correlation Results with Previous Studies

In Section II1.E.2., the normal component of the velocity ratio
corresponding to the maximum film cooling performance was found to fall
in a range between 0.19 and 0.24. While the data in this investigation
were measured using a single row of spanwise angled holes, previous
investigations of different configurations provide a means of comparison.
Pedersen [22] did an extensive study of film cooling from a row of
streanwise angled holes (a=0°, R=35°) with the density ratio (pc/pw)
ranging from 1.18 to 4.22. His results showed that for this range of
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density ratios, the maximum centerline film cooling effectiveness at the
distance x/d° = 10.4 occurred between the velocity ratio of 0.38 (pc/pw=
4.17) and 0.50 (pc/pm= 1.18). This corresponds to a range of the verti-
cal component of the velocity ratio between 0.22 (pC/pm= 4.17) and 0.29
(pc/pm= 1.18). For a density ratio of 2.0, Pedersen's [22] value closest
to the 2.2 density ratio used in this investigation, the optimum velocity
ratio was 0.43, which corresponds to a normal component of the velocity

ratio of 0.25. This indicates that the values of VRO t determined in

the subject study for spanwise angled holes are in goZd agreement with
the values observed by Pedersen for streamwise angled holes.

LeBrocq, Launder and Pridden [49] investigated film cooling with
injection through 19 rows of streamwise angled holes (a=0°, B=45°) with
an 8/1 pitch-to-diameter ratio. They concluded from their results that
the best film cooling performance would be achieved if the injection
velocity ratio did not exceed 30% of the freestream velocity, which cor-
responds to a normal component of the velocity ratio of 0.21. Crawford,
Choe, Kays, and Moffat [50] also investigated film cooling with a mul-
tiple row arrangement using 11 rows of streamwise angled holes (a=0°,
8=30°) with the center-to-center spacing of five diameters. It was con-
cluded that the best film cooling performance was found for the blowing
ratio of 0.40. Since the density ratio was almost unity, this Mopt
value corresponds to a normal component of the velocity ratio of 0.20.

Goldstein, Eckert, and Burggraf [23] measured the film cooling
effectiveness for a single row of streamwise angled holes (a=0°, B=35°)
at a center-to-center spacing of three diameters. With a density ratio
of ~0.85, the maximum effectiveness was reached at a blowing ratio of

~0.38. This corresponds to a vertical component of the velocity ratio
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of 0.26. However, their investigation of streamwise injection (a=0°,

£=35°) from single holes suggests a lower value of VRo 0.14 to 0.17).

pt ©
Foster and Lampard [24] investigated film cooling for injection from a
single row of normal holes (8=90°) with a center-to-center spacing of
three diameters. Their investigation only reported values of the veloc-
ity ratio as low as 0.25, but the results do show the film cooling
effectiveness for a density ratio of 2.0 continually increasing at the
downs tream distance of 6.5 diameters as the velocity ratio is decreased
to 0.25. Farther downstream, the results indicate that wopt way vary
appreciably with x/do.

In view of the complex penetration and mixing phenomena governing
film cooling performance, the value of VRopt employed in Eq. (41) is,
no doubt, restricted to some range of the hole spacing ratio (s/do).
the downstream location (x/do) and the density ratio (pc/pm). Neverthe-

less, the value of VRo found in this investigation for spanwise angled

pt

holes has been found to agree exceptionally well with the VR alues

opt ¥
from previous investigations, and it appears that Eq. 41 may :e useful
as a simple criterion for estimating the coolant blowing ratio for the
optimum local film cooling performance.

It was difficult to compare the results of the (z/s)* correlation
with previous investigations because of the lack of film cooling data
using a row of sparwise angled holes. Goldstein, Eckert, Eriksen, and
Ramsey [21] did investigate the film cooling performance for a single
spanwise angled hole (a=90°, 8=35°) and Fig. 24 in Section I.C.3 pre-
sented the contours of constant film cooling effectiveness along the

surface downstream of injection for the blowing ratios of 0.5 and 1.0,
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These footprints were used to establish the spanwise location of the
maximum effectiveness point at the downstream distances, x/d0 = 5 and 10.
The solid line in Fig. 96 represents the data of Goldstein, et al. [21]
showing the coolant trajectory with the line extrapolated back to the
coolant injection hole location. Equation (43) was used to compute
(z/s)* for the values of blowing ratio, injection angle, and density
ratio (~0.85) corresponding to the experimental conditions of Goldstein,
et al. [21]. The values computed from Eq. (43) are shown in Fig. 96 in
terms of z/do. where 2/d, = (z/s)*(s/do). Figure 96(a), for M of 0.5,
shows the value of (z/do)*‘r predicted from Eq. (43) for a row of spanwise
angled holes in good agreement with the trajectory for a single hole
observed by Goldstein, et al. However, in Fig. 96(b) for M of 1.0, the
predicted value of (z/do)* is significantly less than the trajectory for
the single hole. This discrepancy could be due to the interference
effects that result from a row of holes. At the low blowing ratio of
0.5 when the coolant jet penetration was minimal the coolant trajectories
for a single hole or row of holes were the same. However, when the blow-
ing ratio was increased to 1.0 and the coolant penetration became signif-
icant, the trajectory of the coolant from a row of holes differed markedly
from that from a single hole.
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Figure 96. Comparison of the (z/s)* Correlation (Eq. 43) with the Data
of Goldstein, et al.[2]]




223 { P, &
%C s .
4 | tbab 2 ——
o, 3
2

IV. CONCLUSIONS

The subject investigation was conducted to model the film cooling
performance for a turbine vane leading edge using the stagnation region
of a cylinder in cross flow. Experiments were conducted with film cool-
ant (air) injection from a single row of holes angled in the spanwise
direction. A freestream-to-wal l' temperature ratio of Tm/Tw of ~2.1 and
a Reynolds number of ReD=1.7x105 were maintained throughout the inves-
tigation to simulate the gas turbine environment. A reduced film cool-
ant temperature enabled a coolant-to-freestream density ratio of ~2.2
to be maintained.

The test cylinder was instrumented with miniature heat flux gages
and thermocouples to determine the percentage reduction in the Stanton
number (presented as [1-(StFC/St°)]) as a function of the distance down-
stream from injection (x/do) and the location between adjacent holes
(z/s). The primary objectives of the study were to determine the in-
fluence of the coolant blowing ratio, M, the injection angle, B, and
the injection location relative to stagnation, e,. on the local heat
transfer. Data were obtained over the range M= 0 to 2.0 for coolant
injection angles of = 25°, 35°, 45°, with the row of holes located at
0= 20°, 30°, 40°, relative to the stagnation line.

From the analysis and correlation of the data, the following ob-
servations and conclusions were drawn concerning the effects of film

cooling in the stagnation region.
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The data revealed a substantial spanwise variation of the
Stanton Number Reduction which depended both on the injection
angle, B, and the blowing ratio, M. For example, for Oi=40°’
B=25°, and x/d0=8.0, the Stanton Number Reduction was found

te vary from 0.39 at z/5=0.67 to 0.02 at z/s=0.00 for the
blowing ratio of M=1.0. Cross-plots of [1-(Sth/Sto)] vs.

(z/s) were used to identify the spanwise maximum Stanton Num-
ber Reduction, [1-(Sth/St°)]*, and the corresponding location,
(z/s)*, between adjacent coolant holes.

For low values of the blowing ratio, [1-(Sth/Sto)]* was found
to vary linearly with M independent of the injection angle, 8.
However, for a sufficiently high value of M, the film cooling
performance deviated from the linear trend, resulting in a
maximum Yevel of the film cooling performance, [1-(StFC/Sto)];Ax
at an optimum blowing ratio, M;pt‘ :

The maximum level, [l-(Sth/Sto)];Ax, was found to decrease as
the injection angle was increased, varying from 0.40 for Bg=25°
to 0.12 for B=45° (both for 01=40° and x/d°=8.0).

The optimum blowing ratio, M o was found to decrease as the

*
op
injection angle was increased. The influence of the injection
angle, B, on the optimum blowing ratio was correlated in terms
of the normal component of the coolant-to-freestream velocity
ratio, (V./V,)sing. The value of (V /V_)sing was found to be
approximately constant in the range of 0.19 to 0.24, which is
in good agreement with the optimum blowing conditions from pre-

vious studies covering a wide range of coolant-to-freestream

— R P e e O

e diie
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density ratios.

The spanwise location, (z/s)*, of the local maximum film cool-
ing performance was found to increase as the injection angle
(B) was decreased and the blowing ratio (M) was increased.

The influence of B and M on the value of (z/s)* was correlated
in terms of a momentum parameter, 12’9/12‘8, composed of the
normal (Iy) and spamwise (Iz) components of the coolant-to-
frees tream momentum flux ratio.

The spanwise distribution, [1-(StFC/St°)] vs. (z/s), was used
to determine a spanwise averaged Stanton Number Reduction,
[1-(Sth/Sto)]AVG. The value of [1-(StFC/St°)]AVG was observed
to increase with M up to some optimum value of the blowing
ratio. Further increase in M resulted in a deterioration of
the film cooling performance. The spanwise averaged results
showed that the film cooling performance at x/d°=6.4 and 8.0
was approximately the same, while further downstream at
x/do=15.2 the performance had deteriorated to a negligible
level and in most cases was negative.

Moving the row of injection holes closer to stagnation (from
01=40° to 20°), corresponding to an increase in the frees tream

S o 4.8x10'5. resulted in a

acceleration parameter, Ki=1.1x10
40 to 50% decrease in the film cooling performance, both the
spanwise maximum Stanton Number Reduction and the spanwise

averaged Stanton Number Reduction.
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APPENDIX I. MODELS AND CORRELATIONS FROM PREVIOUS INVESTIGATIONS

I.A. Analytical Models

The goal of any film cocoling study is the development of a model or
empirical correlation to predict the effectiveness of the coolant stream.
Since a majority of the experimental investigations to date have been
done on adiabatic surfaces, correlations of the data are usually pre-
sented in the form of the effectiveness parameter, Nadw’ The heat sink
model was the approach initially used by many investigators to describe
coolant injection onto the surface.

Tribus and Klein [51] attempted to correlate the adiabatic effec-
tiveness for a two-dimensional slot by using a 1ine heat source to rep-
resent the coolant injection. The main restriction they placed on their
model was that the boundary layer velocity profile was unaltered by the
mass addition of the injected coolant. With this assumption, they
derived the following effectiveness relation:

0.2 ¢
agw * 5:79 Pr¥/re 02 () (,:ﬁ)(,‘—’;:)'o'8 (A<1)

For air injected into air, with negligible property differences, the
relation became:

-0.8
Nagy = 4-62 Re, " 2(,1-::) (A-2)
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The development of models by Librizzi and Cresci [52] and Kutateladze
and Leont'ev [53] did allow for finite mass addition into the boundary
layer at injection, but they assumed complete mixing of the injected gas
with the mainstream at injection and a uniform temperature within the
boundary layer. Librizzi and Cresci [52], assuming that the boundary
layer growth began at the point of injection, derived the following

effectiveness relation:

1

Nadw = < (A-3)
1+0.329 (=08
Pc
-0.25
where £ = [(EEQRe ] ()
s ﬁ?;

Kutateladze and Leont'ev [53]), assuming that the boundary layer started
upstream of injection, equated the net mass flow in the boundary layer
with the coolant mass flow rate. Using this assumption, they developed

the following relationship:

3 ]
Nadw c (A-4)

P
14+ (c—-)[o.329(4.01+;)°-8 - 13
PC

The problem with these models is that while the assumption of
neglecting mass addition is too 1iberal, the assumption of an average
temperature in the boundary layer is too conservative. The fact that
these assumptions counterbalance each other was shown in a model
derived by Stollery and E1-Elwany [54]). Neglecting the effect of mass

addition, and assuming an uniform average temperature in the boundary
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layer, the effectiveness relation they derived

0.2 -0.8

0.2 M
= 3.03 Re_ (;Tc) (M—"—) (A-5)

n
adw e So

showed excellent agreement with experimental results. Goldstein and
Haji-Sheikh [55] developed a model that did account for both the tem-
perature variation in the boundary layer as well as the effects of
mass addition on the boundary layer. The relation they derived also
accounted for non-tangential injection in the streamwise direction.
It was

1.9 pr/3 (A-6)
“
C

Nadw

1+ 0.329 (—)e0-8
pc

¢ -u
where y =1 + (1.5¢10 4)Rec(-ﬁ;ﬁ-)sin3

B = streamwise angle of injection (a=0°)

This model also showed excellent agreement with experimental results.
Figure Al shows a plot of some of the effectiveness equations described
above and demonstrates how they compared with the experimental film
cooling data (tangential slot) of Seban, Chin and Scesca [56].

Hatch and Papell [57] developed a model for tangential injection
where the coolant existed as an unmixed, separate layer along the
adiabatic wall. The injected coolant was assumed to travel a distance
downstream before the wall began to feel the heating effects from the

mainstream. The effectiveness relation derived was
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where

and

where
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0.125
- 00411 fly) (A-7)
c

hLx
(e, )

< 0.04

c

vuu -1 vcn
f(v:) =1+ 0.4 tan (V:- 1)

v@
at— 2> 1.0
vc

2y = (£
v
at fz <1.0
c
h = external heat transfer coefficient
L = length of coolant slot
m. = mass flow rate of coolant

c
o, thermal diffusivity of coolant

The model developed by Seban and Back [58] for tangential injection
had an initial mixing region near the slot where the velocity profiles

were similar to those found in a free jet boundary flow. The mixing
coefficient in this region and the downstream deflection of the mixing
zone toward the wall were found to be related to the velocity ratio.
The amount of mixing and the deflection of the mixing zone toward the
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wall by the mainstream determined when the mixing region transformed
into a complex boundary layer. Far downstream (x/so > 40), the boundary
layer resembled the typical turbulent power law profile. The effective-

ness relation they derived was

1.7
3.7 B
Noge = 1+ 10263007 WiRe )O3(2) T - (D) 1 (a-e)
0 0 (s

where B = x + Xg the distance downstream of the effective origin
of the boundary layer with Xy being the distance between

the slot and the effective origin of the boundary layer.

B, =

15X X where X is the distance from the slot to where
effectiveness was unity.
Eriksen, Eckert and Goldstein [59] developed a model to predict the
film coolant effectiveness from discrete holes. They simulated hole
injection by using a moving source in a semi-infinite mediun. The

relation for Nadw they developed was

{ i [(Y°)2 + (Z)ZJ}
MV d Zpr73° do d°

n(x,z) = z——3—e (A-9)
8epx b
where €p * point source thermal diffusivity
and Yo = h6§1zontal virtual origin of source above x-z plane

The thermal diffusivity and Y° used in this model were found empirically.
At low blowing rates (M < 0.5), the model was found to show good agree-
ment with experimental data. However, when the blowing ratio was greater
than 0.5, the heat sink analysis broke down, probably due to the
separation of the coolant jet from the surface. Assuming negligible

I
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jet interaction, the superposition principle could easily be applied to

this model for the study of a row of holes or even multiple rows of holes.

1.B. Experimental Correlations

Most film cooling correlations for slot injection can be represented

by the following format
B F
= Ala2- .
nadw i A(Mso) (Rec) (A-10)

where A, B. and F are constants.
Correlations that used this form have assumed that the coolant mixed to
some extent with the mainstream boundary layer, but that the boundary
layer developed as usual with no further effects of injection. Differ-
ences among the various correlations are greatest at large distances,
and fortunately this is not an important area of study. Most of the
interest centers around the knee of the curve (n vs. x/Mso). the point
where the effectiveness first departs from unity. For blowing rates of
M > 1.0, this knee occurs very early, but for M < 1.0, Hartnett et al.
[60] showed that it did not occur until x/Ms, = 5. Variation in the
location of this knee among the different correlations reflects the
degree of initial mixing assumed.

Wieghardt [17], working on aircraft de-icing, developed the follow-

ing adiabatic effectiveness relation.

0.2

c (A-1)

X -0.8
Nagy = 5-44 (ﬁ;;) Re

Hartnett et al. [60] were also able to correlate their data in a similar

form.
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0.8

5 = vy 0.2
Loy ™ 3.59 (Mso) Re

e (A-12)

X
for WS: 2 60

Recalling the analytical model of Tribus and Klein [51], the effective-

ness relation was

0.2

. (A-2)

x 0.8
Nadw = 4.62 (ﬁgz) Re

An important consideration when using the form of the adiabatic effec-
tiveness correlation showed in Eq. (A-10), is that property variation
across the boundary layer is assumed to be negligible.

Seban, Chan, and Scesa [56] found slightly different exponents when
they correlated their data for tangential slot flow. The effectiveness

relation they found was

<0.7
Nygy = 0-83 (Rec)]/3 (ﬁ) (A-13)
X
for Ms— > 40
0
-0.25
- /3 ( x_
and Nagw = 0-16 (Re.) (Mso)

X
for ﬁ_s; < 40

Samuel and Joubert [61] correlated their data in a slightly differ-
ent format and the relations they developed were valid only for M < 1

and tangential slot injection.
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nadw &) (A']4)

for (giﬁ(M-]'75) < 40
0

-0.65
and  n = 10.8[(ZM 7%
0

for 40 < (2 1"7%) < 400
0

Several investigators have attempted to show in their correlations
the effect of large temperature differences between the coolant gas and
the mainstream gas on the cooling effectiveness. Papell and Trout [29]
used mainstream temperatures in the range of 289K (520°R) to 1111K
(2000°R) and coolant temperatures of 300K (540°R) to 483K (870°R). The
tangential slot height varied, but it was always kept less than 1.27cm

(0.5 in.) and the correlation they developed was

with x > 8.89cm (3.5 in.) from the slot
S° 0.72 Tc 0.5
Nagw = 126 (M)(57) () (A-15)

oo

for M< 2.0

An important consideration when using this correlation is that the coolant
temperature, Tc' was measured in the plenum and not at the slot exit.
Hearing [62] also developed a correlation to account for temperature
differences, and the fact that it differs from the relation developed by
Papell and Trout [29] is probably due to the use of the plenum tempera-

ture as the coolant temperature by Papell and Trout. Hearing's relation.

was
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Nygy = V1 + 3.60(St M) (x/s )(T,/T )% 35(v)]) (A-16)

where f(v) =1+ 0.4 arctan (V /V, - 1)

Using heat transfer measurements instead of adiabatic wall measure-
ments, Metzger, Carper, and Swank [63] investigated angled slots. They
developed the following relations using the parameters, d>(q;_lc/q8) and 6.
The ¢ values in these correlations were averaged values obtained over

the entire length of the test surface.

o =1.09 - 7.96cM0'6(s°/£)0'5 for B = 20°, a = 0° (A-17)
on Lokbie 7.5ecn°'5(so/z)°'5 for B = 40°, a = 0°
o=1.28 - 6.86cM0’6(s°/L)0'5 for B = 60°, a = 0°

for 35 s.l,/s° <70
and 0.25 <M< 0.75

Metzger and Fletcher [5] investigated angled slots by making similar
heat transfer measurements. As shown in Section I.C.1., when ¢ = 0,
ec = ec.adw = ]/"adw' Therefore, the results they correlated for angled

slots were presented in the following form.

0 a0 1-0* 0.00619M"'35(z/so) (A-18)
for 0.25<M<0.75, 0<2/s <70, B=20° a=0° 1
5 -0.75 1
0c,aqq 10 + 0.01158™ %72/ )

for 0.25<M<0.75, 0O sl;/so <70, B=60° a-=0°

e
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APPENDIX II. DESCRIPTION OF THE EXPERIMENTAL INVESTIGATION

II.A. Experimental Apparatus

The investigation of stagnation region film cooling typical of a
turbine vane leading edge was conducted using a cylindrical test sur-
face exposed to a crossflow of heated air from a gas turbine combustor.
The description of the experimental apparatus is presented in three
sections, the flow system, the test cylinder, and the measurements and

instrumentations.

11.A.1. Flow System
Gas Generator. Ambient air, pressurized (to a maximum of 2250

psi) and stored outside in tanks, provided an air flow rate of ~ 4 1bm/
sec for a typical run time of ~ 30 minutes. As shown in the schematic
drawing of the flow system, Figure A2, the air passed through a open/
close isolation value, a filter (Fluid Dynamics, 20 micron), and a dome
regulator. A Daniels Orifice Meter (a 40L Daniel SC-40 assembly incor-
porating a 2.35" dia. orifice plate) was used to measure the air mass
flow rate. The flow rate through the wind tunnel was regulated by two
pneumaticaly controlled valves (Minneapolis Honeywell Model No. 300-29,
a 2" valve and a 1" valve). The air entered a J-47 gas turbine com-
bustor, where methyl alcohol was burned to provide the nominal free-
stream conditions of TTQ ~900°R and PTQ ~56.7 psia. The combustor

;o
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had a standard fuel nozzle, with a primary and secondary port. Be-
cause of the low fuel flow rate needed to produce the freestream
conditions, fuel was injected only through the secondary port, while
air was injected through the primary port to aid in the atomization of
the methyl alcohol. The combustor was equipped with a spark plug
(Champion No. AAB65) that was activated by an ignitor coil connected
to a 24V DC supply.
Fuel System. Methyl alcohol, used as fuel for the combustor,
was stored outside in large tanks. During an experimental run, these
tanks were pressurized -~700 psi to achieve the desired fuel flow rate.
A flat plate orifice was used to measure the flow rate while a pneuma-
tically controlled valve was used to regulate the flow. Before reaching
the combustor fuel nozzle, hand valves enabled the fuel flow to be
bypassed around the combustor, thus allowing the fuel flow rate
necessary for ignition to be set before any fuel entered the combustor.
Test Flow Channel. Figure A3 shows a photograph of the flow

channel. Following the description of the flow channel, the important
dimensions of each individual section will be 1isted. Downstream of
the combustor, the flow passed throdgh a diffuser into a rectangular
flow channel. A flow straightener (consisting of three drilled plates
and a rectangular flow mixing section) was installed to minimize the
non-uniformity of the freestream flow. The turbulence section con-
sisted of a combination of interchangeable ducts and square mesh
screens. This enabled the turbulence level of the freestream at the
cylinder to be varied by changing either the screen grid size or the
screen location relative to the cylinder. For this investigation, the

I 4 S B T AR
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turbulence level was held constant by leaving the screen location
(.49m) and grid size (1.59mm wire dia. and 6.36mm center-to-center
wire spacing) fixed.

Figure A4 shows a photograph of the test sectics with the test
cylinder installed. The test cylinder was held in place by circular
flanges and sealed with 0'rings. Loosening of the flanges permitted
rotation of the cylinder. After flowing over the test cylinder, the
combustion gas left the flow channel through a flat plate nozzle
attached to the end of the test section. Due to the choked flow at
the exit, the flow area between the nozzle plates controlled the free-
stream Mach number upstream of the test cylinder. In order to size
the exit area, several flow conditions had to be considered. Since
tﬁe Reynolds number (1.7 x 105) and the freestream temperature (~990°R)
had already been specified by modeling conditions, the mass flux,
(pV),s was fixed. Therefore the only undetermined variable was the
freestream pressure or Mach number (once one was chosen, the other
was fixed). Since the optimum combustor efficiency was found when the
freestream pressure was between 40 and 60 psig, a nominal value of the
Mach number of 0.08, corresponding to a freestream pressure of 42 psig,
was chosen. This Mach number was then used to size the nozzle plate
exit area. Upstream of the test cylinder (~6.45cm), ports in the top
and side walls of the test section enabled probes to be inserted into
the flow field. The dimensions o'f the test flow channel are summarized
below.

Di ffuser Entrance Width 2.6 in Height 4.4 in-
Exit Width 4.5 in Height 8.0 in
Length 20.0 in
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The flow channel width and height remained constant at 11.43cm and
20.32cm.
Straightener-Mixing Section

Straightener Length 3.0 in

Mixing Section Length 16.0 in

Turbulence Section

Screen Section Length 2.0 in

Turbulence Section Length 13.8 in
Test Section Length 12.0 in
Nozzle Exit Width 4.5 in Height 1.1 in

II.A.2. Test Cylinder

Cylinder. Figure A5 shows a photograph of the test cylinder
prior to installation of the instrumentation. The test cylinder was
fabricated from two concentric, 7 in. long copper cylinders. The
outer, 2 in. 0.D. cylinder was machined to a wall thickness of 1/16 in.
The inn~r cylinder was machined to a 0.D. of 1 7/8 in. and a I.D. of
1 1/4 +a. Along the outside of the inner cylinder, 10 channels were
milled. leaving a 8° (arc width) rib between consecutive channels to
form coolant channels for intemal cooling of test cylinder. The 8°
rib was used for installation of instrumentation in the test cylinder
surface. Holes were drilled into each end of the cylinder to provide
inle* anq exit ports for each coolant channel. The outer cylinder was
slipped over and then oven brazed to the inner cylinder.

As shown in Figure A5, the test cylinder was equipped with a film
coolant plenum chamber, soldered in place, and a removable injection
plate. Two 1/2 in. dia. tubes were used to supply air film coolant
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to the plenum chamber. The injection plate consisted of two individually
fabricated plates. A 1/16 in. thick plate, that sat flush with the
cylinder surface, and a smaller, thicker plate (1/8 in) bonded to

the back. When placed over the plenum, the thicker piate sat down
inside the plenum chamber, but the additional thickness of the injection
plate was necessary to obtain a length-to-diameter ratio for the coolant
hole greater than 2. This L/d° value insured that the coolant jet
maintained its identity as it left the hole. A 3/16" tube was bonded

to the back side of the injection plate (see Fig. 40 back in the main
body, Section I11.B.2) to provide a coolant channel for cooling the
injection plate. The injection plate was sealed to the cylinder with

a silicone rubber (GE RTV 106). The day after the RTV sealant had been
applied, the plenum chamber was pressurized and a leak detection 1liquid
was placed on the plate-cylinder junction to test for pressure leaks.
Once the pressure seal was confirmed, the cylinder was ready for experi-
mentation. If leaks were found, the plate was removed and resealed.

Alcohol Coolant Loops. As shown in Figure A6, the cylinder was

chilled by two alcohol coolant loops. The primary loop pumped cold
methyl alcohol through the 10 coolant channels milled in the cylinder.
Alcohol, drawn from a reservoir inside an insulated tank, was pumped
through a closed methanol-dry ice bath heat exchanger. As Figures A4
and A6 show, the alcohol reached the cylinder manifold through a 1"
insulated pipe. The flow from the manifold passed through 10 individual
coolant channels in the cylinder, and returned to the reservoir through

individual tubes, each regulated by a throttling valve.
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The secondary loop pumped cold methyl alcohol through the coolant
tube bonded to the back of the injection plate. Tygon tubing was
attached to each end of the coolant tube and run through the two film
coolant supply tubes. This created a concentric annular flow channel,
with chilled methyl alcohol inside the Tygon tubing, and film coolant
air in the annulus. The chilled alcohol was held in a small insulated
reservoir-heat exchanger, and pumped to the injection plate by a
variable speed tubing pump (positive displacement pump).

Film Coolant Supply. The film coolant air supply system is shown

in the schematic drawing in Figure A7. The film coolant air was initial-
ly stored in a surge tank at 1500 psig. The air flow was filtered and
regulated to maintain a constant flowmeter inlet pressure. The flow
rate was controlled by three valves. Two hot wire mass flowmeters
(Thermo System, Inc., Model No. 1352) were used to provide an accurate
measurement of the film coolant flow rate in both the low flow rate
(0-5 SCFM) and the high flow rate (0-20 SCFM) range. Just upstream of
the film coolant plenum chamber, the film coolant air was chilled in a
closed methanol-dry ice bath heat exchanger. A pressure test of the
entire system was periodically conducted, to check for leaks in the
film coolant system by using blank injection plate (no coolant holes)
sealed to the cylinder surface. The entire system was pressurized and
then isolated from the flow regulating system by a solenoid valve.

The pressure inside the film coolant plenum was monitored to verify

that no pressure leaks were present.
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II.A.3. Measurements and Instrumentation

Gas Generator Parameters. Both the main air flow and the combustor

fuel flow were monitored continuously by flat plate orifice flowmeters
to insure to proper freestream flow conditions in the flow channel.

For the air flowmeter, the static pressure and temperature were measured
upstream of the orifice plate in order to correct the manufacturer's
calibration curve which was supplied for a specific upstream pressure
and temperature. Upstream of the test cylinder, the freestream condi-
tions (total pressure, PToo static pressure, Pooo and total temperature,

)
T, ) were measured with a United Sensor wedge probe (Type WT). A

1

]

traversing mechanism allowed both the vertical and horizontal profiles
to be measured by the probe. The probe was indexed to the center of the
flow channel to measure the freestream conditions at the beginning of
each experimental run and then was retracted close to the top wall of
the test section (~1 in) so as not to disturb the flow passing over the
cylinder.

Cylinder Instrumenrtation. During the fabrication of the cylinder,

an 8° rib was left between the coolant channel for the installation of
pressure taps and thermocouples (to measure the cylinder wall static

pressure, P, and temperature, Tw)' The pressure ports were constructed

W
with 1/32" 0.D. hyperdermic tubing epoxied flush with the surface. The
thermocouples, consisting of a thermocouple bead surrounded by solder
and sanded into a cylindrical shape, were also epoxied flush with the
surface. The hyperdermic tubing and thermocouple wires were passed
through the hollow center of the cylinder. Figure A8 presents a planar

view of the cylindrical test surface with the injection plate-cylinder
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seam located at the top of the figure showing the location of instrumen-
tation downstream of the row of injection holes. The location of heat
flux gages installed on the test surface are also shown in Figure AS8.

At each heat flux gage location, a hole was drilled through the cylinder
surface, and a copper plug (3/16" 0.D.) was press fitted in, to prevent
any leakage from a coolant channel. A hole was drilled through the
center of the plug and the heat flux gage was press fitted into it. The
calibration and theory of operation of the heat flux gage are presented
in Appendix III. A pressure probe and thermocouple were inserted into the
plenum chamber to measure the plenum film coolant conditions. Two holes
(1/16" deep), drilled into each injection plate, had thermocouples
epoxied into them.

Pressure Measurements. All pressures were measured using differen-

tial variable reluctance pressure transducers (Validyne, Model DP15).
The freestream total pressure (directly upstream of the cylinder), the
fuel orifice plate pressure difference, the main air orifice plate
pressure difference and the static pressure in the air flowmeter were
all measured on individual pressure transducers. The freestream total
(PT‘”o) and static (P°°o) pressures along with the cylinder wall pressure
(Pw) were fed into a pressure sampling device. This allowed the differ-
ential pressure (Pw'Pwo) at discrete locations along the cylinder to be
cycled through and measured while using only one transducer. This

sampl ing device also permitted the freestream total-static pressure
difference (PT“ -P"o) to be measured. Actual measurement of the indivi-

0
dual pressures was not done in order to avoid large errors that could

have occurred by subtracting two large values of pressure with only
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a small difference. Listed below are the pressure measurements made,

and the pressure range of the transducer used for each measurement.

Pressure Sampling Device -1 psi to +1 psi
(Pw-F{=°0 and PT» -Rwo)
0
Air Orifice Plate Differential -10 psi to +10 psi
Pressure
Fuel Orifice Plate Differential -10 psi to +10 psi
Pressure
Total Freestream Pressure -100 psi to +100 psi
Air Flowmeter Static Pressure -1000 psi to +1000 psi

Temperature Measurements. A1l temperature measurements of the

cylinder surface, the plenun chamber air, and the injection plate were
made by copper-constantan thermocouples using an ice bath reference. The
freestream total temperature (TT ) was measured with a chromel-alumel

00

thermocouple.

Heat Flux Measurements. Due to the small size of the thin foil,

Gardon heat flux sensors (Thermogage, Inc., Modei 2000, 0.44cm 0.11)
used in this investigation, the signal produced was in the microvolt
range. Therefore each sensor was matched with an operational amplifier
(gain ~1000) to provide a millivolt level signal. To eliminate any
additional EMF sources between the sensors and the amplifiers, all

solder connections were made with low noise, cadium-tin solder. The
electronic circuit for the heat flux gage is shown in Fig. A9. The
output from the amplifier was fed through a voltage divider-filter
circuit designed to filter out any noise from other electronic equipment.

This circuit also provided the external resistance to the oscillograph
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(CEC, Model No. 5-123) that was used to record the heat flux gage out-
put. The oscillograph, consisting of a 1ight sensitive paper and galva-
nometer, was adjusted so that the light reflected from the galvanometer
was set at a specified zero location. Before each experimental run,

the heat flux gages, test cylinder and test cell environment were in
thermal equilibrium so the heat flux level measured by the gages was
zero. When the heat flux gage amplifier was turned on, the gage output
was checked (and adjusted by a zero screw on the amplifier) to verify

the specified zero location. After each run, when the test cylinder,

the heat flux gages, and the test cell environment had returned to thermal
equilibrium, the zero location of each gage was checked to confirm if

it had returned to the specified location. Throughout this investigation,
the gages always returned to the specified zero location.

Film Coolant Flow Rate Measurements. The film coolant flow rate

was measured using a Thermal-System, Inc. (Model No. 1352) mass flow-

meter with a platinum film sensor placed in the flow stream. The sen-
sor produced a millivolt signal that was proportional to the mass flux
(oV). Two sensors were used to measure different flow rate ranges and
a calibration curve for each sensor was developed by the manufacturer,

TSI, at the nominal pressure and temperature listed below.

Flow Range Pressure Temperature
0-5 SCFM 250 psi 65 °F
0-20 SCFM 100 psi 70 °F

I1.B. Experimental Run Procedure

Before each run, necessary calibration checks were made of the

pressure transducers and recording devices. Calculations were made of
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the freestream pressure and temperature necessary to achieve the
desired Reynolds number and freestream-to-wall temperature ratio.
Since it was desirable to set the main air flow rate before the combus-
tor was ignited, the mass flow rate computed from the hot conditions,
was used to compute the cold flow freestream presssure for the cold
flow freestream temperature. Once these basic pre-run procedures had
been completed, the experimental run began.

The pumps in the primary and secondary coolant loops were started.
Dry ice was added to the heat exchanger in the primary loop until
the cylinder wall temperature reached ~460°R. The air flow rate was
then increased until the calculated cold flow pressure was reached.
The fuel valve was then opened, allowing fuel to flow to the secondary
port of the fuel nozzle. A hand regulator was opened, allowing air to
flow to the primary port of the fuel nozzle. The spark plug exciter
was switched on and as soon as the methanol had been ignited, the
exciter was turned off. The fuel and air flow rates were gradually
adjusted until the calculated freestream prescsure and temperature were
achieved. Due to the hot flow over the cylinder, the wall temperature
jumped about 20°F upon ignition. Dry ice was added to the methano!l
heat exchanger in the primary loop to bring the wall temperature down
to 470°R. Additional dry ice was added during the course of the experi-
mental run to maintain the wall temperature at this level. Once the
cylinder temperature and freestream total pressure and total tempera-
ture had been set, the air orifice plate pressure difference, the air
flowmeter static pressure and temperature, the freestream total-static

pressure difference and the fuel orifice plate pressure difference were
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recorded and then continuously monitored throughout the run to insure
that the freestream flow conditions did not change. With these free-
stream conditions set, the investigation of the parameters of interest
began.

As stated in Secion III.A.1, preliminary experiments were con-
cluded to determine the freestream flow conditions upstream of the test
cylinder. This involved the mapping of the freestream profiles in front
of the cylinder. The probe, measuring freestream total temperature,
total pressure, and static pressure, was attached to a traversing mecha-
nism that moved in 1/90 in. steps. For a vertical traverse of the flow
field, the probe was lifted from the center of the flow channel (placed
there to set the freestream conditons) to within 0.4 in. of the top of
the channel. The probe measurements were recorded at 1/2 in. intervals
as the probe was inserted through the flow field to within 0.4 in. of
the bottom of the channel. The probe was then moved back through the
field until it was within 0.4 in. of the top of the channel. To
conduct a horizontal traverse, the probe and traversing mechanism were
moved to the port on the side of the flow channel, and the mapping
procedure was repeated. To investigate the influence of the Reynolds
number on the freestream profiles, the probe was returned to the center
of the rectangular duct. The freestream total pressure and temperature
corresponding to the new Reynolds number were set and the new traverses
were taken.

The next phase of the preliminary experiments, discussed in
Sections III.A.2. and III.A.3,,involved the measurement of the cylinder
temperature and pressure distributions. With the freestream conditions
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set (for the desired Reynolds number), the traversing probe was moved
from the center of the channel to within 1 in. of the top of the
channel (in order to not disturb the flow passing over the cylinder).
The wall pressure sampling device allowed the differential pressure
(Pw'Pwo) at discrete locations along the cylinder to be cycled through
and recorded, while the thermocouples located around the cylinder
allowed the temperature distribution to be recorded. The pressure
distributions, as discussed in Section III.A.3., were measured with
both heated flow (TT ~ 530°R) and unheated flow (TT ~ 35°F), at the
same Reynolds nmbern.o %

The second phase of this investigation, discussed in Section III.B.,
measurement of the test cylinder heat transfer rates without film cooling.
As with all cylinder measurements, once the freestream conditions had
been set, the traversing probe was 1ifted from the center of the channel
to within 1 in. of the top of the channel. The oscillograph recorded
the heat flux Tevel from all of the gages simultaneously, while the
thermocouples distributed around the cylinder allowed the wall tempera-
ture to be recorded. To investigate the effect of the injection plate-
cylinder seam on the heat transfer rate, the heat f]ux was measured with
the injection plate located at a variety of positions relative to stagna-
tion. The plate-cylinder seam was positioned both upstream and down-
stream of the heat flux gages by rotating the cylinder on successive
experiments.

The final‘ phase of the investigation, as discussed in Section III.C.,
involved the investigation of film cooling parameters. Once the free-

stream conditions had been set, and the probe lifted from in front of
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the cylinder, the dry wall heat flux and wall temperatures were re-
corded. Then the film coolant regulating valves were opened until

the desired blowing ratio was achieved. With the film coolant flow
rate set, the heat flux, wall temperatures, injection plate temperature,
and plenum temperature were recorded. When these measurements had

been completed, a new value of the blowing ratio was set and the same
measurements were retaken. This process continued until each blowing
ratio of interest had been investigated. The film coolant flow was
shut-off and the dry wall heat flux was checked at the end of the

experiment.

II.C. Data Reduction

During each experimental run, a group of basic measurements

were recorded. To measure the freestream conditions upstream of the

est cylinder, the toia] temperature, the total pressure and the
total-static pressure difference were recorded. Along the cylinder
surface, measurements of the wall temperature and wall heat flux were
taken. In the film coolant system, the injection plate temperature,
the plenum air temperature, and the coolant mass flow rate were all
recorded. These values were then reduced to familiar heat transfer
and flow parameters.

A1l properties necessary to compute the freestream flow and heat
transfer parameters were determined from data found in Ref. 40. Since
the data was only presented at 100°K intervals. the data for the ratio
of specific heats, the viscosity and the thermal conductivity were
curve fitted by the least squares method. A1l three properties demon-
strated the best fit of the data with third order polynomials, conse-
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quently the coefficients computed for the third order polynomial were
used to determine the freestream properties. For the film coolant,
air properties were determined from data taken from Ref. 41. With
data provided only at 50°F intervals, the data for viscosity and
Prandtl number were curve fitted the same way the freestream properties
were, and once again a third order polynomial provided the best fit
of the data. Therefore the coefficients computed for the third order
polynomial were used to determine the film coolant properties.

Having measured the total and static pressure, the following
equation was used to compute the Mach number.

:_1: W 15_1 Maz)Y/Y-l

The specific heat ratio, v, was based on the freestream total tempera-
ture, since a Mach number of ~0.08 made the difference between the

total and static freestream temperatures less than 0.1%. The static
temperature was computed using the following equation.

The perfect gas law was then used to calculate the freestream density.
The freestream velocity upstream of the cylinder, computed from
the Mach number and static temperature, was combined with the free-
stream density and freestream viscosity to form a Reynolds number based
on the cylinder diameter.
PV, D
Moy o v, (A-19)
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Although the freestream velocity upstream of the cylinder was computed,
the local velocity along the cylinder surface differed significantly
from the upstream velocity. Initially the lTocal velocity was calcu-
lated from potential flow theory for a cylinder in an infinite flow.
v, = 2V“°sine (A-20)

A subsequent refinement in the local velocity calculation was achieved
by computing the potential flow for a cylinder in the existing,
finite flow channel. A comparison of both methods revealed that for
0 in the range of 20° to 40° (the range of 0, investigated in this
study) the difference between the two velocities was less than 5%.
A11 values of local V_ reported herein were determined from Eq.(A-22).

It is conventional to use the surface heat flux and the freestream-
wall temperature difference to define a local convective heat transfer

coefficient. Therefore

o T-T (33)

where the subscript o designates no film cooling (dry wall). The dry
wall heat transfer coefficient was computed directly from the heat flux
and wall temperature measurements made during each éxperimental run.
Since the wall temperatures at the gage locations were not measured, the
temperature at each gage location was determined by interpolating be-
tween the measured temperatures surrounding the gages (see Fig. A8).
Using a mean film temperature, (T;}TQ)/Z. a thermal conductivity was
determined and combined with the heat transfer coefficient to compute

a Nusselt number based on the cylinder diameter.

e b A b P52 S0 ARl
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Similarly, the heat flux with film cooling can be combined with
the freestream-wall temperature difference to define a local convective

heat transfer coefficient with film cooling. Therefore

G re
i £ (34)
. e

where the subscript FC designates with film cooling. The ratio of
these two heat transfer coefficients can also be written as a Stanton
number ratio (since the local freestream conditions are the same for

both)
EC - C
Fo st (35)

In order to present a percentage reduction in the Stanton number due

to film cooling, the film cooling performance was defined as
1= g (36)

and called the Stanton Number Reduction.

To determine the dimensionless coolant temperature, Qc. the temper-
ature of the air leaving the coolant holes (Tc) needed to be determined.
Since the injection plate and plenum air temperatures were recorded
during each experimental run, an investigation was conducted to correlate
the temperature rise of the coolant passing through the injection plate
(with the coolant mass flow rates). The study and its results are dis-
cussed in detail in Appendix IV, but the temperature rise was found to
be correlated with the parameters, Nu (mean Nusselt number) and x+
(or L/dOIRePr). With Nu plotted as a function of x*. the experimental
data were curve fitted with a third order polynomial (which gave the
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best least squares fit of the data). To compute x+, film coolant
plenun temperature was used to determine the coolant viscosity and
Prandtl number. Having measured the film coolant flow rate, and
knowing the number of holes and the diameter of each holes, the mass
flux (pV)c of the coolant through each injection hole was calculated.
Then combining the mass flux with the hole diameter and coolant
viscosity, the coolant Reynolds number was calculated. Although the
injection plate thickness remained constant, the angle of the coolant
hole affected the length-to-diameter ratio of the hole, therefore
this ratio was computed for the injection angle investigated. The

x value was thus computed by x = (L/do)/(RePr)c- Inserting the X
value into the least square fit equation of the experimental data
generated the WU value. The two values, NU and X', were used in the

following equation

Tc:TPL -1 _e-4ﬁﬁk+ (A-52)
w PL

to determine the temperature of the coolant as it left the injection
hole (Tc). Combining Tc with the freestream static and cylinder wall
temperature, Oc was computed.

To compute the film coolant hydrodynamic parameters, the assumption
of uniform flow through all of the coolant holes was made. Knowing
the number of holes and the hole area, the mass flux (pcvc) of the
coolant was determined. Having previously found the coolant temperature,

Tc’ the coolant density was computed and used with the coolant mass

flux (pcvc) to calculate the coolant velocity (Vc). Using the potential
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flow calculations to compute the local freestream velocity, the
coolant-freestream velocity and density ratios were calculated. Once
the two ratios were known, the mass flux (M) and momentum flux (I)
ratios were computed. The x, y, and z components of the hydrodynamic
parameters were computed with the o and g injection angles.

A11 of the calculations discussed were done by a data reduction
computer program. Besides the parameters mentioned, the program
calculated several film coolant geometric parameters, including the
x/d0 and z/s downstream locations of each gage from injection, and
the angular location of each gage relative to stagnation. The next
pages present the data reduction program followed by a listing of
the program variable names and a sample output page for a typical

experimental run.
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PROGRAM DATAREC INPUT OUTPUT s TAPES=INPUT s TAPE6=0UTPUT)
COMMON/CNE-VELs Ry W
INTEGER DATE, MESSAGC10)sROUTE

REAL MWTsMFCy KaMACHs MASFLOs MUs NUSULTC6) s LDs M1 3 M25 MX15 Y15 MZ1 s

1MX2, MYEs MZ2s I1s 125 IX1s IY15 121, IX2s IYR, 122

DIMENSION XDOWNCS): XDOC6) «Z8C¢HI s HF (6 TWL.C6: REDCRCE) s THC(E) s TMIH)
1CONDCES s HFCOF CE) s HFLNCCED s ST1C6) 3 STRCH) » STI(EY s CORL (K s CARLLR .G

2FHIC63; STANRE(6) s CRHF (6)5DT(6)

DATA GCr328.174~

DATA NO-15~7

DATA 0270, 06235~

LATA (XDOWNCIO s I=1:637.245.145.693,5951.145,.35/
DATA 2-0.7

DATA S/0.2077

DATA LIST/0.2597

DATA MWT-28.554~/

IAYA (CRHF(I)sT=1563/1.0551.05,1.05,1.05,1, 05~
DRTA THETAR/24. .7

DATA ALPHA-0.~7

DATA BETA/90.7

DATA A0, 08333337

DATA D-C. 16656677

HOW0.67197

INITIALIZE GEOMETRY

NAMELIST ~CHANGE-MWTs THETAs ALPHAs BETAs NOs DISTs 25 Sy DO
READCT CHANGE
IFCEDF, 553292
RPSI=10.73/MUT
RETU=1.986/MUT
RETLB=1545. /MUT
THETA=THETA*3, 14159/ 180,
RI=THET5%, 99
THETAR=TAETA%180, 3. 14159
0 3 I=1,6
HFLECCCI ) =CXDOKMNC ID+DIST+RI )7, 99% (180, 73, 14159)
IFCRPLOCCTS . EQ. 0. 0OHFLOCCI ) =1.E~9
XUQCT 5= {KLONNCI X +DIST )~ DG
Z3C5I=0S{a)=25{ =25
Z1=3
[FCEL.GE. C2+.90260 T 5
Z1=21+3
G T2 4
2i=2i-%
2i=2+,5-21
Z5.8)=21/8
Z8(2)={21+,.033)/8

CRCCCCCCCLCCCCCCeCCCCCCoCCCCrCCCooCCCCCCCCCCCCiCCCCCCCCCoeCee

o
C
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Z38¢1)>=(21+, 067>/3
CLCCCCCCCCCCCCLCCCCCCoCCCLClerCCCCCCCCCCCCrert

READ MERSURED DATA

QOO0
(]

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCoCCCCCCCCCCCCCCCCrCCotnConen
6 READ(S 7ORCUTE MF C: TPLEN

? FORMATCILsF9.0sF9.0)
IFCEGF +521+3
8 RERD(Ss I (HFCI)sI=16)
9 FORMATLEFS. &)
READCS» 100 CTHLCI D9 I=1563 TPLT1s TPLT2
10 FORMAT(RFS.2)
DO 11 J=1+6
i1 AFLOCC Jo=HFLOCC J)>%3,14159-180.
THETA=THETA*3, 14159180,
ALPHA=ALPHA%3, 14159180,
BETA=BEYA%3, 14159-180,
IF(ROUTE.GT. 1 )READCS» 12> (MESSAGCI )y I=1+8)
12 FORMATCBAL10)
IF{ROUTE.EQ. 0.0UR.RDUTE.EQR.2)>GC TD 16
READC(Ss 13>TTHPTs P
13 FIURMATC(3FS.2»
READ(Ss 1423 TTMTRs FFMTRy DPFMTR
14 FORMATC(3FS.2)
RY=A%COSCTHETA)
YV=-RA%SINCTHETA)

gCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

-

c
c CALCULATE FREESTREAM CONDITIDNS

-~

~

c c
CCCCCC$$2C$$CC§€CCgCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCtCCCCCCCCCCCCC
=TT+459.¢

PTA=PT+14.697

PA=PTA-DF

YISC=FYISCCTTRY

K=FK(TTR)

CP=(RBTU*K)(K-1,)

C=S0RT (KMGCRRFTLE*TTR)

MAHESART (2. 7 (K1, Y% (PTA/PA)®M( (K-1, ) /K)=1.))

YR=TTR/CY . +CK=1. )&, BMACHN™Z )

DENZ=PA- (RF S (#TR)

VEL=MACH*C

CALL VELOCSC(XVsYVaUsVs 100)

YCR=SERT (LMW 4w )

IFCTHETR.EQ. 0, 00 VCR=VEL

MASFLO=C. 7071 1%3QRT (18, B40%DFFMTRACPFMTR+14. 697) 7 (TFMTR+459.67>)

RED=(DENS*VEL >/ (6, ¥V ISC)
gCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

On
C
< CALCULATE FILM COOLANT CONDITIONS AND PARAMETERS C

CCCCCCCCCCCCCCCCCCereeers

-

O0oOc
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c c
CCCECCLCCCTCCCCCCCCCCCLCCCCCCCCCCCCCCCCCCCCCCLCCCCrCCCCCCCoCCCCCoCoritid
16 MU=FFMUCTPLEN+459.67)
FR=FPRC{TPLEN+459.67)
REDO=4.*MFC/(FLDAT(NO)> %3, 14159%CD0/12. D)%MD
LD=, 1625/ (SINCBETAY =00
XPLUS=LD/(REDO*PR>
IFCHFC.ER. 0,060 TO 17
Te=TPLEN-TCRCXPLUS ) #(TPLEN-C(TPLT1+TPLT2)/2.)
Gl TD 18
17  Té=TFLEN
18  LENFC=PR/(, 370%(T2+459.67))
ROVHC=4, #MFC/ (FLOAT(NO)* (DO~ 12, Y X%*2%3, 14159)
VFC=ROVFC-DENFC
ROR=DENFC-DENS
ACUMP=C03CBETAY2CASCALPHAY
YCOMP=SINCRETAY
ZCOMP=COSCBETAY*SINCALPHRA)
F1=YFCsVCR
FE=YFC/YEL
FX1=F 1 %XCOMP
FY1=F1%yCOmMF
FZi=F1%2COmMP
FRre=r2*xXComMF
Fya=Fa%syCOMP
F22=F2#2CamMP
M1=ROVFC/ (DENS*YCR)
ME=ROVE ./ CDENS#*VEL.)
¥ 1 =11 *XCamMP
MY 1=M1%YCOMP
MZ1=M1%2COMP
MX2=M2*XCOMP
My2=M2*yYCOMP
MZa=M2*2COMP
I1=11%F1
12=M2%F 2
I1X1=11%XCOMP
IY1=11%YCOMP
171 =11%2C0OMP
[xe=a*XCoMP
1Ye=128yCOmMP
12e=1c#2C0MP
{0 0 e 0 v o B 0 1 0 B L R
C

HEAT TRANSFER CALCULATICONS

CCCCCC%EC%;C?C?CECCCcCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCtCCCCCCCCCCCCCCCC
=1
19  HFCID=HFCID®CRINTCT)
THCL)=(THLCI)+THLCE) ) 72,
THE2)=0(, PSATUL (304, 2STUL(4))+THLCL) ) 22,

o0

OOO0o
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THC3>=TUWC(1)
THC4)=, 208 THL (4)+. 75%TUL.(3)
THCS)=CCCTHLC2I+THLCE) ) 72, D+ TULC(S) Y72,
THCEI=TH(S)
DO 20 I=1,6
THCID=THCI)+459.67
DTCI)=TR-TUCI)
PHICI)=(TR-{(T2+45%.672>/(TR-THCI>>
TMCI>=C(TR+TUCI ) )72,
CONDCI>=FCONDCTMCID )
HFCOF CI>=HFCI>~/DTCID
IF (1.EQ. 3)HFCOF ¢I1>=HFCODF ¢I)+0, 25%RED*%(0, S%CONDC1>/D
STE2C1)=HFCOF ¢ 1)~ (DENS*CP%VEL)
XL=ACOSC(HFLOCC 1))
YL=~A*SINCHFLOCCIO )
CALL VELDCSCXLsYLsULsVLs100)
VLOCAL=SORT (UL *MZ+ VL %2 )
ST1<I)=HFCOF ¢ 1)/ (DENS*CP#*VLOCAL>
IF(MFC.EQ. 0. 0XSTOCI )=ST1<(I)>
NUSULTCI>=CHFCOF <I>*D)~CONDCI>
CORLCI>=NUSULTCI)-RED*%(0.5
IFCHFCIN.EQ. 0, 02STOCI ) =1 . E-99
STANRECI>=1.-ST1<CI)/STOCI>
€0  HFCOF < 1)>=HFCOF ¢1>%3600,
THETA=THETAR*180. #3. 14159
ALPHA=ALFHA%180. /3. 14159
BETA=BETA%180. 3. 14159
gCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCg

c GENERATE OUTPUT c

c c
CCCCCCCCCCCCCECCCCCCCCCCCCCCCtCeCCCCCCCCCCCCCeCCCCCCECtCCCCCCCeeeeeeeet
WRITEC6s21) (MESSAGCIYy I=1,8)
21 FORMATC1H1y21X, #DATA TAKEN ON #,8A10/)
WRITE(6s22)TTRy DENS» PTAsK» VEL s Cs MACH» VISC» REDs CPs MASFLO
22 FORMAT(21Xs#FREESTREAM CONDITIONS#s 43X #FREESTREAM PROPERTIES#) /7

115X #TOTAL TEMPERATURE = #:F10.2s# R#» 33Xy #DENSITY = #y
EF10.3s# LBM/FT3#£-15Xs #TOTAL PRESSURE = #3;F10.2+# PSIA#
330X #GAMMA = ®¥sF10.3715% #VELOCITY = #;F10.2y
4% FT/SECH, 26Xy #SONIC VELOCITY = #,F10.2s# FT/SEC¥/
515X #MACH MO, = #£3F10.3s35%s #VISCOSITY = #£E10.3
6# LBM/(FT#SEC)#/15X, #REYNOLDS NO. = #5E10.3»35X%,
?#SPECIFIC HEAT = #yF10.35# BTU/C(LBM*R)#- 15Xy
8¥MASS FLOU = #sF10.2+# LBM/SEC#//)
WRITECSs23)THLC1)s THLCS) s ALPHAS THLC2) s THLCE 2 s BETA» THLC3) s TPLT1
1THETA THLC4) s TRLT2

23 FORMATC21Xs#WALL TEMPERATURESs DEG F#,48Xs#GEOMETRY#®//
121Xy #1#9F 7. 15 5Xs #5#3 3% F?. 15 41Xs #ALPHA = #3F7.1,# DEGE~/
221Xy #2#9F7. 155Xy #6#y 3Xs FP. 15 41Xy #BETA = #F7.19# DEGH~

321X #3#1F7. 19 SXs #PLT1#sF?. 19 41Xs ¥THETA INJ = #3F7.1,# DEGH~
421Ky #aF# F7. 13 SKy #PLTC# FP. 177)

g W——
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WRITEC6s24>TPLENs T2s MFCs DENFCs REDOs ROR
24 FORMATC(21Xs#FILM COOLANT CONDITIONS#s41Xs#FILM CODLANT PROPERTIES#

177154 #PLCNUM TEMP = #F10.19# F#y35% #0UTLET TEMP = #y
eF10.1s¥ F#£-15Xs #MASS FLOW = #3E10.3: ¥ LBM/SECH#, 23Xy
SEDENSITY = #3F10.2%# LBM/FT3#/

4155, #HOLE REYMOLDS NO. = #,E10.3:37Xs #DENSITY RATIO = #,F10.3/-)
NRITE(GyES)Fl;FXlsFYlyFleNlaMXl:NYl’MZIsIlleI;IYI:IZlyFE;F%C¢
1FYEs FZEs MEs MXZ2s MYy MZ2s T2y IK2y IY2s 122
25 FORMAT(21Xs #F ILM COOLANT PARAMETERS#.~
139 #VELOCITY RATIO#> 19¥s £MASS FLUX RATID#s 14¥%s
2#FMOMENTUM FLUKX RATICH#-15Xy #RELATIVE TO#s 6Xs 3C1Xs #TOTALE s 5Ky #£X#s PHs
BEYE TR £ZF34K) /15K #LOCAL VELOCITY#s 1%y 12F8. 37
4154 #UPSTREAM VELF» 35Xy 12F8, 3770
HRITECGy 262
26 FORMAT (21X #MEASURED HEAT TRANSFERED DATA#/~
115K #GAGE# s S¥s #LOCAT ION#2 SXs #LOCAL HEAT FLUXHs SXs #TEMP DIFF#sSXs
E#HEAT TRANS COEF#-26X) #DEG#s 9% #ZETU/ (F TE®SEC) #3 9K #DEGH#» 8%
SEBTU/ (FTE®HR¥R)#./)
D0 27 I=1:6
HFLOCCID>=HFLOCCI)*180./3.14159
L=I-1
27 WRITECG,238)> LyHFLOCCIDsHFCId s DTCID s HFCOFCI)
28 FORMAT(1?7Xs I1sE6XsF7. 359X F7.35 12%XsFS. 139%,F8.3)
WRITEC6s29)
29 FORMAT (-7 15X #GAGE#s 5X» ZLOCAT ION#» SXs #X/ Dy SXy #2/S#,
15X #1-ST/STO#, 7Xs £PHI £ 7K, #NUD/REDR, 55, 72X, #STANTON# SX»
2#STANTONH» ~26X» ¥DEG#» 38X #COOLANT#» 23X
3#LOCAL#s 6Xs #UPSTREAME”)
Do 30 I=1s6
L=I-1
30 HRITEC6»31OLsHFLOCCI)» XDOCI»28CI)s STANRECID s PHICI )
1CORLCID» STICI)»STRCI)
31 FORMATC(17Xs I136XsF7.3ySKsFS5.25 3KsFS.29 3K FB.398XsFS. 396X
1F6.39y9%,E10.2y2X5E10.3)
GO TO &

32 3T0P
END
FUNCTION FKCT)
ECCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

c FK IS A LFAST SQUARES POLYNOMIAL FUNCTIDN FOP THE FREESTREAM C
C SPECIFIC HEAT RATIO

[ C
CCCCCCCCCCCCCCeoeeeceeecnceceecece l‘f‘f‘f‘[‘mr’f‘l‘frf‘f‘f’f‘l‘ﬁrr‘rmf“f‘l‘frf‘f‘f‘rrcccc

DIMENSION COEF(4)

DATA N74/

gﬁTg CCOEFCIN»I=1+4>/1.397152.1695E-5y ~7.2324E-8s2. 0438E-11~

K=0.

DO 1 I=1sN

1 FK=FK+COEFCI)MTmm(]I-1)
RETURN
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END
FUNCTION FVISC(T)>
CCCCCCCCCCCCCCCCCCCCCoCCCCCCCCCCLCCCCCLCCCCCCCCCCCCeCooCCCCCCCoCeeeere

C
C
C FYISC IS A LEAST SQUARES POLYNOMIAL FUNCTIDN FOR THE
G
C
C

FREESTREAM VISCOSITY

CCCCCCCCCCCCCCCCCCCCCCCCCCCCreCCCClCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCrCeet

DIMENSION COEF<4)>

DRTA Ns4-

DATA (COEFCI>sI=154)>/7.1190E-752.3902E-8s -7, 0076E-12s 1. 1648E-15~

FVISC=0.

DO 1 I=1sN

1 FYISC=FVISC+COEF (I)%T™M(I-1)

RETURN

END

FUNCTION FCONDCT)
CCCCCCCCLLCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCTCCCCCCCCCee

FCOND IS A LEAST SQUARES POLYNOMIAL FUNCTIDN FOR THE
FREESTREAM CONDUCTIVITY

CCCCCCCCCCCLCCCCCCCCCCCCiCCCCCCCCCCCCOCCrCCCCCCCCCCCCCCCCCeCCCrCeeneee

DIMENSION CDEF<4>

DATA N4,

DATA (COEFCIYs1=1545>/2,9393E-757.3917E-9+~1, 0358E-12s 1. 7623E-16~

FCOND=0.

DO 1 I=1sN

1 FCOND=FCDND+COEF ¢ [ >#7T%m(] 1)

RETURN

END

FUNCTION FPRCT)
CCCCCCCCCCCCCCCCCCCCCLCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCoCiCCCCCCeCCeeeee

FPR IS A LEAST SQUARES POLYNOMIAL FUNCTION FOR THE
FILM COOLANT PRANDTL NUMBER

OO0 0

oOoO0C0
o000

o000
Do0o0

ceeecoecorcoccereccecicoccccccocccoccccccccccocecceeerecreceeecceccocceeeoers
DIMENSIDON COEF(4)
DATA N-4s %
FDg;QO(CDEF'( I)s1=154)/8,1161E~1-9. 0181E-5,-5.4857E-7v6.6667E~10~/
AR=0,
DO 1 I=IsN
1 FPR=FPR+CCEF CI)®¥r#%(I-1)
RETURN
ENE
FUNCTION FEMUCT)
CCCCCECCTCCTCCCCCCCCCiCCCCCCCCCCCtCCCCCCCCCoCCrt ot CCCCCereeenn

C
¢ FFMU IS A LEAST SOUARES POLYNOMIAL FUNCTION FOR THE
C FILM CODLANT VISCUSITY

.
-

GO00
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00

C
CCCCCCCCCCCCCUCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCrCCoCrerrit

DIMENSION COEF<(4)

DATA Ns4-

D:_\Tﬁ (COEFCI>sI=154)7--4.3048E-6+5.5331E-85-6.5640E-117 3. 500E-14~ .

FFMuU=0,

DO 1 I=1sN

1 FFMUSFFMU+COEF (I )T R%(T~1)

RETURN

END

FUNCTIDN TCR(XPLUS)
CCCCCCCCLCLCCCCCCCCCCCrrCCCrCCCCCCCCCCCCCCCCCCCCCCCoCeiCCCCCCCeCCCCoces

4
C
TCR IS A LEAST SEUARES POLYNOMIAL FUNCTION FOR THE c
E
{4

FILM COOLANT TEMPERATURE CORRECTION
CCCCCgEgCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCLLLLLLLLLLLLLLLLLCCCCCCCCCCC

L NUDOD
DIMENSION COEF<4)
DATA N/4-
DATA (COEFCI>sI=1y4)>/4.2354E2, -3.8872E5 1.3864E8s -1.5722E10~
NUDO=0.
DO 1 I=1,N
1 HUDD=NUDDO+COEF ¢ I )¥XPLUS*®(I-1)
TCR=1. 0-EXP(-4. 0*NUDO*XPLUS)
RETURN
EMD
SUEROUTINE VELOCSCXsYsUs VaK)
CCCCCCLLOrCCCrCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCLCCCCCCCtCCCCoiCCoeeese

[

Cc SUBROUTINE VEILOCS CALCULATES THE VELOCITY AT POSITION (XsY)
C FUR POTENTIAL FLOW PAST A CYLINDER IN A WIND TUNNELS

[ Us AND Vs ARE THE. X AND Y COMPONENTS OF VCLOCITYs K IS THE
NUMBER OF TERMS IN THE SERIES TiIAT CALCULATES THE VELOCITY

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCtCCCCCCCCCCCCCears
COMMON/ONE~VEL s As W
YO=W
USUM=UPOT(Xs ¥y 0. )
YSUM=YPOTC(X: Yy 0. )
SMU=SMUMC 0. >
0 1 J=1sK
USUM=USUM+UPOT (Xs ¥s YOI +UPOTCXs ¥y -¥0)
YEUM=YSUMEVYPOT (X ¥y YOI +YPOTCRs Y5 -¥YD)
SHMiJ=SMU+SMUMC YD +SMUMC-YT)
1 YO=YO+W
U=YEL#(1, -USUM/SMUD
V=--2, #YEL*¥YSUM/SMU
RETURN 3

END
FUNCTION UPOTCXsYs YD)

QOCIOD0

OO0000

C
c
C

-
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CCCCCCCCCCCCCCCCCCCCCCCrCCCCCCCCCCCCCCCCCCCCCCCCeeeeeeeeeeeeeeeeececeeee

C c
Cc FUNCTION UPOT CALCULATES THE TERMS IN THE SERIES FOR THE c
c ® COMPONENT OF POTENTIAL VELOCITY c
c

c
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCLCCCCCCCCCCCCeeeeeeee
UPDT=(X®2- (YYD y%2) /(XM + (Y-Y0) *u2 ) wup
RE;URN
EN

FUNCTION YPOT(XsYsYO)
CCCCCCRCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCLeCChCCCCCCCeeeeeee

c
c FUNCTION VPOT CALCULATES THE TERMS FOR THE SERIES FOR THE c
c Y COMPONENT OF POUTENTIAL VELOCITY C

c c
CCCCCCCCCCCCLrCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCrCCCCCCCCCCCCCCCCCee
VPOT=X®(Y-YO) 7 (RMM24 (Y -YT1) *m2 ) w2
RETURN

END

FUNCTION SMUM(2)
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCeeet

c c
C FUNCTION SMUM CALCULATES THE TERMS FOR THE STRENGTH OF THE c
E POTEMTIAL DOUBLETS WHICH FORM THF CYLINDERS c
Cc
CCCCCCCCCCCCCCCCCCLLCCCCCCCCCCCCCCCLCCCCCCCCCCCCCCCCCCCCrCCCCCCCCCCCeee
COMMON/ONE~VEL» As W
SMUM= (RN 20M2 ) / (ANND+ZHMD ) M2
g
ECCCCCCCCCCCCCCOCCCCCCCCCCCCCCCCCCCC CCCCCcce CCCCCCCCe Ccccce
c
E VARIABLE NAMES IN ALPHABETICAL ORDER c
; c
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCleCCCCeCeeeeeeeeeeeceeeeeceeceeeect
C A RADIUS OF CYLINDER c
C ALPHA  FILM COOLANT INJECTION ANGLE MEASURED ON SURFACEs DEG c
C BETA FILM COOLANT INJECTION ANGLE MEASURED UPWARD FROM c
c SURFACEs DEG c
c C FREESTREAM SONIC VELDCITYs FT/SEC c
C COND CONDUCTIVITY BASED ON MEAN FLUID TEMP.s BTU/HRMSEC®R c
C CCRL NU/RE ww, 5 <
c Cr FREESTREAM SPECIFIC HEAT RATIO BTU/LBM*R c
C  CRHF HEAT FLUX CORRECTION FACTOR c
cC D DIAMETER OF CYLINDER c
C DENFC  FILM CNOLANT DENSITYs LBM/FT3 C
C  DENS FREESTREAM DENSITY» LBM/FT3 c
C DIST DISTANCE FROM EDGE OF PLATE TO HOLESs IN c
c 1o FILM COOLANT HOLE DIAMETERs IN c
cC P FREESTREAM (STAGNATION-STATIC) PRESSURE c
c DIFFERENCE» PSI c
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OOO000000O00CGO0O000000000000000000000000000000CCCOO0000

DPFMTR
DT
FCOND
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PRESSURE DIFFERENCE ACROSS FLOWMETER ORIFICE PLATEs PSI

HWALL-TO-FREESTREAM TEMPERATURE DIFFERENCEs F

FUNCTION TO DETERMINE CONDUCTIVITY OF FREESTREAM

FUNCTION 7O DETERMINE SPECIFIC HEAT RATIO OF FREESTREAM

FUNCTION TO DETERMINE VISCOSITY FOR FILM COOLANT

FUNCTION TO DETERMINE PRANDTL NUMBER FOR FILM CDOLANT

FUNCTION TO DETERMINE VISCOSITY OF FREESTREMM

VELOCITY RATIOs BASED ON LOCAL FREESTREAM YELOCITY

VELOCITY RATIOs BASED ON FREESTREAM VELOCITY

¥-COMPONENT OF VELOCITY RATIO BASED ON LOCAL

FREESTREAM VELOCITY

X-COMPONENT OF VELOCITY RATIO BASED ON UPSTREAM

VELOCITY

Y-COMPONENT DOF VELOCITY RATIO BASED ON LOCAL

FREESTREAM VELOCITY

Y-COMPONENT OF VELOCITY RATIO BASED ON UPSTREAM

VELOCITY

Z2-COMPONENT OF VELOCITY RATIO BASED ON LOCAL

FREESTREAM VELOCITY

Z-COMPONENT OF VELOCITY RATIO BASED ON UPSTREAM

VELOCITY

GRAVITATIONAL CONSTANTs LBM-FT-/LBF-SEC2

HEAT FLUX MEASURED DURING EXPERIMENAL RUN BTU/FT2%SEC

HEAT TRANSFER COEFFICIENTs BTU/F T2®SEC*R

HEAT FLUX GAGE ANGULAR LOCATION FROM STAGNATIONs DEG

MOMENTUM RATIOs BASED ON THE UPSTREAM VELODCITY

MOMENTUM RATIOs BASED ON THE LOCAL FREESTREAM VELOCITY

¥-COMPONENT OF MOMENTUM RATIO BASED ON LOCAL

FREESTREAM VELOCITY

X-COMPONENT OF MOMENTUM RATIO BASED ON UPSTREAM

VELOCITY

Y-COMPONENT OF MOMENTUM RATIO BASED ON LOCAL

FREESTREAM VELOCITY

QC&PQPENT OF MOMENTUM RATIO BASED ON UPSTREAM
LOCITY

Z-COMPONENT DOF MOMEMTUM RATIO BASED ON LOCAL

FREESTREAM VELDCITY

Z-COMPONENT OF MOMENMTUM RATIO BASED ON UPSTREAM

VELOCITY

FREESTREAM SPECIFIC HEAT RATIO

LENGTH-TD-DIAMETER RATIOD OF FILM COOLANT HOLE

FREESTREAM MACH NUMBER

FREESTREAM MASS FLOW RATEs LBM/SEC

MESSAGE TO BE PRINTED ACROSS TOP OF OUTPUT PAGE

FILM CODLANT MASS FLOW RATEs LBM/SEC

FILM COOLANT VISCOSITYs LBM/FT-SEC

MOLECULAR WEIGHT OF COMBUSTION GASESs LBM-LBMOLE

MASS FLUX RATIOs BASED ON LOCAL FREESTREAM VELOCITY

MASS FLUX RATIOs BASED ON UPSTREAM VELOCITY

X-COMPONENT OF MASS FLUX RATIO BASED ON LOCAL

FREESTREAM VELODCITY

0000000000000 CO00000000000000000000000000000000CO0000
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X-COMPONENT OF MASS FILLUX RATIO BASED ON UPSTRERM
VELOCITY

Y-COMPONENT OF MASS FLUX RATIO BASED ON LOCAL
FREESTREAM VELOCITY

Y-COMPONENT OF MASS FLUX RATIO BASED ON UPSTREAM
VELOCITY

Z-COMPONENT OF MASS FLUX RATIO BASED ON LOCAL
FREESTREAM VELOCITY

Z2-COMPONENT OF MASS FLUX RATIO BASED ON UPSTREAM
VELOCITY

NUMBER OF FILM CODLANT HOLES

NUSSELT NUMBER

ABSOLUTE FREESTREAM STATIC PRESSUREs PSIA
PRESSURE IN ORIFICE PLATE FLOW METERs PSIG
DIMENSIONLESS TEMPERATURE RATIOs (TR-T2)>/(TR-TW)
PRANDTL NUMBER OF FILM COOLANT

FREESTREAM TOTAL PRESSUREs PSIA

FREESTREAM TOTAL PRESSUREs PSIG

SPECIFIC GAS CONSTANTs BTU/LBM*R

FREESTREAM REYNOLDS NUMBER

FILM COOLANT REYNOLDS NUMBERs BASED ON DO
SPECIFIC GAS CONSTANTs FT-LBF/LBM*R

LENSITY RATID

READING RODUTER

FILM CODLANT FLUXs LBM-FT2%SEC

SPECIFIC GAS CONSTANTs PSI¥FT3-/LBM*R

FILM COOLANT HOLE SPACINGs IN

STANTON NUMBER REDUCTION

STANTON NUMBER WITHOUT FILM COOLING BASED ON LOCAL

FREESTREAM VELOCITY
STANTON NUMBER WITH FILM CGOLING BASED ON
FREESTREAM VELOCITY

STANTON NUMBER WITH FILM COOLING BASED ON UPSTREAM

VELOCITY

FILM COOLANT TEMPERATURC CORRECTION RATIO
TEMPERATURE DF ORIFICE PLATE FLOWMETERs F
LOCATION OF INJECTION RELATIVE TO STAGNATIDNs DEG
MEAN TEMPERATURE OF FREESTREAM GRS AND WALL
TEMPERATURE s P

FILM COOLANT PLENUM TEMPERATUREs F

FILM COOLANT PLATE TEMPERATUREs F

FILM CODLANT PLATE TEMPERATUREs F
FREESTREAM STATIC TEMPERATUREs R
FREESTREAM TOTAL TEMPERATURE, F

FREESTREAM TOTAL TEMPERATUREs R

CYLINDER WALL TEMPERATURE FOR A SPECIFIC HEAT FLUX GRGEs R

MEASURED CYLINDER WALL TEMPERATURE: F
FILM COOLANT EXIT TEMPERATUREs F

X COMPONENT OF POTENTIAL VELOCITY AT INJECTION LOCATION
X COMPONENT OF POTENTAIL VELOCITY AT HF GAGE LOCATION
Y COMPONENT OF POTENTIAL VELOCITY AT INJECTION LOCATION

000000000000 0000000000000000000NO00000000000000000

c
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vL
VCR
VEL
VFC
VELOCS

VISC
vLoCAL
W
XCOMP
®Dpd
#DOWN
X1

XPLUS
“L
Ry
YCOMP
YL

Yy

s
ZCOMP
Z38
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Y COMPONENT OF POTENTIAL VELOCITY AT HF GAGE LOCATION
LOCAL FREESTREAM VELOCITY AT FC INJECTIONs FT-/SEC
UPSTREAM VELOCITYs FT/SEC

FILM COOLANT VELOCITYs FT/SEC

SUBROUTINE USED TO CALCULATE THE POTENTIAL VELOCITY
FIELD FGR A CYLINDER IN A WINDTUNNEL

FREESTREAM VISCDSITYs LBM/FT-SEC

LOCAL FREESTREAM VELOCITY AT GAGE LOCATIDNs FT/SEC
HEIGHT OF WINDTLNNEL

X-COMPONENTs OF FC INJECTION ANGLE

DIMENSIONLESS DISTANCE DOWNSTREAM OF INJECTIONs ¥-DO
DISTANCE FROM EDGE OF PLATE TO HF GAGEs IN

ANGULAR LOCATION OF INJECTION RELATIVE TO
ETOGNATIDN, IN

FILM COOLANT HERT TRAMSFER PARAMETER: (L/RO)~(RENO¥PR)
X COCRDINATE OF HEAT FLUX GRGE LOCATION

¥ COORDINATE OF INJECT:ON LOCATION

Y-COMPINENT ¥ FC INJECTION ANGLE

Y COORDINATE CF HEQT FLUX GAGE LOCATION

¥ COORLDIMATE OF IMJECT.ON LOC2ATION

SPANMWISE DISTOANCEs IN

Z-COMPCNENT DOF FC THJECTIDN ANGLE

DIMENSIOHLESS SPANWISE DISTANCEs Z/3

CCCLUCCCCCCoCICCCCCClCliCiCCUCCCCCCCCCCOCCreiCCCCCCCCCCCCoCerCeernee

IO a00

eIt el
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APPENDIX III. HEAT FLUX GAGE THEORY AND OPERATION

Direct heat flux measurements were made using Gardon-type, thin-foil
heat flux gages (Model No. 2000, Thermogage, Inc.). The basic principle
behind the thin-foil transducer will now be explained.

The sensor body shown in Fig. A10 consists of a circular foil of
thickness.so. and radius, R. Along the radius R is a heat sink at the
constant temperature, To' Because of the thinness of the foil, thermal
gradients across the width of the foil are assumed negligible and
radiation losses from the faces of the foil will also be considered
negligible. Considering the circular segment, dr, of the foil shown in

Fig. A10 and the energy equation for this segment, the heat balance

becomes
Q +q=0Q +0Q, (A-21)
= kA, oL .
where Q] kA] 3r],. Al 2mr So (A-22)
Q, = -kA o A, = 2n(r+dr)S
2 2 Jr 2 (v}

By using a Taylor series and neglecting terms of order (dr')2 and greater

ar =20 , 2 (3T
) e dr a")r tor [ar)r ol (A-24)

Also Qs is represented by
pcln(rear)%s, - m?s 1 3 (A-25)
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Figure A10. Heat Flux Gage Operation
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Substituting in all these terms, the energy equation becomes

aT " & .al a_. .al
-k21n's0 T 3 + q"2nrdr k21r(v~+dr)so [ar)r + = (ar f dr]
+ pcns [(rrdr)2-r?] -g{ (A-26)
This simplifies to
" 2
0 3T _ 12T, o1 :
i go_"-+'3'+a_r{ (A-27)
and for steady state behavior it reduces to
R 1 S S (A-28)
o rar a_r?

Solving this second order differential equation for the following

boundary conditions

T=0 at t=0 and 0<r <R
T=0 at 0<t<eo and r=R (A-29)

gives the following solution.
T= g (R%- (A-30)
o
The temperature difference between the center and edge of the foil,

o.cm. 15
wpl
Y o)

(]

where ¢' =T - To
To = the temperature on the surface (surrounding the gage)

CTR = the centerline temperature

-

ad Ve =Tem-T,

o ey A i =
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The thermal conductivity, as a function of temperature, can be repre-

sented in the following functional form
k = ko (1 + €T) (A-32)

The value of temperature will be represented as an average of the center

and edge temperatures, so for this case, T = TCTR/Z’ and

k = ko (1 + eTCTR/Z) (A-33)

Substituting Eq. (A-33) into Eq. (A-31) gives
4S k T

q" = __‘.’_R%C_'";Q (1 + eTCTRIZ) (A-34)
and for constantan foil

ko = .02174 kJ/mesec-K

e = .00745/K

k = 0.02174 (1 + .00745 Torp) m's“?—e?r (A-35)
Eq. (A-34) can be rearranged to be

Lokt (1 + .00373 T.o) (A-36)

ik, 9 S, tm p CTR

The EMF for a copper-constantan thermocouple is related to the temper-
ature by the following equation

EMF = .0378 T + 1.44x10"4 12 (A-37)

which can be rearranged in the following way

7%'};5 =T (1+ .00378 T) (A-38)

- ' T —
S TR
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Since the thermocouple is attached at the centerline of the gage, com-
bining Eqs. (A-36) and (A-38) gives the following 1inear equation
ENF . 435 & (A-39)
q So
Usually the gages are calibrated by radiative heat flux methods,
and are not directly applicable to convective heat transfer measurements.
The parabolic temperature distribution across the gage causes the tem-
perature on the gage to differ from the surface temperature. B8y assuming
a uniform heat transfer coefficient across the sensor, the heat flux is
not uniform as it is with radiation.
Looking back at Eq. (A-27), the q" is not the heat flux to the
surface, it is

¢ =h(T_-T) (A-40)

where T is the temperature on the gage surface while the convective heat
transfer to the surface is

oy = MT, - T) (A-41)

Substituting Eqs. (A-40) and (A-41) in Eq. (A-28) and using ¢' = T - T
instead of T in the differential terms, the energy equation becomes

d20' 1 do “Eou ho'
- - = 0
;2_"' r B'F+ "B':v' 'Efo' (A-42)

with the solution being
. 1_(mr)
' = v ] - ™
oo u 11y ) i

where m° = hks,
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For r = 0, ¢'cm equals the temperature difference across the foil and

. _ Soony 1
S g T_(mR)" ] (A-44)
But for a uniform heat flux, like with radiation heat transfer,
¥ 39 rgk
om " BE (A-45)

Therefore when a gage is calibrated by radiative heat transfer means,

the temperature difference set up across the foil creates the EMF that

is used to generate the calibration curve. However, when in a convective
heat transfer environment, the same temperature difference may not
correspond to the same heat flux level on the calibration curve as that
found in Eq. (A-44). Equating Eqs. (A-44) and (A-45) for the same tem- |
perature difference gives

qu 2
o« SNV (mR) : (A-46)

i R =)
o

Thus when a gage is calibrated by radfative means and used in a convec-

tive heat transfer environment, the heat transfer rate from the cali-
bration chart must be increased by the factor shown in Eq. (A-46). For
the heat flux gage used in this investigation, the following values

apply

?

80 kd/hr-mK (13 Btu/hrsft-°F) (A-47)
.254 mm (.01 in.)

.0254 mm (.00T in.)

1022 kd/hrem2K (50 Btu/hreft2.°F)

1022)(.258) . 0030 |

= x
n

I SRS

T T n
2
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§R_ {254!
[T][ ] = m?R% = (.0032)(10) = .032

mR = .179

qCONV/qRAD = 1.007

or less than 1% for this gage under these conditions

Therefore radiative calibrated gages would give accurate heat flux
measurements in the convective heat transfer environment used in this
1nvestiga£10n.

The Thermogage heat flux gages employed in this study consisted of
heat sensors that had been pressed into a .4445 cm (0.175 in.) 0.D.
oxygen-free, high conductivity copper plug. The sensor itself, 0.508 mm
(.02 in.) in diameter and .0254 mm (.001 in.) thick, had a 0.051 mm
(.002 in.) diameter copper wire laser-welded to the center of the foil
from beneath. This wire and the 0.127 mm (.005 in.) diameter copper,
ground wire attached to the heat sink copper body were both coated with
.051 nm (.002 in.) of teflon, fully shielded and brought out the bottom
of the plug body.

To avoid any surface contour irregularities and to approximate a
point source measurement, these minfature gages were used. However the
small sensors had only a small temperature difference between the center
and edge of the foil, so the maximum output level of the gage was only
in the microvolt range. Thus each gage was matched individually with an
amplifier with a gain near 1000, converting the heat flux gage microvolt

signal to a more convenient millivolt signal. Because of this microvolt
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signal from the gage, every effort was made to isolate the system from
environmental noise. A1l solder convections were made with low-noise,
cadnium-tin solder to eliminate any additional EMF sources between the
sensors and the amplifiers. The zero of the amplifiers did have a
tendency to drift with changes in the ambient temperature, therefore
they were placed in the control room where the room temperature was
maintained fairly constant at 294K (70°F). Each amplifier also had a
zero adjustment screw on the outside of the amplifier container, so the
zero could be adjusted before each experimental run.

The heat flux gages were calibrated by the manufacturer in a black-
body cavity and the gain of each amplifier was adjusted to obtain the
sensitivity of ”%—ngu—lglmv. Figure A1l shows the calibration curve
for the heat fluxmt;::ducer provided by the manufacturer. A typical
sensor has a response time of 2.4 millisecond. A few qualifications
were required for interpreting the sensor output. The sensor body
should be in the temperature range of 283K (510°R) to 505K (910°R) and
the gage must operate in a field of uniform heat flux over the sensor
body. Since the gages were small, the second restriction presented no
difficulty, but the gages were operated at a temperature of 261K (470°R).

Due to the uncertainty in the heat flux readings from the gages at
the Tow temperature of 261K (470°R), the manufacturer was able to use a
portable radiative heat flux calibrator to check the calibration of the
gages after they had been installed in the cylinder. When the cylinder
was cooled to a temperature of 261K (470°R), the heat flux readings from
the gages were ~5% lower than those values given by the gages when they
were kept at room temperature (~294K [530°R]). The dry wall heat
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transfer results were corrected to take into account this 5% difference.
The data reduction program in Appendix II shows that the heat flux read-
ings were multiplied by a factor of 1.05 to compensate for the low sur-
face temperature. However, the Stanton Number Reduction represents a
ratio of the heat transfer coefficients, so this 5% difference cancelled
out and the value of [1-(Sth/St°)] was not affected by the low surface

temperature.
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APPENDIX IV. CORRELATION FOR THE TEMPERATURE RISE OF FILM
COOLANT FLOWING THROUGH THE INJECTION PLATE
HOLES

During the experimental runs, the chilled film coolant air in the
cylinder plenum had a Tower temperature than the injection plate.
Therefore as the film coolant passed through the injection holes, its
temperature increased due to the heat addition from the injection plate.
Since the temperature of the film coolant as it left the coolant injec-
tion hole could not be measured when the hot freestream was flowing over
the test cylinder, a separate experimental investigation was conducted
to determine the temperature increase of the film coolant as it passed
through the holes in the injection plate.

To measure the film coolant exit temperature from the injection
plate, the hot freestream flow over the cylinder had to be ceased.
Therefore to maintain a temperature difference between the injection
plate and the film coolant in the cylinder plenum, warm water was pumped
through the tube attached to the back of the injection plate. This
procedure succeeded in keeping the injection plate temperature at least
33K (60°F) above the film coolant plenum temperature. A fine, open
bead, copper-constantan thermocouple was positioned at the exit of the
coolant injection hole. This exit thermocouple was small in comparison
to the coolant hole diameter and was positioned at the centerline of
the hole. Another copper-constantan thermocouple was placed in the
plenum, just beneath the entrance to the coolant injection hole.
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Finally a small hole was drilled into the injection plate enabling a
copper-cons tantan thermocouple to be situated near the coolant hole wall.
Thus the coolant inlet and exit temperatures and the coolant injection
hole wall temperature were all measured simultaneously for each particular
film coolant flow rate. Although both the injection plate and film
coolant plenum temperatures tended to decrease with each incremental
increase in the film coolant flow rate, all temperatures were recorded
only when a steady state condition was reached.

Analytical work for internal flows in tubes (with a thermal entry
length and a fully developed velocity profile) with a constant surface
temperature found that the mean Nusselt number had an eigenvalue solution
and was a function of the x+ value for the flow through the tube (x+
being a nondimensional tube length, L/do/RePr). With a combined thermal
and hydrodynamic entry length in a tube with a constant surface temper-
ature, Kays [64] was able to compute a numerical solution for a Prandtl
number of 0.7 (representing air). His results are plotted as the mean
Nusselt number versus x' and are shown in Fig. Al2.

The energy equation for flow passing through a tube with a constant
wall temperature revealed that the mean Nusselt number could be computed
from the experimentally measured temperatures. Using the bulk fluid

temperature, the energy equation became

gy oo, TTeL = Ml Ty = Tey I mdpx (A-48)
where CL = coolant
" dh. Do

gy gl (A-49)
woCL  McLpg
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Integrating for the entire length of the tube, this equation became

Tw - Tc -FndoL (80}
n ———T_. = -
TW % PL mCchCL
where PL = plenum
and c = coolant emerging from the injection hole

Simplifying Eq. (A-50) gives

X
4] Ao
Ln = Nu (A-51)
axt [Tw = ot

L/d
+ #: 0
where x ~ Rebe

The equation can also be rearranged to read

T it e+
el IO St (A-52)
W PL

Using the properties of air, computed with the film coolant plenum tem-
perature, and the film coolant mass flow rate, the film coolant Reynolds
and Prandt] numbers were calculated. Knowing the injection plate thick-
ness, the angle of the coolant hole, B, and the hole diameter, do' the
L/do ratio was calculated and divided by (RePr)CL to compute the x
value. Having measured the coolant inlet and exit temperatures and the
plate temperature, and knowing the x value, Eq. (A-51) enabled the mean
Nusselt number to be computed. A1l of the experimental data, plotted as
the mean Nusselt number vs. x+. are presented in Fig. A12 along with the
values computed by Kays [64]. Unfortunately, Kays lowest x' value fell
in the upper range of the x* values used for this investigation. However

Kays' values did provide some means of comparison. The experimental
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values were about three times larger than Kays' results, but this was
not unreasonable considering the short length-to-diameter ratio of the
holes. A1l of the experimental data was curved fitted by the least
squares method and a third order polynomial was found to best represent
the data. The line showing the curve fit is represented by the solid
line in Fig. Al2.

Therefore, during each experimental run, the film coolant plenum
and injection plate temperatures as well as the film coolant mass flow
rate were measured for each blowing ratio. Then using the film coolant
plenun temperature to compute the coolant properties, the x value was
calculated following the procedure previously described. This x' value
was then used in the third order polynomial equation, that had been
fitted through the experimental data, to calculate the mean Nusselt
number value. Having found the x value and mean Nusselt number, Eq.
(A-52) was used to compute the coolant temperature as it left the injec-
tion hole.

The methanol-dry ice heat exchanger, used to chill the film coolant,
had a fixed length, and as a consequence, the temperature of the film
coolant in the cylinder plenum decreased as the film coolant flow rate
increased, as was shown in Fig. 50 in Section IIT1.A.2. Therefore some
of the variation in the film coolant temperature as it left the injec-
tion hole was due to the different film coolant flow rates. Taking the
temperature data from all of the experimental runs, and comparing the
film coolant exit temperature upon ejection (Tc) for cases where the

film coolant mass flow rate and L/do ratio were the same, the film
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coolant temperature never varied more than 2% from the mean value.
These mean values were used to compute the density ratios (pc/om) pre-
sented in Table Al.

The density ratio tended to vary during the experimental runs due
to several conditions. Changing the 8, value (the angular location of
the row of holes from stagnation) for injection altered the local free-
stream mass flux. Therefore a blowing ratio of 0.25 did not have the
same local freestream mass flux (in the denominator of the blowing ratio)
at 6, = 40° as it did at 6; = 20° and the film coolant mass flux had to
be changed as ei was increased in order to keep the blowing ratio con-
stant. Also the blowing ratio was increased in 0.25 increments from 0
to 2.0 during each experimental run, and since the local freestream mass
flux remained constant at fixed 8; locations, the film coolant mass flux
had to be increased to get higher values of M. Therefore different
blowing ratios and 61 locations resulted in different film coolant mass
flow rates. Also different B angles for the coolant injection holes led
to different L/do ratios, which had an influence on the temperature rise
of the coolant as it passed through the injection hole. Therefore the
different blowing ratios, e1 angles, and L/do ratios all caused the
density ratio to vary and this variation of the density ratio and ec is
presented in Table Al. The density ratio demonstrated a 9% variation
from a mean value of 2.21 while 8.0 the dimensionless coolant temperature

showed a 7% varfation from a mean value of 1.035.

e A NN s
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Table Al

Film Cooling Eonfigurations

Value for Different

Density Ratio (pc/pm)

ec Parameter

20°  30°  40° 20°  30°  40°

.25 2.02| 2.11| 2.13 96 | 1.00 | 1.01

150 2.10| 2.20 | 2.23 1.00 | 1.04 | 1.05

.75 2.8 | 2.22| 2.25 1.01 | 1.04 | 1.06

sage | 1.00 2.15| 2.23| 2.30 1.02 | 1.05 | 1.08
1.25 2.18| 2.25 | 2.36 1.03 | 1.06 | 1.10

1.50 2.19 | 2.26 | 2.37 1.03 | 1.06 | 1.10

1.75 2.20| 2.27| 2.38 1.08 | 1.07 | 1.10

2.00 2.22 | 2.27| 2.38 .04 | 1,07 | 110

.25 2.01] 2.13 | 2.17 .96 | 1.01 | 1.03

150 2.1 | 2.21| 2.23 1.00 | 1.04 | 1.05

\75 2.15 | 2.24 | 2.26 1.02 | 1.05 | 1.06

g=350 | 100 2.17 | 2.27 | 2032 1.03 | 1.07 | 1.08
1.25 2.20 | 233 | 2.36 1.04 | 1.09 | 1.10

1.50 2.21| 2.33 | 2.38 1.04 | 1.00 | 1.10

1.75 2.22 | 2.33 | 2.41 1.05 | 1.09 | 1.1

2.00 2.23| 2,33 | 2.40 1.05 | 109 | 111

.25 2.05 .98

.50 2.12 1.01

. 2.16 1.02

e B 2.19 1.03
B=45° | 1725 2.20 1.04
1.50 2.24 1.05

1.75 2.29 1.07

2.00 2.27 1.06

i e 5
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APPENDIX V. THE INFLUENCE OF A STEPWISE CHANGE IN THE WALL
TEMPERATURE ON THE HEAT TRANSFER COEFFICIENT

Although the temperature distribution around the cylinder surface
was uniform, the injection plate temperature did differ from the cylinder
wall temperature. The most severe case occurred when no film coolant was
flowing through the injection holes. This resulted in the injection
plate reaching temperatures between 289K (60°F) and 300K (80°F) while
the cylinder temperature was being maintained at 261K (10°F). As was
seen in Fig. 49 in Section III.A.2., once the flow of coolant through
the holes was initiated, the plate temperature dropped, approaching the
cylinder wall temperature, ATw < 11K. Therefore a discussion of the
influence of this stepwise variation in the wall temperature on the heat
transfer coefficient will be conducted for the worst case when no coolant
was being blown through the injection holes and for a representative
case when coolant was being blown through the injection holes.

Although the heat transfer measurements were made along a curved
surface, it is possible to obtain an analytical solution for the stepwise
change in the wall temperature for the flat plate case. Therefore the
angular locations along the cylinder were converted to linear distances,
so that the analytical solution could be applied to the particular step-
wise change in the wall temperature encountered in this investigation.
Before the coolant tube was attached to the back of the injection plate,
the injection plate temperature exceeded 366K (200°F) when no film
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coolant was flowing through the injection holes. Therefore the analytical
solution will be computed for the case with the injection plate without
the coolant tube (372K [210°F], first example case), with the injection
plate with the coolant tube and without blowing (300K [80°F], second
example case), with the injection plate with the coolant tube and with
blowing (272K [30°F], third example case), and with the injection plate
and cylinder wall being held constant at 261K (10°F).

Since the differential energy equation describing the temperature
field for a laminar boundary layer (found along a cylindrical surface in
its stagnation region) is linear (when constant properties are assumed),
the superposition theory allows the summation of a number of particular
solutions to this equation for specific boundary conditions into a
solution that also satisfies the energy equation. Therefore the tem-

perature field can be represented as
t=] citi (A-53)

where i stands for a particular solution to a specific condition
The constant C1 allows the particular solutions to be adjusted to the
specific boundary conditions of a variable wall temperature. Then the

heat flux at the surface can be represented by

q;=-x[?-t-]--x'fc a—tl] (A-54)
W)y ] i 9y .

Each particular solution can then be represented as having an unheated
starting length, then suddenly changing by an amount At the change in
the wall temperature. Then for each particular solution, the heat
transfer coefficient can be defined by the following equation
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X [;;—‘]w = h, a8, (A-55)

Substituting Eq. (A-55) into Eq. (A-54), the wall heat flux becomes

n

q, = L Chat . (A-56)

-l ]
With a stepwise wall temperature variation, the Ci values become unity.
Therefore with a stepwise temperature variation of “w 1’ Atw 9% s

] ]

at locations 5]’ 52. «..s the heat flux at the wall is

n
o Bl F e

For the cylinder with the injection plate, a temperature step
change, t" ot SR tplate occurred at E] = 0. With the hot gas flowing
over the plate and onto the cylinder surface, another step in the tem-
perature occurred, and its location, 52. depended on the angle of the
row of injection holes relative to ﬁhe stagnation 1ine (the location of
the row of holes determined the length of the injection plate that the
hot gas flowed over before it reached the cylinder surface). This
analytical solution was conducted for the injection plate at the three
8, locations studied during this investigation. The analysis was per-
formed assuming a surface temperature equal to the injection plate tem-
perature for the region extending from the stagnation line to the injec-
tion plate-cylinder seam downstream of the row of coolant holes (Ez).
These & angular locations along the cylinder were converted to linear
dimensions for these calculations. With the row of holes set at the

different e1 injection locations, €as became

et et o o
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Oi = 20° £2 = 1.536 cm (A-58)
30° 1.975 cm
40° 2.414 om

A laminar boundary layer with an unheated starting length has a

heat transfer coefficient represented by the following equation

0.332 K (Pr)/3(re,) /2

h

(A-59)

The first particular solution, according to the superposition theory,
has the entire surface at the injection plate temperature. Therefore,
using Eq.(A-59) and setting £ = 0, the heat transfer coefficient was
computed. Then the heat flux along the injection plate was

q = hy (550K - 372K) (372 plate) (A-60)
q = hy (550K - 300k) (300K plate)
q = hy (550K - 272K) (272K plate)

The subscript 1 represents the first particular solution from the super-
position theory.

For the second particular solution, it was assumed that there was
an unheated starting length until 52. when the wall temperature dropped
111K for the first example case, 39K for the second sample case, and
11K for the third example case. The heat transfer coefficient, h,, was
found using Eq.(A-59) and the g, values shown in Eq. (A-58). @hen the
total heat flux at the cylinder surface was found by suming the two

particular solutions.

A A T
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q; - h] (550K - 372K) + h2 (372K - 261K) (372K plate) (A-61)
q:l = h.l (550K - 300K) + h2 (300K - 261K) (300K plate)

(\: = h] (550K - 272K) + h, (272K - 261K) (272K plate)

Along the cylinder surface, the heat flux was then divided by the total
temperature difference, 289K, to compute a single heat transfer coeffi-
cient along the cylinder surface. These results were plotted for the
three 61 locations studied during this investigation and are presented
in Figs. A13, A14, and A15 (representing the 8, locations of 40°, 30°,
and 20°, respectively). On each curve, the heat transfer coefficient
with the injection plate and cylinder wall at the same temperature,
261K (10°F) was also plotted.

Looking at Fig. Al13 (e1 = 40°), the different heat flux gage loca-
tions were marked on the figure. At Gage #1, the closest gage to the
injection plate, the 300K injection plate heat transfer coefficient was
~11.5% higher than the heat transfer coefficient for the isothermal
surfa"ce (261K [10°F]),while the 272K (30°F) plate had a heat transfer
coefficient that was ~3% higher. However, the heat transfer coefficient
with the 372K (210°F) plate was ~37% higher than the heat transfer coef-
ficient for the isothermal surface (261K [10°F]). Gage #0, the next
closest gage to the injection plate, showed a heat transfer coefficient
~8% higher for the 300K (80°F) plate, ~2.4% higher for the 272K (30°F)
plate and ~26% higher for the 373K (210°F) plate. By the time the flow
had reached the location for Gage #2, the heat transfer coefficient was
~4% higher for the 300K (80°F) plate, ~1.4% higher for the 272 (30°F)
plate, and ~13% higher for the 372K (210°F) plate. Figures A14 and A15
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show similar results for the heat transfer coefficient, and all of the
percentage differences between the heat transfer coefficients at the

gage locations will be Tisted below.

Injection Gage Plate Temperature

Location(ei) 272K 300K 372K
1 3.1 11.5 35.8

40° 0 2.4 8.0 31.6

2 1.4 3.8 24.1

1 2.8 9.8 32.5

30° 0 2.2 7.4 23.7

2 0.9 3.1 1.9

1 2.4 8.5 28.1

20° 0 1.7 6.1 19.9

2 0.8 2.9 9.6

Therefore the analytical results show that for the worst case when
no coolant was flowing through the injection hoies, the heat transfer
coefficient was increased by 9 to 11% over the isothermal surface case
for the gage closest to the injection plate, but without the coolant
tube attached to the back of the injection plate, the heat transfer
coefficient would have been 30 to 35% larger. As expected, when the
film coolant was blowing and the injection plate temperature dropped
down closer to the cylinder temperature, the increase in the heat transfer

coefficient was lower (~3%) than when no coolant was blowing.
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This analysis was conducted realizing that the flat plate boundary
layer did not exactly model the boundary layer on the cylinder surface
in its stagnation region and that the assumption of constant properties
was not highly accurate. However it did provide an analytical analysis
of the influence of this stepwise change in the wall temperature on the
heat transfer coefficient. Besides the heat transfer coefficient down-
stream of the injection plate, the temperature of the plate also effected
the film coolant temperature. As it passed through the injection holes
in the plate, a high plate temperature would have raised the film coolant
temperatures significantly. A correlation for this temperature rise of
the coolant as it passed through the injection holes was developed in
Appendix IV. Without the coolant tube attached to the backside of the
injection plate, the resulting high temperatures of the plate would have
produced a significant temperature rise in the film coolant, dropping
the 6¢ value far below 1.0. Therefore the cooling of the injection
plate not only reduced the effect of a stepwise temperature change on
the heat transfer coefficient downstream of the plate, but also prevented
the film coolant from being heated significantly above the cylinder wall
temperature.
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APPENDIX VI. SPANWISE DISTRIBUTIONS OF THE FILM COOLING DATA

As discussed in Section III.D., it was difficult to assess the
influence of the injection angle, B, or the row location, 840 ON the
film cooling performance by examining the data at specific values of
z/s. Therefore, the measured data was cross plotted as a function of
z/s for the different values of blowing ratio (M) investigated, and
Figures 79 and 80 (in Section III.D.) were presented as representative
cases. The spanwise distributions for all of the film cooling config-
urations investigated (as listed in Table 4) are presented in this
appendix in Figures A16 to A36. The values of the geometric parameters
held constant for each distribution are listed at the top of each
figure. The guidelines for the plotting of the figures and the drawing
of the distributions are the same as those described in Section III.B.
However, the distribution at every blowing ratio for each film cooling
configuration is not presented. When the magnitude of one of the data
points fell below a Stanton Number Reduction of -0.12, the film coolant
being injected at that configuration and blowing ratio was judged to
be ineffective in protecting the surface. Therefore the spanwise dis-
tribution for these cases were not presented. This occurrence was
limited to the higher values of the blowing ratio (M > "opt) and the
steeper injection angles, B, when the penetration of the coolant into
the freestream led to a rapid deterioration in the film cooling perform-

ance. From the spanwise distributions presented, the spanwise maximum
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Stanton Number Recuction ([l-(Sth/Stb)]*) and its corresponding 2/s
location (z/s*) were identified on each curve (represented by the symbol
(*) on each curve), and the spanwise averaged Stanton Number Reduction

([1-(Sth/Sto)]AVG) was found by graphical integration of each curve.

sy "
Rl AR
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