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I. SUMMARY

The Hydrogen Film Cooling Investigation was an extension of a film
cooling study conducted previously by the Aerojet Liquid Rocket Company
(Contract NAS 3-14343). The two basic objectives of the program were:

(1) to experimentally determine the effects of flow turning, flow accelera-
tion, and supersonic flow on the effectiveness of film cooling, and (2) to
establish design correlations for these effects using an entrainment model for
film cooling. The major efforts consisted of laboratory film cooling tests
with gaseous hydrogen and nitrogen film coolants, correlation of film cooling
effectiveness data in terms of an entrainment model, and correlation of film

coolant-to-wall heat transfer coefficeints.

The entrainment model approach consists of relating film cooling
effectiveness to the quantity of hot mainstream gas entrained by the film
coolant gas. An entrainment fraction is defined which relates the entrainment
mass flux to the axial mass flux of the mainstream gas. Bulk mixing of the
two gases is assumed to occur within a mixing layer. Adiabatic wall tem-
perature and gas composition profiles within the mixing layer are character-
ized by a shape factor which relates bulk and wall conditioms. Film cooling

effectiveness is defined on the basis of elemental concentration.

In the laboratory tests, film coolant was injected parallel to the
walls of instrumented test sections which simulated rocket engine thrust
chambers. Hot nitrogen flowing from an electrical heater at a temperature of
810°k (1000°F) and total pressure of 172 N/cm? abs. (250 psia) simulated
rocket engine combustion gases. Ambient temperature film coolant was
introduced in the subsonic and supersonic regions of the test sections. The
subsonic film coolant was injected at film coolant-to-core gas velocity ratios
ranging from 0.5 to 1.8. The supersonic film coolant injection conditions were:
Mach.Number = 1.9, film coolant-to-core gas pressure ratio = 0.45 to 2.0, film

coolant-to-core gas velocity ratio=0.5 and 2.0. The core gas Mach Number was 2.5 at
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the supersonic injection point and ranged from 2.1 to 4.5 at the outlet of

the supersonic test sections.

Adiabatic wall temperatures, effectiveness values, entrainment frac-
tions and heat transfer coefficients were calculated from the test data.
Entrainment fraction correlations which are usable for film cooling design
calculations were established for accelerating subsonic flow, flow around
turns, and for supersonic film cooling. The accelerationvdata and corre-
lation verify indications obtained in the previous Contract, NAS 3-14343.

A completely generalized correlation of the turning effect data was not
achieved; however, a graphical correlation was established which is believed
sufficient for design purposes. A design correlation for the supersonic
entrainment fraction data most applicable to supersonic rocket nozzles was
also established. Actual rocket engine data obtained on another NASA program
(Contract NAS 3-14354) correlate with the laboratory data. Other effects
apparent in the supersonic data such as velocity ratio and constant vs vari-
able mainstream Mach number were not reconciled. Film coolant-to-wall heat
transfer coefficients were correlated with a conventional turbulent heat
transfer equation by evaluating physical properties at an arithmetic mean

temperature and at the wall gas composition.

Other work performed consisted of: (1) a review of previous super-
sonic film cooling literature, and (2) analytical predictions of film cooling
effects in typical 02/H2 thrust chambers. Results from the previous super-
sonic film cooling work were used to define the shape factor and high speed
recovery effects for supersonic film cooling. The analytical predictions
were made using entrainment fraction and heat transfer coefficient corre-

lations established during the course of the program.




II. INTRODUCTION

The program described in this report was essentially an extension of the
work performed under a previous contract, NAS 3-14343, at ALRC which is described
in Reference 1. The present program was designed to provide a more extensive
evaluation of flow turning effects, flow acceleration effects, and supersonic
film cooling effects observed during the previous work. The two basic objectives
of the program were: (1) to determine experimentally the effects of flow turning,
acceleration, and supersonic injection on the effectiveness of hydrogen film
cooling in a simulated rocket thrust chamber, and (2) to establish design

correlations for these effects using an entrainment model.

The previous work consisted of film cooling experiments and data correla-
tion. Film cooling data from the literature and from laboratory experiments
were correlated in terms of the ALRC entrainment model for film cooling. The
literature data were for plane, unaccelerated, subsonic flow conditions, and the
laboratory experiments consisted of small scale tests with thin-walled nozzle
tests sections which simulated film cooled oxygen/hydrogen rocket thrust
chambers. Hydrogen film coolant effectiveness data and film coolant-to-wall
heat transfer coefficient data were obtained. The following statements summarize

the Reference 1 results which are pertinent to the program described in this

report:

(1) The subsonic region effectiveness data indicated that the

plane, unaccelerated flow correlation could be applied to rocket
engine thrust chambers if adjustments were made in the analytical
model to account for turning, acceleration, and axisymmetric flow

effects.

(2) Turning effects were more significant than anticipated and

a parameter for correlating turning effects was proposed.
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(3) A tentative correlation for acceleration effects was

established.

(4) The limited film cooling effectiveness data for supersonic
flow indicated that the effectiveness decrease in the supersonic
region was much smaller than the effectiveness decrease in the

subsonic region.

(5) The film coolant-to-wall heat transfer coefficient data in
the subsonic region were correlated with a conventional turbulent

heat transfer correlation.

The basic testing approach successfully demonstrated during the Contract
NAS 3-14343 tests was followed in the present program. Hot nitrogen flowing
from an electrical heater into thin-walled test sections simulated rocket
engine combustion gases. Ambient temperature hydrogen or nitrogen film
coolant was injected to flow along the instrumented test section walls. The

test matrix and nominal test conditions are shown in Table I.

Correlations for the effects of acceleration, turning, and supersonic
film cooling on entrainment fraction were established from the test data.
Analytical predictions for film cooled oxygen/hydrogen thrust chambers were
then made using the data correlations. Film coolant-to-wall heat transfer

coefficients in the supersonic region were also correlated.

The entrainment model, with which the film cooling data were correlated,
has been under development at ALRC during the last 4 years. Mixing of the
film coolant and mainstream or core flow gases is assumed to occur within a
mixing layer. The mass velocity of mainstream gases into the mixing layer is
represented as a fraction of the axial mass velocity of the main stream. This
fraction is defined as the entrainment fraction. A description of the entrain-

ment model is given in Section III of this report. Section IV presents an
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overview of the program in which the program tasks are summarized. The

basic test results and the data correlations established from them are

presented in Section V. Analytical predictions are given in Section VI and
Conclusions and Recommendations are given in Section VII. Appendices to this
report contain analytical derivations which supplement Section ITI, descriptions

of the test apparatus, and cold flow test results.
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III. ENTRAINMENT MODEL FOR FILM COOLING

A. FILM COOLING EFFECTIVENESS

In order to determine the effect of film cooling, it is necessary
to describe the region along the wall in which the characteristics of the
flow differ from those of the mainstream due to the presence of the film
coolant and mixing of the mainstream with it. Since the flow in this mixing
layer is greater than the injected coolant flow, the mixing process can be
considered to represent entrainment of mainstream flow by the mixing layer
as shown schematically in Figure 1. 1In the present model this entrainment is
represented explicitly, but its effect on conditions at the wall is described
by means of integral parameters (i.e., without a distributed representation
of the transport phenomena within the mixing layer). Therefore, while the
model includes the effect of changing enthalpy and concentration profiles
within the mixing layer through a profile shape factor, it does not provide

a basis for profile calculation.

The film cooling effectiveness used herein is based on element

concentration and is defined as

n = e v (1)

in which ¢ is the elemental hydrogen mass fraction. Using an energy
transfer - mass transfer analogy, based on a turbulent Lewis number of unity
and assuming the viscous sublayer at the wall is thin relative to the mixing

layer, the effectiveness also may be written in terms of total enthalpies:

n=e——2__Y (2)



ITII, A, Film Coolant Effectiveness (cont.)

in which subscript v denotes the edge of the thin viscous sublayer (see

Figure 1). The adiabatic wall enthalpy differs from Hov only because of the
imperfect recovery of kinetic energy in the viscous sublayer; this

high-speed effect is represented in terms of a conventional recovery factor as

Ho - Haw =a- Prwl/3) (Ho - He) (G/ue)2 (3)

v e

in which u is an effective velocity which is related to the velocity u, at the
edge of the viscous sublayer in the same way as the freestream velocity for a
conventional boundary layer. At the coolant injection point u should equal
the film coolant velocity U, while far downstream it becomes u, since the
mixing layer becomes a conventional boundary layer. Combining Equations (2)

and (3) gives the adiabatic wall enthalpy as

H =H -n (" —H)-(l—Prl/B)(H -H)(G/u)2 (4)
aw o (o] [o] w o e e
e e Cc e

For thrust chamber application, the local mixture ratio at the

wall is determined by the coolant effectiveness; from Equation (1),

1+ MRe
MRw"'1+nMRe'l ()
Therefore, use of the local adiabatic wall enthalpy and wall mixture ratio,
Equations (4) and (5), in an equilibrium chemistry model such as Ref. 3 gives
the local adiabatic wall temperature. For the laboratory testing reported

herein and in Ref. 1, n = .y and

Haw =0 Hc (Taw) +@d-m He (Taw) (6)
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so that Equation (4) gives the following effectiveness relation in terms of

the measured adiabatic wall temperature:

1/3 - 2
TOe - Taw 1 - Prw ) (TOe - Te) (u/ue)
n = C N
Pe
To - Taw + C (Taw - To )
e P c

The cooling effectiveness n is related to the entrainment flow
WE into the mixing layer, the coolant flow and a shape factor describing the
elemental hydrogen concentration profile in the mixing layer. A hydrogen

mass balance on the mixing layer gives

c - W
e % - c (8)
c -1 W + W
e c E
from which
W
"TEw ru) W 9)
0 (l+€)

with the profile shape factor 6 defined as

¢ - o Ho_ _ Hop
e -

b= "¢ T T - (10)
e W % Oy

The present entrainment model is characterized by three regimes: (1) an
initial free-jet regime in which the mixing effects have not penetrated to

the wall, (2) a transition regime in which both the effectiveness and shape
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factor are changing, and (3) a fully-developed regime in which the shape
factor is constant. In the initial regime the coolant effectiveness remains

at unity, so that Equation (9) gives the shape factor as

W, -1
E
6 = (1 + ﬁ—) (unity effectiveness regime) (11)
c
It is assumed that 6 in the transition region also depends solely on the

entrainment flow ratio WE/WC.

As indicated in Figure 1, the entrainment mass flux velocity is repre-
sented as a fraction k of the axial mass velocity of the mainstream. Thus,

the total entrainment flow up to any contour position is

WE = Z 2t (r - s cos a) k Pe U, dx (12)
A momentum balance on the total nozzle flow should be used to account for the
effect of the mixing layer on the freestream mass velocity, Peles However,
for the sake of simplicity, it is assumed in the present model that the main-~
stream accelerates as if there were no film cooling. A nozzle mass balance
then determines the mixing layer thickness, s, in terms of the entrainment
flow and converts Equation (12) into an integral equation (see Ref. 1,

Appendix A) whose solution is*

- - 2
W X ¢ X ¢
E__ °© _ (___ 0o
W-~-w 2 r - s (r - s ) 13)
c o o )

*The initial mixing layer thickness S, 1s not equal to the slot height s,
when a finite lip separates the core and coolant flows at the injection
point. In order to determine s,, it is assumed herein that the velocity

ratio uc/u, existing just prior to injection is maintained immediately
downstream of the slot.

10
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in which

o (¢
2 %y r ax 14
r G ) (14)

oA
[}
O ¥

The entrainment model described above contains three parameters
which remain to be determined: the effective velocity u in Equation (3) which
characterizes the high-speed effect, the shape factor 6 for the transition and
fully-developed regions and the entrainment fraction k. These parameters are
discussed below in separate sections for film cooling in subsonic and super-
sonic flow regions. In each case our approach has been to determine u and 9
a priori from existing results and interpret the test data of the present

program in terms of the entrainment fraction.

1. Film Cooling In a Subsonic Flow Region

The subsonic version of the entrainment model used herein is
identical to that developed in Ref. 1. In the laboratory tests of both
programs high-speed effects are important only after considerable mixing
occurs, due to the significant distance between the film coolant injection
annulus and the nozzle throat. Therefore, it is assumed that u = u,, i.e.,
the mixing layer is fully developed when the high-speed effects are of any
significance. Five groups of existing cooling effectiveness data are
correlated in Ref. 1 for plane unaccelerated flow covering wide ranges of
injection velocity ratio and density ratio. Figure 2 shows the resultant
profile shape factor correlation, with a fully-developed subsonic flow value
of 0.758 and a transition regime defined by 0.06 < WE/wc < 1l.4. The corres-
ponding entrainment fractions were found to be independent of axial position

and are correlated by

11
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0.1 (uclue)
k) = 0.15 0.25 (15)
o u
(—E) f —E)Rec
pe ue

with f (uc/ue) defined in Figure 3.

The effectiveness data from the laboratory testing of Ref. 1
were interpreted in terms of the ratio k/ko; i.e., the multiplier required
to account for coolant injection and nozzle geometry effects not present in
the plane, unaccelerated flow entrainment fraction, ko. In a cylindrical
section downstream of the film coolant injection annulus, the entrainment
fraction was about 1.6 ko. A large increase in the entrainment fraction was
observed in the turn at the start of the convergent section, followed by a
large decrease in the throat turn. A large increase in entrainment fraction is
indicative of large increases in the entrainment mass velocity and is undesireable
since increased mixing of the film coolant and core gas result. Most of the
expansion section data in Reference 1 were correlated adequately by assuming
no additional mixing (k = o) beyond the throat. On the other hand, analysis
of the nozzle effectiveness data of Ref. 4 in terms of an entrainment fraction
indicated just the opposite turning effects for flow turning when the film

coolant 1is more dense than the core flow.

Data reported in Ref. 1 for a conical chamber indicated flow
acceleration decreases the entrainment fraction, consistent with the tradi-
tionally observed decrease in Stanton number. Correlation suggested by the
work of Deissler (Refs. 5 and 6) correlates the acceleration effect data
obtained on this program and the data reported in Reference 1. Therefore,

in the present program, the entrainment fraction has been partitioned as

pe ue
k = ko [W] km (16)

e

12
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with the bracketed term representing the effect of flow acceleration. Evalua-
tion of the exponent n from conical chamber data is discussed in Section V,B.
All cylindrical chamber effectiveness data were then interpreted in terms of

the multiplier k> which accounts for the effects of coolant injection geometry,
freestream turbulence and nozzle geometry. With the above entrainment fraction

of formulation, Equation (14) for x becomes

X . 1-2n 1-n
ol _o LR
x =k £ 3 (¢O) k_dx (17)

2, Film Cooling In a Supersonic Flow Region

In this case the high-speed effects of Equation (3) are
important throughout the test section, so it is necessary to define the
axial variation of the effective velocity u. This has been accomplished,
along with formulation of the supersonic mixing layer profile shape factor 6,
using existing data and analyses obtained from the supersonic film cooling
literature. The following paragraphs contain a review of the supersonic
film cooling literature and discussions on the profile shape factor and high

speed effects.
a. Review of Supersonic Film Cooling Literature

Comparison of the various literature sources is complicated
by lack of a consistent definition for supersonic effectiveness. Since most
data have been obtained with air injection into air, simple temperature-based
effectiveness definitions have been used; the inconsistency arises in specify-
ing the freestream reference temperature. Three such temperatures have been
used and each has disadvantages. Use of the stagnation temperature ignores

high-speed recovery effects entirely, so the resultant effectiveness depends

13
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on both coolant and freestream Mach numbers.

Use of the local recovery tempera-

ture without film cooling accounts for high-speed effects based on the freestream

flow, but neglects coolant Mach number effects near the injection point. Use of

the local isoenergetic wall temperature, measured with the film coolant injected

at the same stagnation temperature as the freestream (Ref. 7), eleminates all

high-speed effects from the effectiveness when the latter is obtained with a

small coolant-freestream temperature difference.

However, this approach is not

of general interest since with a large temperature difference the isoenergetic

condition changes the coolant injection velocity.

Note that the results obtained

in the present program are of general utility since the high-speed effects are

presented explicitly and are not involved in the effectiveness definition.

References 7-11 provide data for gaseous film cooling iﬁjected

parallel to a constant Mach number air flow with the coolant slot and lip

forming a step discontinuity in the wall.

In Ref, 2 gaseous hydrogen coolant

was injected in the expansion section of a hydrogen/oxygen rocket nozzle. The

foliowing table indicates the pertinent parameters for these studies; corres-

ponding parameters for the present hydrogen and nitrogen coolant tests are

shown for comparison.

Freestream
Ref . Mach No.
3
8 6
9 6
10 6
11 1.5-1.7
2 3.1-4.5
HZ* 2.5, 2.5-4.5
N2* 2.5, 2.5-4.5

Coolant

Velocity
Mach No. Ratio
1 <05
1 0.39
2.3 0.62
1 0.29-0.35
1 -
2.6 0.6
1.9 1.94
1.9 0.54

* Data presented in this report

14

Mass Static
Velocity Pressure
Ratio Ratio

0-0.41 <1land > 1
- 1
0.03-1.6 <land > 1
1.6-2.5 1.2
0.14-0.58 0.5-2.0
0.47-2.2 0.5-2.0
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Unfortunately, the range of coolant injection conditions covered is not sufficient
to determine the relative importance of static pressure matching vs velocity match-
ing. In many cases practical limitations on coolant injection velocity prevent
velocity matching; on the other hand, static pressure matching is possible in

most applications.

Schlieren studies reported in Refs. 7 and 9 reveal the flow phenom-
ena involved due to the interaction of the two flows and the step discontinuity in
the wall. Due to the flow over the edge of the slot lip there is an expansion
fan, lip shock, separated region and recompression shock at the reattachment
point. However, the recompression shock becomes weaker and disappears as the
coolant mass velocity increases. Beyond this mass velocity, the region of unity
effectiveness was found in Ref. 7 to increase more rapidly with increasing coolant
mass velocity, and the effectiveness decrease beyond this region was less
rapid. Thus, a significant change in mixing characteristics was associated

with the disappearance of the recompression shock at the reattachment point.

With the coolant static pressure less than that of the free
Stream, a compression zone at the slot exit was observed in Ref. 9 which
increased the wall pressure to about three times the free stream static pres-
sure in some cases. However, this pressure perturbation disappeared within
3-4 slot heights downstream of the slot exit, a distance well within the length
of the unity effectiveness region. These results indicate a pressure mismatch
at injection may not result in a serious degradation of cooling effectiveness.
With the coolant static pressure greater than that of the free stream, the
coolant flow was observed in Ref. 7 to expand and then recompress; with larger
pressure differentials, expansions and compressions occurred alternately in

both streams.
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III, A, Film Coolant Effectiveness (cont.)

The Mach 6 testing reported in Ref. 8 was repeated using
direct adiabatic wall temperature measurements instead of heat flux measure-
ments and the results are given in Ref. 10. This work along with the analyses
reported in Ref. 12 demonstrated both experimentally and analytically that the
adiabatic wall temperatures inferred from heat flux data and reported in
Refs. 8 and 9 are significantly in error due to the effect of film cooling on
the local heat transfer coefficient. However, it is of interest to compare
the Ref. 9 results in which the coolant flow was also supersonic, with the
sonic injection data reported in Ref. 8 for the same freestream Mach number.
Longer regions of unity effectiveness were obtained consistently with super-
sonic injection, and the effectiveness decreased less rapidly downstream. The
greater cooling effectiveness with supersonic vs subsonic injection is attri-
buted to the higher velocity ratio and larger slot Reynolds numbers obtained in
the supersonic injection tests. In the work of Ref. 10 effectiveness data at a
second, lower coolant temperature were also obtained and this lower temperature
resulted in a lower injection velocity ratio. Effectiveness values were reduced
as in the case of subsonic film cooling, with the magnitude of the reduction
accurately predicted by the boundary layer computer program described in Ref. 12.
The Ref. 11 film coolant slot had a very thick lip (2-9 slot heights) and pro-

duced effectiveness data considerably lower than the comparable results of Ref. 7.

The existing data most pertinent to this program are the ALRC
data (Ref. 2), the data of Goldstein and co-workers (Ref. 7), and the data of
Cary and Hefner (Ref. 10). Adiabatic wall temperature data from Ref. 2 have
been reprocessed using the shape factor and kinetic energy recovery formulations
adopted herein. Since the isoenergetic wall temperature was used in the effective-
ness definition used by Goldstein, and the difference between coolant and free-
stream stagnation temperatures was small, the effectiveness results reported in
Ref. 7 can be interpreted as identical to the concentration effectiveness of
interest herein. Unfortunately, the effectiveness defined by Cary and Hefner

is based on freestream stagnation temperature and cannot be compared with the
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III, A, Film Coolant Effectiveness (cont.)

other data. However, the NASA-Langley boundary layer analyses (Ref. 12) for a
pressure ratio of unity are in excellent agreement with the Cary and Hefner

data and include a species concentration calculation. Figure &4 shows the

resultant concentration effectiveness as a function of the correlating parameter
used by Cary and Hefner, with the Goldstein results shown for comparison. Since

a different correlating parameter (x/mh) was used by Goldstein, his effective-

ness correlation has been shifted based on the average mass velocity ratio and
average slot height associated with that data. The rates of effectiveness decay
are the same, although the Ref. 12 result implies a lower entrainment fraction

and includes a transition region between the free-jet region of unity effective-
ness and the power-law decay. These curves imply an increase in entrainment
fraction with increasing axial distance, whereas comparable subsonic data were cor-
related in Ref. 1 using an entrainment fraction which is independent of axial posi-
tion. Figure 4 also shows some of the variable Mach number data from Ref 2, which
indicate a reduction in entrainment fraction with axial distance. Actual
entrainment fraction values inferred from Refs. 2 and 7 are compared with the

data obtained here in Section V,B,3. Note that the success of the correlating
methods such as shown in Figure 4 over a wide range of coolant flow rates for a
fixed hardware design indicates that pressure matching between the core and film

coolant streams may not be critical.

b. Mixing Layer Profile Shape Factor

The mixing layer profile shape factor formulation used in the
present model was developed from the analytical results of Ref. 12. Appendix A
provides the details of this development, and the resulting correlation with
entrainment flow ratio is shown in Figure 2. The transition regime between the
initial free-jet regime, Equation (11), and the fully-developed regime is defined
by 0.5 _E_WE/Wc < 2.2, The data reported in Refs. 7-10 indicate much longer
regions of unity effectiveness compared with correlations for subsonic freestream

flow, and this is reflected in Figure 2 in terms of entrainment flow ratio since
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III, A, Film Coolant Effectiveness (cont.)

the transition regime for supersonic flow starts at WE/Wc = 0.5 compared with
0.06 for the subsonic case. The shape factor analyses of Appendix A also
yield the entrainment fractions for Refs. 7 and 12 in the fully-developed

regimes.
c. High Speed Effects

The effective velocity u used to account for kinetic energy

recovery, Equation (3), has been defined in terms of a velocity mixing function

\' (WE/WC):

u = u, + (uC - ue) \Y (WE/WC) (18)
This function was derived from Goldstein's isoenergetic wall temperature data
and partially confirmed by the NASA-Langley analytical results (Ref. 12), as

described in Appendix A. The resultant correlation is shown in Figure 5; two

points from Ref. 12 are shown for comparisonm.

The role which imperfect recovery of kinetic energy plays in
determining the film cooling effectiveness for the constant Mach number tests
is shown in Figures 6 and 7. Equation (7) is plotted as effectiveness vs a
dimensionless adiabatic wall temperature for typical test conditions, along with
the corresponding result (dashed curves) for low-speed flow. Figure 6 is for
Test Setup 103B data (hydrogen film coolant); in this case the injection
velocity ratio is near two, so the high-speed effect is large initially and
then decays. Figure 7 is for Test Setup 104B data (nitrogen film coolant); in
this case the injection velocity ratio is only 0.54, so the initial high-speed
effect is small. At small values of effectiveness the difference between the
two curves in Figure 7 is constant and equal to 0.1. For both tests at an
effectiveness of unity the dimensionless adiabatic wall temperature is near -0.03,
which corresponds to an actual adiabatic wall temperature 27°F lower than the

coolant gtagnation temperaturc.
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ITI, Film Cooling Model (cont.)
B. HEAT TRANSFER

The convective heat flux to a non-adiabatic wall with film cooling

is represented herein as

¢ = GSt (i _-H) o

W ref/pe (19)

in which Haw is the adiabatic wall enthalpy defined by the cooling effectiveness
and Hw is the enthalpy of the local gas mixture at the wall at the non-adiabatic
wall temperature. The gas composition at the wall is also defined by the cooling
effectiveness. Use of Haw as the driving enthalpy is based on the assumption
that the thermal boundary layer due to wall cooling or heating is small relative

to the mixing layer.

The Stanton number is correlated by a modified turbulent pipe flow

equation
-0.2 -0.6
St = Cg(x) ReD Prref (20)
in which
Cg(x) = position dependent correlation coefficient
ReD = Reynolds number based on flow diameter, Pref GD/peuref
Pr = Prandtl number

The reference properties (p, pu and Pr) are evaluated for the gas composition at
the wall defined by the cooling effectiveness and at a reference temperature.
The reference temperature, selected on the basis of data from Ref. 1, is the

arithmetic mean of the adiabatic and non-adiabatic wall temperatures.
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I1I, B, Heat Transfer (cont.)

It was found in Ref. 1 that the above formulation would allow the
same correlation coefficients to be used with and without film cooling, except
near the injection point when the coolant and freestream velocities are not

equal.
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Iv. PROGRAM APPROACH

The program consisted of the following tasks: Task I - Preliminary
Analysis and Design, Task II - Hardware Fabrication and Facility Preparation,
Task III - Testing, and Task IV - Model Development, Data Correlation, and

Analytical Predictions. The scope of each of these tasks is explained in the
following sections.

A, TASK I - PRELIMINARY ANALYSIS AND DESIGN

1. Analysis and Test Planning

The Analysis and Test Planning work consisted of finalizing
test plans, establishing the necessary component design parameters, reviewing
the existing supersonic film cooling literature, performing preliminary super-
sonic model development analyses, and modifying existing computer programs.

The preliminary supersonic model development consisted of defining the mixing
layer profile shape factor and the effective velocity characterizing kinetic
energy recovery; this effort is described completely in Section III and Appendix

A. The finalized test plan is the test matrix shown in Table I,

In actual thrust chamber applications, the velocity ratio1 with
supersonic film coolants ranges from 0.2 to 0.7. The ALRC supersonic film
coolant injector utilized on APS thrust chambers with hydrogen film coolant
(Ref. 2) operated at about 0.5 velocity ratio. In the tests conducted on this
program with hydrogen and nitrogen, the velocity ratios were approximately 2.0
and 0.55, respectively. The low nitrogen velocity ratio (0.55) is desirable for
a laboratory test program because it is within the range of actual thrust chamber
applications. The high velocity ratio for hydrogen film cooling (2.0) is accept~-
able, but tests at an additional velocity ratio near 1.0 are desirable because
they would provide a useful supersonic film cooling reference condition. A unity
velocity ratio is probably more efficient than a non-unity velocity ratio because
a velocity mismatch may enhance turbulent mixing effects. This certainly has been

found to be the case with subsonic film cooling.

1 u
velocity ratio = ;E
e
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IV, A, Task I - Preliminary Analysis and Design (cont.)

During the course of finalizing the program test plans,
testing with a hydrogeq/nitrogen mixture as film coolant in the supersonic
region was considered because this allows injection of the film coolant at a
velocity ratio of 1.0. The velocity ratio for supersonic film coolant is

given by the following equation.

1/2 1/2

=

u
;E = velocity ratio =
e

T

0

————
mH|oH
S ———

£
M
e

For the core gas conditions employed on this program, it was
determined that a mixture of 21.37% hydrogen and 78.7% nitrogen (by weight) would
result in a velocity ratio of 1.0. Testing with such a H2/N2 mixture appears
feasible and could be accomplished using a gas mixer unit installed upstream of
the supersonic film coolant injector. Furthermore, it appears that a cold flow
injector element design whose hydrogen/nitrogen mixing efficiency has been
characterized experimentally at ALRC (Ref. 13) could be utilized in establishing

a mixing device design.

It was determined that testing with a hydrogen/nitrogen mixture
film coolant was beyond the scope of this program and consequently no supersonic

film cooling data with velocity ratio of 1.0 were obtained. Testing at this

condition is recommended for future work.

2., Component Design

Component design consisted of the mechanical design of the film

cooling test components and preparation of fabrication drawings. Descriptions

and drawings of the components are given in Appendix B. A summary of the designs

established is given below.
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IV, A, Task I - Preliminary Analysis and Design (cont.)

1 modification of a Contract NAS 3-14343 conical subsonic
test section

1 modification of a Contract NAS 3-14343 cylindrical
subsonic test section

cylindrical subsonic test sections

subsonic film coolant injector

supersonic test sections

2
1
2 supersonic flow film coolant injectors
2
1 diffuser tube

3

adapter sleeves
B. TASK II -~ COMPONENT FABRICATION AND FACILITY PREPARATION

This task consisted of fabricating the components designed during
Task I and assembling the film cooling test system. Photographs of the
completed test components and a schematic drawing of the test system are

presented in Appendix B.
C. TASK III - TESTING

The testing task consists of cold flow tests and film cooling tests.

The scope of these tests is described in the following two sections.

1. Cold Flow Tests

Cold flow tests of the newly fabricated subsonic and super-
sonic film coolant injectors were performed prior to the film cooling tests.
The objectives of the cold flow tests were to verify the integrity of these
units and to establish the circumferential distribution of the film coolant at

the injector outlet. The test procedure consisted of flowing ambient temperature
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IV, C, Task III - Testing (cont.)
N2 through the film coolant injectors (no core flow) and measuring total
pressures within the coolant slot and at the coolant slot exit with a total

pressure probe. The cold flow test results are presented in Appendix C.

2. Film Cooling Tests

a. Testing Approach

The basic testing approach successfully demonstrated
by ALRC during the Contract NAS 3-14343 tests was followed. Test facilities and
test components developed under Contract NAS 3-14343 were used as much as possible.
The film cooling tests were conducted using thin-walled circular test sections
which simulated the environment of a film cooled oxygen/hydrogen thrust chamber.
Hot nitrogen flowing from an electrical heater into the tube at approximately
810°K (1000°F) and 172 N/cm? abs (250 psia) total pressure simulated the core
combustion gases. The use of hot nitrogen core gas provided an evaluation of
film cooling effectiveness without the super-imposed effects of the mainstream
or propellant injector and of the combustion process. Tests were conducted to
evaluate both the subsonic and supersonic flow regions. In the subsonic testing,
film coolant was introduced upstream of the throat. The supersonic testing was
performed using both supersonic core flow and supersonic coolant injection.
Ambient temperature hydrogen or nitrogen film coolant was injected through film
coolant slots to flow along the instrumented test section walls. Supersonic
injectors and test sections were attached downstream of the throats of the
subsonic test sections. In addition to evaluating subsonic and supersonic film
cooling independently, "carry over'" effects were evaluated by monitoring super-
sonic region thermocouples when the film coolant was injected simultaneously

in the subsonic and supersonic regions and when film coolant was injected in

the subsonic region only.

The subsonic and supersonic test sections were

instrumented with thermocouples attached to the outside wall, Two distinct types
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IV, C, Task III - Testing (cont.)

of test section wall temperature data were obtained: steady-state wall tempera-
ture data for effectiveness and transient wall temperature data for heat transfer
coefficients. The steady-state wall temperature data were recorded for each

film coolant flow rate. Transient wall temperature data were recorded at sel-
ected film coolant flow rates after steady-state wall temperatures had been re~
corded. A wall heating transient was obtained by abruptly shutting off the film
coolant flow. After the wall had achieved steady-state with no film cooling, the

film coolant flow was rapidly re-established.

b. Test Matrix

A total of 34 tests were conducted with 6 hardware setups
designated as Test Setups 101, 102, 103, 104, 105, and 106. A test is defined
as one combination of film coolant flow rate, film coolant injector, instru-
mented test section, and core gas flow conditions. The test matrix is shown
in Table I. Subsonic and supersonic test components were combined in three
of the test setups (103, 104, and 105). Different wall temperatures were
recorded in the subsonic and supersonic tests with these combined setups;
consequently, the combined setups are referred to in this report as either
Setup A (subsonic tests) or Setup B (supersonic tests). The test instrumentation
consisted of approximately 20 wall temperatures, 4 film coolant temperatures and
pressures (1l each at both flowmeters, 1 each at both film coolant injector mani-

folds), 1 core gas temperature, and 1 core gas inlet pressure.
The specific effects investigated with each test setup
are listed below. The results obtained are presented in Section V,A and

correlations of the data are discussed in Section V,B.

(1) Acceleration Effects: The effect of acceleration

without turning was investigated in Test Setup 105A (hydrogen film coolant).

25




IV, C, Task III - Testing (cont.)

(2) Turning Effects: Flow turning effects in the sub-

sonic region were investigated in Test Setups 101, 102, 103A, and 104A using

hydrogen and nitrogen film coolants.

(3) Supersonic Flow Effects: Film cooling with super-

sonic film coolant and supersonic core gas was investigated in Test Setups 103B,
104B, 105B, and 106. Film cooling at nearly constant core gas Mach number was
tested in Setup 103B with hydrogen film coolant, and in Setup 104B with nitrogen
film coolant. Supersonic film cooling with variable core Mach number was in-
vestigated in Test Setup 105B with hydrogen film coolant and in Test Setup 106

with nitrogen film coolant.
c. Test Procedures

The testing procedures were based on those developed
during the NAS 3-14343 work. 1In tests conducted with Test Setups 101 and 102
(subsonic injection only), and Test Setup 106 (supersonic injection only), the
test procedure was virtually identical to that followed previously: the hot
nitrogen core flow was established, then the film coolant flow for the initial
test was established and adiabatic wall temperature data were recorded when steady
conditions had been achieved. Similar data were then obtained for the other tests.
Wall heating and cooling transient data also were recorded in certain tests (see
Table I). The test procedure for the combined test setups was somewhat different.
Part A (subsonic injection) was performed following the foregoing procedure, then
testing was stopped temporarily while thermocouple cables were switched from the
subsonic test section to the supersonic test section. Part B testing (super-

sonic injection) was then performed following the same test procedure as in
Part A.
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IV, Program Approach (cont.)

D. TASK IV - MODEL DEVELOPMENT, DATA CORRELATIONS AND ANALYTICAL
PREDICTIONS

1. Model Development and Data Correlations

The Task IV model development and data correlations work
consisted of: (1) reducing the steady state and transient wall temperature
measurements into adiabatic wall temperature and heat transfer coefficient data,
(2) interpreting these data within the context of the entrainment model, and
(3) establishing design correlations for entrainment fraction and heat transfer

coefficient,

a. Data Reduction

Data reduction consisted of three parts:

(1) Obtaining heat transfer coefficients and the
corresponding correlation coefficients, Equation (20), from wall temperature

transients using the wall as a calorimeter,

(2) Correcting steady-state wall temperatures with film
cooling for external heat losses to obtain the adiabatic wall temperature and

calculating the corresponding film cooling effectiveness from Equation (7).

(3) Calculating from these effectiveness values the

average entrainment fraction between successive pairs of thermocouples in each

axial row.
Details of Items (1) and (2) have been given in

Appendix B of Reference 1 and evaluating entrainment fractions follows directly

from the model of Section III. Lffectiveness values for the nitrogen film cooled
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Iv, D, Task IV - Model Development, Data Correlations and Analytical
Predictions (cont.)

test setups (101, 104A, 104B, and 106) were based on a film coolant injection
temperature which was corrected for preheating effects inside the film coolant
annulus. The correction for subsonic injection was based on the measurements
made with Test Setup 104A (measurements tabulated in Section V. A.) while the
correction for supersonic injection was obtained analytically. It was found
that only the initial entrainment fraction, #.e., the value between the in-
jection point and the first thermocouple, was affected by the inlet temperature
correction, and even this effect was usually small. It was determined that no
corrections were necessary for the hydrogen inlet temperature, consequently the
hydrogen effectiveness values were calculated using the film coolant injector
manifold temperature as the inlet temperature (this is consistent with

Reference 1).

The data reduction sequence was as follows: the heating
transient in each test was analyzed first to determine simultaneously the core
gas—-to-wall heat transfer coefficients (no film cooling) and the external heat
loss coefficients; the latter were then used in analyzing the cooling transients
and the steady-state wall temperatures with film cooling to determine effective-

ness and film coolant-to-wall heat transfer coefficients.
b. Data Interpretation and Correlation

Interpretation and correlation of the entrainment fractions

and heat transfer correlation coefficients are discussed below.
(1) Subsonic Film Cooling

Data from the conical chamber (Test 105A) were pro-
cessed first in order to determine the acceleration exponent n in Equation (16),
the subsonic entrainment fraction model. 1In processing subsonic effectiveness
data, n is specified and the entrainment fraction multiplier km is calculated.

Conical chamber data were processed with n = o, so that a fictitious k'm was
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Iv, D, Task IV - Model Development, Data Correlation and Analytical
Predictions (cont.)

generated with acceleration effects included. Assuming the flow is one

dimensional, Equation (16) yields
r 2n
' = -
k o km (ro) (21)

Since there are no turns in this chamber, entrainment fraction changes are
caused solely by acceleration; i.e., km is constant and k'm data give the
acceleration exponent n directly from Equation (21). The resultant value of n
was then used to process all other subsonic effectiveness data; some data from
References 1 and 4 were reprocessed in this manner for use in correlating

turning effects.

Data from the cylindrical chambers were interpreted
in terms of entrainment fraction multipliers for turning effects by defining a

turning multiplier as

(km) in turn or after turn

turn (22)

(km) before turn
Correlation of these factors using the turning parameter developed in Reference 1

was then investigated.
(2) Supersonic Film Cooling

Absolute values of the entrainment fraction k were
determined from the supersonic effectiveness data since no general reference
correlation was available. A general correlation of these results was not
possible within the scope of this program, however, a correlation of the
variable Mach number entrainment fractions with nitrogen coolant and the data
of Reference 2 was obtained using a dimensionless axial coordinate similar to
those used in References 7 to 10. This correlation provides a basis for nozzle

applications over a narrow range of injection velocity ratio.
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Heat transfer correlation coefficients were checked
to determine if values without film cooling could be used with film cooling at
some distance downstream of the injection point, as was the case with the
present model in the subsonic case, and to investigate coolant flow effects

near the injection point.

2. Analytical Predictions

Analytical predictions of film cooling requirements for a
completely film cooled thrust chamber, and for the effect of film cooling on
the wall temperature of a regeneratively cooled thrust chamber were made using
entrainment fraction and heat transfer coefficient correlations developed on
this program. These predictions are described in Section VI of this report.
The film cooling requirement predictions were made for the subsonic region of
a typical Space Shuttle APS thrust chamber. A range of thrust, chamber pres-
sure, mixture ratio, and film coolant inlet temperature operating conditions
were considered. The wall temperature predictions were made for the subsonic
and supersonic regions of a proposed 02/H2 Space Shuttle Tug thrust chamber. A

range of film coolant flow rates and thrust levels were considered.
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V. EXPERIMENTAL RESULTS AND DATA CORRELATIONS

A, EXPERIMENTAL RESULTS

The direct experimental results of the film cooling tests are
presented in this section. The test conditions for all tests are summarized
in Table II. The adiabatic wall temperatures, effectiveness values, and local
heat transfer coefficients are presented in Figures 8 to 33. Heat transfer
correlation coefficients for the supersonic test sections are given in Table III.
Experimental Mach numbers for the supersonic tests are shown in Table IV. The
test conditions and components utilized with each test setup are briefly summa-
rized in the following paragraphs. Details of the test components and the test

system are given in Appendix B.

Test Setup 101
(Figures 8, 9, 10)

During the testing with Test Setup 101, experimental adiabatic wall
temperature distributions were measured downstream of the film coolant slot
where ambient temperature N2 film coolant was injected at four velocity ratios
(0.62, 0.87, 1.12, 1.41). The thin slot subsonic injector and 30°—IRl subsonic
test section were major components in this test assembly (both components
residual from NAS 3-14343). The adiabatic wall temperature distributions
determined from the Test Setup 101 data have the same general appearance of the
distributions obtained with cold hydrogen film coolant and the thin slot

injector on the previous test program (Ref. 1).

Test Setup 102
(Figures 11, 12, 13)

The Test Setup 102 assembly consisted of the 30°—2R2 subsonic test
section fabricated on this program, and the thick slot height subsonic injector

(residual from NAS 3-14343). Testing was accomplished using ambient hydrogen

1 30° convergence angle, reference turn radii as shown in Figure Bl.

2
30° convergence angle, turn radii increased by a factor of two.
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V, A, Experimental Results (cont.)

film coolant. Steady-state wall temperature data were obtained at three
velocity ratios(0.81, 1.12 and 1.8). Heating transient and cooling transient
data also were obtained at the 1.12 velocity ratio. The nitrogen core gas
temperature was about 883°K (1130°F) which is higher than planned; however

this does not compromise the value of the data.

Test Setups 103A and 103B
(Figures 14, 15, 16 (Part A), and Figures 17, 18, 19 (Part B))

Ambinet temperature hydrogen film coolant was used with test Setups
103A and 103B which were the first combined subsonic and supersonic test setups.
The hardware consisted of the thick slot subsonic injector, the 15°-2R subsonic
test chamber, the cylindrical supersonic injector, and the cylindrical super-
sonic test section. In the Test Setup 103A tests, wall temperatures on the
subsonic test section were measured at steady state with subsonic film coolant
injeetion at three velocity ratios of 0.785, 1.03, and 1.30. Heating and

cooling transient data also were recorded at 1.03 velocity ratio.

Prior to Test 103B, thermocouple connectors were rearranged so
that thermocouples attached to the cylindrical supersonic test section would be
recorded. Tests were conducted in which steady-state wall temperature distri-
butions along the supersonic test section were measured at the following

conditions:

(a) Simultaneous subsonic and supersonic injection (subsonic
injection at 1.03 velocity ratio and supersonic injection
at 0.88 static pressure ratio);

(b) Supersonic injection at 0.94 static pressure ratio;
(c) Supersonic injection at 1.87 static pressure ratio;

(d) Supersonic injection at 0.5 static pressure ratio.
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V, A, Experimental Results (cont.)

Heating and cooling transient data also were recorded at the (b), (¢), and (d)
conditions noted above. The core flow Mach number at the injection point was
2.5. The Mach number near the test section exit ranged from 2.44 (no super-

sonic injection) to 2.23 (Condition (c)).

Test Setups 104A and 104B
(Figures 20, 21, 22 (104A), and Figures 23, 24, 25 (104B))

Ambient temperature nitrogen film coolant was used with Test Setups 104A
and 104B. The test assembly was the same as in Setups 103A and 103B except that
the thin slot subsonic injector (tested previously as part of Test Setup 101)
replaced the thick slot subsonic injector. Subsonic test chamber wall tempera-
tures were measured in tests with Test Setup 104A. Four velocity ratios were
tested, 0.62, 0.87, 1.13, and 1.4. Steady-state wall temperaturés were measured
at each velocity ratio, and heating and cooling transient data were obtained at

1.13 velocity ratio.

During the tests conducted with the 104A Test Setup, nitrogen film coolant

outlet temperatures were measured using a 0.0127cm(0.005~in.) diameter sheathed
chromel alumel thermocouple. The thermocouple was installed in a thin copper

ring which was positioned downstream of the film coolant injector outlet. The
thermocouple junction protruded into the film coolant slot about 0.025cm(0.010-in.)
and did not touch the walls of the film coolant slot. The measured outlet tempera-

tures and corresponding measured manifold temperatures are listed below.

Subsonic Nitrogen Nitrogen
Film Coolant Manifold
Flow Rate Temperature Outlet Temperature
kg/sec 1lbm/sec °K °F °K °F
0.035 0.077 298 76 346 162
0.052 0.1145 292 66 328 130
0.069 0.1525 288 59 318 111
0.086 0.1899 287 56 315 107
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V, A, Experimental Results (cont.)

Supersonic nitrogen film cooling tests were conducted using Test Setup

104B (supersonic test section instrumented) at the following conditions:

(a) Simultaneous subsonic and supersonic injection (carryover data);
(b) Subsonic injection only at velocity ratio = 1.13 (carryover data);
(c) Supersonic injection at 0.95 static pressure ratio;

(d) Supersonic injection at 1.8 static pressure ratio;

(e) Supersonic injection at 0.45 static pressure ratio.

Steady-state wall temperatures were measured at all of these
conditions. Heating and cooling transient data were obtained at conditions (c),
(d), and (e). Core Mach number near the test section outlet ranged from 2.45

(no supersonic injection) to 2.31 (condition (d)) as shown in Table IV.

Test Setup 105A and 105B
(Figures 26, 27, 28 (Part A) and Figures 29, 30, 31 (Part B)

This test assembly consisted of all the conical components fabricated
on this program (subsonic test section, subsonic injector, supersonic test section,
supersonic injector). The aft end of the hardware assembly was attached to a
cylindrical tube diffuser so that a static pressure of about 0.7 N/cm2 abs (1.0 psia)
could be maintained at the supersonic test section outlet. Testing was

accomplished using ambient temperature nitrogen film coolant.

In the three tests conducted with Test Setup 105A, steady-state wall
temperatures were measured in the subsonic chamber with subsonic hydrogen
film coolant injected at three velocity ratios (0.76, 1.0 and 1.27). Heating
and cooling transient data also were obtained at the 1.0 velocity ratio. The

Test 105A data are considered quite adequate for evaluating acceleration effects.
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V, A, Experimental Results (cont.)

In the 105B tests, steady-state, heating transient, and cooling
transient wall temperature measurements were made on the conical supersonic
test section when hydrogen was injected through the supersonic injector at
core-gas—to-film coolant static pressure ratios of about 1.0, 2.0 and 0.5. In
addition, steady-state wall temperatures in the supersonic test section were
measured with subsonic film coolant carryover (with and without supersonic

injection).

The heating and cooling transient data adequately describe the heat
transfer coefficients with and without film cooling. However, the hydrogen film
coolant was so effective that the increase in adiabatic wall temperature along
the nozzle length was quite small, The measured wall temperature increase

ranged from about 17°K (0.5 pressure ratio) to about 3°K (2.0 pressure ratio).

Test Setup 106
(Figures 32, 33)

After a review of the test data obtained with Test Setup 105B,
it was determined that sufficiently large axial wall temperature gradients
could be obtained by repeating the 105B tests with nitrogen supersonic film
coolant instead of hydrogen. This was done in Test Setup 106. Steady-state
wall temperatures were measured at 0.55, 1.04, and 2.0 pressure ratios. The

axial temperature gradient in these tests ranged from 55 to 100°K (100 to 180°F).
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V, Experimental Results and Correlation (cont.)

B. DATA CORRELATIONS

1. Acceleration Effects

Flow acceleration effects were found to decrease the entrain-
ment fraction. Data from the conical chamber, Test Setup 105A, were used to
determine the acceleration exponent n in the entrainment fraction formulation
of Equation (16). As described previously in Section IV,D,1, the artificial
entrainment fraction multiplier k'm obtained with n = 0 was plotted vs (r/ro)z;

a linear fit on log-log coordinates represents the proposed acceleration model,
with the slope equal to the exponent n. Figure 34 shows the Test 105A data
plotted in this manner, along with the conical chamber data of Ref. 1. The

first entrainment fractions downstream of the injection point are omitted for

the data of Ref. 1 since they are influenced by a turn. The two sets of data

are in reasonably good agreement, and are well represented by the linear relation-
ship of the proposed model. An acceleration exponent of 0.65 was obtained from
the correlating line of Figure 34. This is in good agreement with the value of
0.59 indicated by Deissler, (Refs. 5 and 6), for turbulent transport phenomena

in a homogeneous fluid. The value of 0.65 from Figure 34 was used in interpreting

all remaining subsonic data.

2. Turning Effects

Entrainment fraction multipliers, km in Equation (16), were
calculated from the appropriate subsonic effectiveness data. These multipliers
account for film coolant injector perturbations, turning effects and any other
phenomena not represented by the above acceleration correlation and the entrainment
fraction ko for plane, unaccelerated flow with continuous injection slots and
thin slot lips. Figures 35 and 36 give the resultant multipliers for Setups 102
and 103A, respectively, which extend the hydrogen cooling data of Ref. 1 to new
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V, B, Data Correlations (cont.)

convergent section geometries. Cylindrical section multiplers are consistent
with the results of Ref. 1. Figure 35 indicates an entrainment fraction in
this region equal to about 1.5 ko, while Figure 36 gives a slightly larger
value; the effectiveness data of Ref. 1 were correlated by 1.6 ko. The
significant increase in entrainment multipler in the turn at the start of
convergence, which motivated the additional subsonic testing of the present
program, is clearly evident in both figures. Figure 36 shows a very large
reduction in entrainment in the 15° throat turn, while Figure 35 indicates a
small reduction in the 30° throat turn. Correlation of turning effects is
considered later in this section. Entrainment fractions in the supersonic
transition section of Setup 103A, Figure 36, are approximately equal to those

in the subsonic cylindrical section.

Figures 37 and 38 give the entrainment fraction multipliers
for Setups 101 and 104A, respectively, which utilized nitrogen film coolant with
the 0.038 cm (0.015~in.) slot coolant injector. Both figures show much higher
multipliers in the cylindrical section than those noted above for hydrogen
with a 0.153 cm (0.060-in.) slot height., This 1s attributed to the coolant
injector lip which separates the two flows; it is 0.051 cm (0.020-in.) thick
in each case, so that the ratio of lip thickness to slot height is much greater
for the nitrogen data. A lip which is thick relative to the slot height is
known to decrease the effectiveness (increase entrainment) for plane, unacceler-
ated flow, Ref., 14, The initial entrainment fraction multipliers of Figure 37
are higher than those in the rest of the cylindrical section; this may be the
result of underestimating the preheating of the coolant. Figure 38 shows a
large reduction in entrainment fraction in the 15° turn at the start of
convergence, consistent with the data of Ref. 4 and the hypothesis of Ref. 1.
This hypothesis attributes the turning effects to imbalances in centrifugal
forces resulting from density differences between the coolant and core flows.

Since the nitrogen coolant is heavier than the core flow, while the hydrogen
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V, B, Data Correlations (cont.)

coolant of Setups 102 and 103A is lighter, the opposing turning effects
exhibited by Figures 36 and 38 (same hardware) are to be expected. Figure 37
shows a smaller reduction in entrainment fraction in the 30° turn at the start

of convergence compared with the 15° turn of Figure 38.

Analysis of individual thermocouple rows and test conditions
for the results of Figures 37 and 38 does not reveal a consistent trend due to the
throat turns. This results from an accuracy problem with the basic nitrogen
data which is most acute in the convergent section. Part of the problem is the
much higher wall temperature obtained compared with hydrogen for a given
effectiveness. These high temperatures result in greater external heat losses,
so that any error in correcting for these losses to obtain the adiabatic wall
temperature is more significant. In addition, the reduction in entrainment in
the turn at the start of convergence, as noted above, results in very little
change in effectiveness in the convergent section as illustrated in Figures 9
and 21, Since each entrainment fraction is related to the difference in two
adjacent effectiveness values, any error in effectiveness is greatly magnified
in terms of the entrainment fraction in such a situation. Therefore, the throat
data from Test Setups 101 and 104A have not been used in the turning correlation
effort described below.

A parameter for correlating turning effects was proposed in
Ref. 1, and its use has been continued herein., This parameter is based on the
ratio of the differential centrifugal force resulting from the density difference

across the mixing layer to the turbulent shear in the mixing layer; it is

(23)

[ @

( Pe P,
2 ¥
pe pW

in which s is the mixing layer thickness at the start of the turn and R is the

turn radius of curvature. R is taken to be positive at the start of convergence
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V, B, Data Correlations (cont.)

and negative in the throat. Turning multipliers for the entrainment fraction
were defined by dividing the overall multipliers of Figures 35 - 38, either

in the turn or after the turn, by the multiplier immediately upstream of the
turn as noted in Equation (22). All throat values except those from Ref. 4

are based on the average km multipliers in the turn. This definition is of
greatest interest for application purposes and was a necessity considering

the nature of the data. However, most multipliers for the turn at the start of
convergence are based on the km value after the turn, i.e., the average in the
cone; again, this definition is the one of most practical interest. In some
cases the nature of the data necessitated alternate definitions at the start of
convergence, with the numerator of Equation (22) based on the average km in the
turn, turn plus cone or turn plus half the cone (cold hydrogen data of Ref. 1).
Table V summarizes all data considered in the turning correlation study,

including those from Refs. 1 and 4.

Figure 39 shows the turning multipliers as a function of the
above turning parameter*. Since four groups of results are obtained, it is
apparent that the proposed parameter is not sufficient to correlate turning
effects. Each group of results is discussed below, with the group number

corresponding to that shown on Figure 39.

(1) These results represent a broad range of conditioms.
Most are for hydrogen coolant in the turn at the start of convergence, but
with both 15° and 30° turn angles. However, nitrogen data in both types of

turns are included also. Since the throat turn results of Ref. 4 are defined

*Average values from the two thermocouple rows are presented for the current
tests unless different definitions were used for each row.
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V, B, Data Correlations (cont.)

on a local basis, all but two points in this group are defined consistently.
For positive values the correlation parameter accomplishes its desired goal of

correlating turning effects independent of turn angle and of the sign of Po P,

(2) All points in this group are for hydrogen in a 30°

throat turn.

(3) This group 1is similar to the second in turning multiplier
definition and turn angle; however, it is for nitrogen at the start of conver-
gence. Therefore, Groups 2 and 3 indicate that for negative values of the
proposed correlation parameter, it is necessary to distinguish between positive

and negative values of Pe Py

(4) This group indicates that it also is necessary to add a
turn angle effect when the correlation parameter is negative, since this group
is for a 15° turn. Although both hydrogen throat turn and nitrogen convergent
turn data are represented, it cannot be concluded that these results would be
correlated by the same curve. The hydrogen data are shown schematically since
all but one in six were actually negative; additional points for Tests 104A ([)
were also negative. The nitrogen data of Ref. 4 shed some light on the turn
angle situation, since three results are included in Figure 39 for the turn at
the start of convergence. Local results at approximately 15° are lowest and
well below unity. Continued turning then increases the local entrainment
fraction since the average value over a 35° turn is higher and the local value

after 35° is still higher.
It should be remembered that turning effects are being inter-

preted here solely in terms of the entrainment fraction; it is possible that

the mixing layer shape factor is also altered in a turn.

40




V, B, Data Correlations (cont.)

3. Supersonic Flow Effects Data

a. Supersonic Effectiveness

(1) Constant Mach Number

Data were obtained with the constant Mach number test
section for both hydrogen and nitrogen coolants thereby obtaining injection
velocity ratios of about 1.94 and 0.54, respectively. 1In each case three static
pressure ratios were run (approximately 0.5, 1.0, and 1.8); six different entrain-
ment fraction characteristics resulted. The most interesting comparison with
existing effecti#eness data is between the hydrogen data for a pressure ratio of
0.50 and the correlation from Ref., 7. This comparison is shown in Figure 40.
Except for the first axial position the hydrogen data parallel the correlation
of Ref. 7, although falling slightly below it. These are the only data from
the present program which exhibit the effectiveness decay characteristics of
existing data. The results of Ref. 12 show this same type of decay, although
Figure 41 shows that these effectiveness values are considerably above the
present hydrogen data. Both figures include the present nitrogen data for a
pressure ratio of 0.45 for comparison purposes; the nitrogen data approximate

the injection velocity ratio of Ref. 7.

Data for other pressure ratios were not shown on Figures
40 and 41 since they do not collapse into a single correlation. This is apparent
for the hydrogen data from Figure 42, which shows a decreasing slope with
increasing pressure ratio; the corresponding entrainment fractions are shown in
Figures 43-45. For a pressure ratio of 0.50 the entrainment fraction increases
axlally similar to the result inferred in Appendix A for Ref. 7, which is
included in Figure 43 for comparison. With approximate pressure matching,
Figure 44, the entrainment fraction decreases slightly with axial position,
starting from a value close to that for a pressure ratio of 0.50. Figure 45 is

for a pressure ratio of 1.87; entrainment fractions are initially similar to
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V, B, Data Correlations (cont.)

those for the previous pressure ratios, but then show a significant increase
followed by an abrupt drop to values equal to or less than the corresponding
pressure-matching entrainment fractions. The trendlines shown on Figures 43-45
were used to calculate entrainment flows in order to show the effect of entrain-
ment fraction data scatter on effectiveness prediction. Figure 46 shows the
hydrogen effectiveness data as a function of the resultant entrainment flow

ratios; the curve shown is the model of Section III.

Some of the entrainment fraction characteristics of
Figures 43-45 are consistent with the flow phenomena which would be expected
as the two supersonic flows interact. Entrainment fractions in the first few
inches are lowest with pressure matching, and in this case there is little varia-
tion throughout the length of the test section. It is of interest to note that
these entrainment fractions are about equal to those obtained in the cylindrical
section for subsonic injection with velocity matching using the 0.060-in. slot
coolant injector (hydrogen data). The increase in entrainment fraction starting
about 40 slot heights from the injection point for both cases with static pres-
sure differences is presumably caused by expansion of the high pressure flow and
its resultant interaction with the other flow. This effect must penetrate to
the wall and thus is not seen in the initial entrainment fractions. Cause of
the sharp reduction in entrainment fraction after about 150 slot heights with

high pressure coolant, Figure 45, is not clear.

Figures 47-49 give the entrainment fractions for the
nitrogen data of Test 104B; Figure 47 includes the values inferred from Ref. 7
for comparison. Only one row of data is shown, since a number of thermocouples
in the other row were not operational for this test; these other entrainment
fractions indicate the same trends but are slightly greater in magnitude.
Initial entrainment fractions increase slightly with pressure ratio and are

roughly double the values for the hydrogen data discussed above. The latter may
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V, B, Data Correlations (cont.)

be due to the different injection velocity ratios in each case: 0.54 for
nitrogen compared with 1.94 for hydrogen. For each nitrogen coolant pressure
ratio the entrainment fraction is approximately constant for 120-150 slot
heights, decays to about half the initial value at 250-300 slot heights and
finally undergoes a rapid increase., Thus, the pressure ratio and axial position

characteristics have nothing in common with the hydrogen data.
(2) Variable Mach Number

Figure 50 shows the entrainment fractions for all three of
the setup 105B pressure ratios which used hydrogen coolant in the variable area
supersonic test section. Results for all three pressure ratios are about the
same. Initial values are slightly lower than the corresponding results for
constant Mach number, Figures 43-45. However, a rapid decay follows to a level
about one-third the initial value, except for an increase at the 0.71 cm (1.8 in.)

axial position.

Setup 106 with nitrogen coolant approximates the injection
velocity ratio of the hot firing data of Ref. 2. Figure 51 compares all effective-
ness data from Setup 106 with ambient hydrogen data from Ref, 2 using the axial
coordinate ii/m sc;il accounts for core mass velocity variations and is derived
from Equation (14) with an entrainment fraction of unity. It is noted that the
data of Setup 106 for various pressure ratios collapse into a single curve fairly
well using this coordinate. In addition, all results except for the last two or
three locations for a pressure ratio of 0.56 are consistent with the data of

Ref. 2, which were obtained with a pressure ratio slightly greater than unity.
Figures 52-54 give the entrainment fractions for Setup 106.

For a pressure ratio of 0.56, Figure 52, the entrainment fraction is approximately

constant and only slightly lower than the initial value for the corresponding
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constant Mach number case, Figure 47. For static pressure matching, Figure 53,
the entrainment fraction decreases gradually with axial position. Initial
values are somewhat lower than for the constant Mach number case, Figure 48,

but are slightly higher than for a pressure ratio of 0.56. Initial entrainment
fractions for a pressure ratio of 2.01, Figure 54, are again slightly lower than
in the constant Mach number case, Figure 49, and are slightly higher than for
pressure matching. At this pressure ratio the initial entrainment fraction is
maintained for about 0.6 cm (1.5 in.)., followed by a significant decay; this
trend is similar to the first part of Figure 49 and covers about the same entrain-
ment fraction range. The trendlines in Figures 53 and 54, along with a constant
entrainment fraction of 0.027 for the data of Figure 52, were used to predict
entrainment flow ratios; the resultant effectiveness correlation is shown on

Figure 55, with the curve representing the supersonic model of Section III.

As noted above, Setup 106 with a pressure ratio of unity
approximates the injection conditions of Ref. 2. Figure 56 shows a correlation
of the corresponding entrainment fractions using the dimensionless coordinate of
Figure 51. The results of Ref. 2 represent an excellent continuation of the
Test 106B data, Since some of the present data for other pressure ratios are
also in reasonable agreement with Figure 56, this correlation is recommended for
nozzle design purposes when the coolant injection velocity ratio is 0.5-0.6.
Based on extrapolating a linear version of Figure 56 to an axial coordinate of

zero, the following correlation is recommended for small values of ;i/m s.*

K = 0.038 s ¥ < 13.4 (24)

X ms
1 c

ms
c

1+ 0.0176
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V, B, Data Correlations (cont.)
(3) Carryover Effects

The effects of using subsonic and supersonic film
cooling simultaneously were studied in Setups 103 and 104. Test Setup 104 also
included data in the supersonic test section when the only coolant was from
the subsonic injector. An essentially constant effectiveness resulted, as
shown in Figure 57. Also shown in Figure 57 are the effectiveness values with
supersonic cooling only and with both coolant flows. These results show that
the carryover from subsonic coolant can significantly increase the effectiveness
in the supersonic section. A similar result was obtained in Setup 103 as shown
in Figure 58, although the increase due to carryover is smaller since the

effectiveness upstream of the supersonic injection was smaller.

Since the subsonic injection effectiveness was constant
in the supersonic test section, a simple model for synthesizing carryover effects
was investigated. This model postulates that the effectiveness for supersonic
cooling only still applies with carryover provided the freestream species con-
centration is replaced by that obtained at the wall when only the subsonic
coolant is utilized. Such an approach was first proposed in Ref. 15; the

resultant effectiveness with carryover is

n = n,+n (@-n,) (25)
in which subscript 1 refers to subsonic cooling only and subscript 2 refers to
supersonic cooling only. Figures 57 and 58 include the synthesized effective-
ness predictions; in the latter case the effectiveness just upstream of the
supersonic coolant injector was assumed to apply throughout the supersonic

test section for subsonic cooling only. In both cases the synthesized effective-
ness is in excellent agreement with the data for 1.2-1.6 cm (3-4 inches), after

which the synthesized values are a little higher.
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b. Heat Transfer Coefficient

(1) Correlation Approach

Heat transfer coefficients with and without film cooling
in the supersonic nozzle region were correlated during this program. Heat
transfer coefficients in the subsonic region were correlated previously (Ref. 1).
In this previous work, it was found that the data for film cooled walls and
for the case of no film cooling both are correlated by Equation (20) when the
arithmetic mean of the wall and adiabatic wall temperatures was the reference
temperature for evaluating physical properties. An additional effect of
injection velocity was also observed. This previous correlation is a convenient
analytical tool for analyzing non-adiabatic film cooled walls because it allows
the calculation of heat transfer coefficients without film cooling if the heat
transfer coefficients, or more specifically the Cg values, without film cooling
are known and the composition of the mixing layer is evaluated from the entrain-

ment model., Consequently, the same correlation approach was evaluated with the

supersonic data obtained on this program.

(2) Constant Core Mach Number Data (Cylindrical Supersonic
Test Section)

Values of the Cg factor calculated from the constant core
Mach number test data are plotted as a function of axial position from the
injection slot in Figures 59 and 60. These Cg values were from Equation (20)
calculated using a Stanton number based on average test section mass flux (core
gas flow rate and film coolant flow rate divided by total test section cross
sectional area). Physical properties in Equation (20) were evaluated for the
gas composition at the test section wall which was indicated by the effectiveness

data, and at two reference temperatures: (1) the arithmetic mean of the wall
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V, B, Data Correlations (cont.)

and adiabatic wall temperatures, and (2) the adiabatic wall temperature. The
Figure 59 values are based on the arithmetic mean reference temperature and the
Figure 60 values are based on the adiabatic wall reference temperature. These
plots demonstrate that: (1) there are injection effects in the hydrogen data
but not in the nitrogen data, and (2) that the arithmetic mean reference tem~
perature provides a more concise grouping of the data. It is therefore con-
cluded that the heat transfer correlation established previously for subsonic
film cooling (Ref. 1) is also applicable for supersonic film cooling. As in
the subsonic case, injection effects exist in certain of the data near the

injection point.

The nitrogen film cooling Cg values are independent of
the film-coolant-to~core-gas static pressure ratio and are about the same as
the nitrogen core gas Cg values along the entire length of the cylindrical
test section. The only significant difference exists within 3 cm (1.2-in.)
of the injection point where the core gas data is slightly higher. The maxi-
mum observed difference is 20% at 1.5 cm (0.6~in.) axial distance. These
higher core gas Cg values appear to be a "step effect" produced by the slight
flow disturbance which occurs when the core gas flow expands across the 0.1 cm
(0.04~in.) flow step formed by the film coolant injection slot and lip (no
film coolant flow). Disregarding this "step effect", the nitrogen film
coolant and core gas Cg values are practically constant along the test section
length and range from 0.026 to 0.023 which is the traditional range for fully

developed turbulent flow heat transfer.

The hydrogen supersonic heat transfer data are char-
acterized by relatively large Cg values within about 10 cm (4-in.) of the
injection point. The hydrogen Cg values are a function of pressure ratio and
the highest values were observed at the highest pressure ratio. These hydrogen

film cooling Cg values demonstrate that a significant difference existed in the
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hydrogen film coolant and nitrogen film coolant wall heat transfer mechanisms
near the injection point. A fundamental explanation of this behavior has not
been established. It is possible that these high Cg values are related to
supersonic shock phenomena. In terms of the injection conditions, it appears
to be a velocity ratio effect since the coolant-to-freestream velocity ratio
was about 2.0 with hydrogen film cooling and about 0.55 in the nitrogen film
cooling case. Another possible explanation is that the unusual velocity pro-
file downstream of the film coolant annulus at uc/ue = 2.0 (high velocity
along walls) was unstable and tended to promote wall turbulence until a more
regular profile was established at some distance downstream of the injection

point.

(3) Variable Core Mach Number Data (Conical Supersonic
Test Section)

The Cg values obtained with hydrogen film cooling in
the conical supersonic test section are similar to the cylindrical supersonic
results, and are plotted on Figure 61 and tabulated in Table V. However,
these data are more difficult to interpret because it appears that shock
phenomena at the entrance of the supersonic diffuser tube produced unusually
large wall conduction effects which influenced the adiabatic wall temperature

results.

The data near the film coolant injection point (upstream
end) indicate the same general characteristics as the constant Mach number
data. The hydrogen film cooling Cg's are relatively high, increase with pres-
sure ratio, and decrease with axial distance, while the core gas nitrogen
values are about the same as in the constant Mach number test section. How-
ever, towards the downstream end of the test section, the axial distribution
of the hydrogen Cg data indicates a reversal of the initial decay character-
istic and a trend toward increased Cg's. The core gas Cg values also tend to
increase in this region. This trend of increasing Cg with axial distance

appears invalid. It appears that shock-boundary layer interaction produced a
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relatively high heat transfer coefficient on the ID of the nozzle exit flange
where the conical nozzle ends abruptly and the cylindrical diffuser geometry
begins., Furthermore, it appears that the effect of this high coefficient was
to produce excess wall heating during the heating transient and excess wall
cooling during the cooling transient. This leads to erroneously high Cg
values for the core gas heating and the hydrogen film cooling transients. An
additional factor here is that the conical supersonic test section transients
were relatively long due to the low heat transfer coefficients which occur at
high Mach number and consequently a longer time period existed for flange
effects to influence the data. The transient periods were 10-20 seconds
compared to 2-3 seconds in the subsonic and cylindrical supersonic test

sections.
(4) Recommended Correlations

Two heat transfer correlations are recommended, one for
film-coolant-to-core velocity ratios less than one and another for velocity
ratios greater than one. For velocity ratio less than one, the recommended
correlation is Equation (20) with Cg = 0.026 and with physical properties
evaluated using the local wall fluid properties and the arithmetic mean
reference temperature. This equation provides a good correlation of the
nitrogen film cooling data obtained at 2.5 core Mach number and about 0.55

velocity ratio.

For velocity ratio greater than one, the hydrogen data
indicate that injection effects are significant near the injection point.
The foregoing correlation for velocity ratio less than unity but modified by
injection effect factors is recommended for heat transfer from supersonic
film coolant injected at a velocity ratio greater than one. Injection effect
factors established from the hydrogen data are shown in Figure 62 as a func-
tion of pressure ratio and axial position, and in Figure 63 as a function of

axial position and mass flux ratio.
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Test

103A

103B

104A

1048

105A
1058

106

EXPERIMENTAL TEST SECTION MACH NUMBERS

Subsonic

UC/Ue
.75
1.0
1.25
1.0
(2)
(2)
(2)

.5
.75
1.0
1.25
1.0
1.0
(2)
(2)
(2)

.75, 1.0, 1.25
1.0
1.0
(2)
(2)
(2)

(2)
(2)
(2)

TABLE 1V

Supersonic
P /P
c e

(1
1)
1)
1.0
1.0
2.0
.5

ey
1)
(1)
&Y
1.0
1)
1.0
2.0

¢y
1.0
(1)
1.0
2.0

2.0
1.0

(1) - indicates no supersonic injection
(2) - indicates no subsonic injection
(3) ~ Mach number 1/2-in. from test section exit.
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exit

A4
<43

.33
.34
.23
.38

NN NN

.36
44
.35
.31
.40

N NN

.25

.25

.05
.15

POl - S e
N

4,2
4.2

3)




TABLE V
TURNING CORRELATION PARAMETERS

Source Angle, S/R LYy Correlation Correlation
Degrees - Type* Range Range Parameter Group
S/R +, APIP + (H, Conv.)
Ref. 1 (cold) 30 O .26 to .32 .056 .015 to .018 1
103A 15 0 .10 to .13 .49 to .73 .060 to .083 1
102A 30 O .10 to .13 .50 to .81 .061 to .097 1
Ref. 1 30 O .29 .57 to .60 .16 to .17 1
S/R -A4P/P - (N, Throat)
Ref. 4 27 X -.019 -.58 .01 1
S/IR - APIP + (H, Throat)
Ref. 1 30 o -.47 .46 -.22 2
102A 30 ® -.17 to -.21 .41 to .63 -.085 to -.125 2
103A 15 B -.15to-.19 .41 to .55 -.070 to -.099 4
Ref. 1 (cold) 30 ® -.40 to -.50 .078 -.031 to -.039 2
S/R+, 8P/P- (i, Conv.)
101A 30 O0®@ .22 to .37 -.18 to -.40 -.061 to -.099 3
104A 15 O .13 to .15 -.18 to -.24 -.025 to -.033 4
Ref. 4 15 O .013 -.87 -.0N 4
Ref. 4 35 anld 3,1

* See Legend on Figure 39
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VI. ANALYTICAL PREDICTIONS

Analytical predictions for hydrogen film cooled hydrogen-oxygen thrust
chambers were made with the ALRC entrainment model and certain of the entrain-
ment fraction correlations derived from test data and discussed in Section V,B.
Analyses were performed for conditions representative of 2 engine systems:

(1) a space shuttle APS engine, and (2) a space shuttle tug engine.
A. APS THRUST CHAMBER PREDICTIONS

The APS predictions were made for the subsonic region only of a
typical film cooled thrust chamber. The geometry parameters and the range of
operating conditions considered are typical for the Auxiliary Propulsion System
for the Space Shuttle (Ref. 2). The thrust chamber geometry was established
from data supplied in References 1 and 2 and is shown in Figure 64. The range

of operating conditions considered are as follows:

Chamber Pressure: 69 to 207 N/cm2 (100 to 300 psia)
02/H2 Mixture Ratio: 2 to 6
Vacuum Thrust: 4.45 x 102 to 4.45 x 104 N

(100 to 104 1bg)
Inlet Film Coolant Temp: 79 to 300°K (140 to 540°R)
Velocity Ratio (Subsonic 1.0

Injection):

Main Injector Propellant H
Temperatures:

2 179K (250 R)

%

208K (375 R)

2
The reference design case was: MR = 4,207 N/cm® (300 psia) cham-
ber pressure, 6680 N (1500 lbf) thrust, and 300°K (540°R) H, inlet tempera-
ture. For other operating conditions, thrust chamber design parameters were

changed as follows (geometry defined on Figure 64):
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VI, A, APS Thrust Chamber Predictions (cont.)

7 1/2
(a) L (5—9
o
Rt = 244 cm (0.96 in.) for the reference case.
(b) L' = 8.4 cm (3.3 in.) for F = 445 N (100 lbf)

14.6 em (5.75 in.) for F

6,680 N (1500 lbf)

4.45 x 10° N (104 Ib )

25.4 em (10.0 in.) for F

[

(c) Rc/Rt =1.77

(d) WaF

W = 1.52 kg/sec (3.41 lbm/sec) for the reference case.

Film coolant flow rate requirements were calculated for an other-
wise uncooled thrust chamber in which film coolant is injected parallel to
the thrust chamber walls at the main propellant injector. The design criterion
governing film coolant flow rate was that a 1090°K (1500°F) maximum adiabatic
wall temperature was allowed at the thrust chamber throat. This temperature
was established in Reference 1 as representative of the conditions required
to meet Space Shuttle APS cycle life requirements. Entrainment fraction
values were calculated from the following equation which is based on the Setup

105A data and the acceleration effect correlation given in Section V,B.

o U -0.65

e e
PN T k
(peUe)o (o)

k =2.7 (26)

Predicted adiabatic wall temperatures and slot heights obtained
from the ALRC film cooling model are listed in Table VI. Film cooling require-

ments based on the 1090°K Taw criteria for variable MR and Pc with 300°K (540°R)
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VI, A, APS Thrust Chamber Predictions (cont.)

film coolant inlet temperature are shown as a percent of the fuel flow rate
and as a percent of the total propellant flow rate in Figure 65. The pre-
dicted requirement for the reference design case is 28% of the fuel or 5.6%
of the total flow rate. The required amount of film cooling decreases with
MR and increases with Po. The MR = 2 film cooling flow rates are slightly
optimistic because the corresponding slot height values are on the order of
0.0375 cm (0.015 in.) and a film cooling annulus this thin is difficult to
fabricate. Thicker slot heights would yield a velocity ratio less than 1.0
and, because of increased mixing, this leads to less efficient utilization
of the film coolant. All other slot heights are greater than 0.0625 cm
(0.025 in.).

The effects of inlet temperature and thrust on film cooling
requirements are shown in Figures 66 and 67. The predicted film cooling
requirement decreases as the thrust increases and the inlet temperature
decreases. The indicated decrease with reduced inlet temperature may not
be practical to achieve because of the small slot heights required for umnity

velocity ratio at the lower temperatures.
B. SPACE TUG THRUST CHAMBER PREDICTIONS

Predictions for the effect of hydrogen film cooling on the wall tem-
peratures of a proposed 02/H2 space tug engine (Ref. 6) were made using certain
of the entrainment fraction correlations and the heat transfer correlation dis-
cussed in Section V,B. Predictions were made for both the subsonic and super-
sonic region of the thrust chamber. The thrust chamber geometry and film
coolant annulus slot height were assumed fixed and wall temperature and heat
flux values at critical points were calculated as a function of the H2 film
coolant flow rate for operating conditions which yield 100%, 50%, and 17% of
rated thrust. Pertinent operating conditions and design parameters provided

by D. E. Sokolowski of the NASA Lewis Research Center are listed in Table VII.
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VI, B, Space Tug Thrust Chamber Predictions (cont.)

1. Subsonic Region Adiabatic Wall Temperature

Adiabatic wall temperature predictions for the subsonic
region of the 02/H2 space tug thrust chamber shown in Figure 68 were obtained
using the ALRC entrainment model and the entrainment fraction correlation
applied in the APS thrust chamber analysis. It was assumed that the hydrogen
film coolant was introduced at the main propellant injector. Turning effects
in the convergent region were assumed negligible because of the large turn
radius and the contour approximates a cone. The coefficient of the entrainment
fraction correlation was modified in accordance with the laboratory test results
obtained with cylindrical chambers on this program and in previous work
(Ref. 1). The following equation was used to calculate the factor which was

applied to the plane unaccelerated flow entrainment fraction value.

= -0.65

[ peUe ) ( )
& ¢e k 27
(peUe)o o

k = 2.0

Initial adiabatic wall temperature calculations were made
assuming a film-coolant~to-core-gas velocity ratio of 1.0 in order to minimize
mixing of the film coolant and core gases., However it was found that this veloc-
ity ratio assumption implied film cooling injection annulus slot heights which were
too small and not practical to fabricate. Consequently, the slot height was
fixed at 0.0635 cm (0.025 in.) and the adiabatic wall temperatures were
re-evaluated. The adiabatic wall temperature results, calculated slot heights
(uc/ue = 1.0), and calculated velocity ratios (fixed slot height) are tabu-
lated in Table VIII. Comparison of the adiabatic wall temperature results
in Table VIII demonstrates the predicted loss in film cooling efficiency for

velocity ratio less than unity.




VI, B, Space Tug Thrust Chamber Predictions (cont.)

2. Supersonic Adiabatic Wall Temperature

The adiabatic wall temperature predictions for the super-
sonic region of the 02/H2 space tug thrust chamber were calculated from the
ALRC entrainment model using the entrainment fraction correlation derived in
Section V,B for variable Mach number flow at pressure ratio of about one and

velocity ratio less than one. This correlation is restated below:

X
g = —2:038 L2 < 13.4 (28)

= ms

Xl c
1+ 0.01757 —

msc

X X

- - 1 1
k = 0.04709 - 0.1449 log ) (=), 13.4 < ( c) < 362.8 (29)
X
k = 0.01;( c) > 362.8 (30)

The calculated adiabatic wall temperatures and other per-
tinent results are listed in Table IX. These values were obtained assuming
a pressure ratio of 1.0 which implies different slot heights for each film
coolant flow rate as shown in the table. Certain of these slot heights are
too small (% FFC < 20). If it is assumed that pressure ratio effects on k are
small, these Taw values are applicable to a film coolant annulus with fixed
slot height but which operates over a range of pressure ratios (k is inde-

pendent of s since ms_ =W _D/4 W).
c c c
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VI, B, Space Tug Thrust Chamber Predictions (cont.)

3. Gas-Side Wall Temperature and Heat Flux

Gas-side wall temperatures and heat fluxes at the critical

locations noted in Table VII were estimated for the regeneratively cooled space

tug engine with supplemental hydrogen film cooling applied to the walls.

The estimates are shown plotted as a function of the film coolant flow rate

in Figures 69 and 70.

They were obtained using the following procedure:

The thermal resistance, (Rth)’ at each critical point
between the gas side wall and the coolant bulk tem-
peratures was calculated from the Table VII data and

assumed constant.

Heat transfer coefficients with film cooling were cal-
culated from the Table VII values through the use of
a ratio derived from Equation 20. The ratio is defined

by the following equation.l

0.2
u C
- P
(hg)Z - Pr0°6 2 (Mwam)Z (Tam)l (31)
(hg)l UO.Z C (Mwam)l (Tam)Z
Pr0.6 1

where: 1y, Cp’ Pr are evaluated at arithmetic mean

temperature, T
am

Representative wall temperatures were assumed and the
above heat transfer coefficient ratio was calculated
as a function of wall MR. The calculated ratios are

shown in Figure 71.

T .
See footnote at bottom of following page. 6!




VI, B, Space Tug Thrust Chamber Predictions (cont.)

c. Heat flux and gas-side wall temperature values

were generated using the following expressions.

Taw B Tb
= _av 32
(q/A)gas side l__+ R 32)
h th
g
T =T _ - (a/A) ) (33)
wg aw gas side hg

The Taw wall values used are shown in Table VIII
(constant slot height results) and Table IX. The
coolant bulk temperature values of Table VII were

assumed constant.

2The gas side heat transfer coefficient shown in Equations 31, 32, and 33

and Figure 71 is based on temperature driving potential rather than enthalpy
driving potential as indicated in Section III,B, Equation 19. In Ref. 2 it
is shown that for 02/H2 propellant at MR values less than 3.0, the difference
between hg based on enthalpy and hg based on temperature is less than 5%.
Note that with the hg based on temperature, the Stanton Number definition is:
St = hg/GCp.
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TABLE VI

ADIABATIC WALL TEMPERATURE RESULTS
APS THRUST CHAMBER ANALYSIS

Fog =4.45N=11b
(Po)ref = 0.689 N/cm2 = 1 psia
T . = 810°K = 1000°R
(Sc)ref = 2,5 cm = 1 inch
(Taw)tht s Tin(l)
\ F/F ot Pol (B et MR FFC Tref (S:)—c;f Tret
re o " o're MR r r re
1500 100 2 5 2.389 0.012 0.54
10 1.712 0.0242
: 20 1.102 0.0494
| 30 0.892 0.0767
4 10 3.126 0.016
20 1.974 0.0337
30 1.432 0.0539
6 10 4.358 0.0134
20 2.948 0.0289
30 2.135 0.0472
1500 300 2 5 2.665 0.0068 0.54
10 2.051 0.0137
| 20 1.346 0.0279
| 30 1.055 0.0431
! 4 10 3.680 0.0089
| 20 2.516 0.0189
30 1.862 0.03
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F/Fref

1500

10,000

100

1500

1500

1) T

64

in

P /()

o’ ref

500

300

300

300

300

Film Coolant Inlet Temperature

TABLE VI (cont.)

MR
6

(Taw) tht

FFC Tref
20 3.670
30 2.800
40 2.238
50 1.858

5 2,787
10 2.213
20 1.508
30 1.162
10 3.930
20 2.818
30 2.127
30 3.151
40 2,569
50 2,160
10 2.809
20 1.681
30 1.248
30 3.450
53 2.509
60 2.321
66.6 2,180
10 3.404
20 2,159
30 1.500
10 2.856
20 1.576
30 1.008

(é:%o_f

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0

o O © O o o

0
0.
0.
0.
0.
0.
0.
0.
0.

re

0266
0389
0543
0052
0105
0213
0329
0069
0145
0232

.0204
.0299
.0416
.0234
.0494
.0793
.0074
.0165

0205
0255
0056
0119
0191
0022
0048
0077

r D

ref

0.54

0.54

0.54

0.34

0.14
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TABLE VIII

SUBSONIC ADIABATIC WALL TEMPERATURE RESULTS
SPACE TUG THRUST CHAMBER
Film Coolant Injected Parallel to Chamber Wall at Main Injector

(1) .
Overall 5 /s T D Mg oac T D g ae®
% Thrust MR % FFC ¢’ “ref a Wall u_/u - Wall
K c e K
100 6.5 10 .06 1910 2.09 .06 - 3
20 .13 1006 .99 .13 2138 2.4
30 .22 618 .58 .22 1298 1.32
40 .30 437 .40 .29 804 0.77
50 6.0 5 .03 1778 1.87 .03 - 3
10 .06 929 .88 .05 2440 2.84
20 .12 419 .37 .12 1420 1.11
30 .19 263 .22 .19 570 .52
40 .29 193 .16 .28 347 .3
50 .40 156 .17 .40 230 .2
17 5.0 5 .03 1623 1.66 .03 - 3
10 .06 843 .79 .06 2152 2.38
20 .14 382 .34 .14 972 .93
30 .22 241 .21 .22 488 A
40 .33 179 14 .33 297 .26
Critical Point
(1) Conditions at critical points: %4 Thrust Location
100 1.25 cm upstream of throat
50 15 cm upstream of throat
17 15 cm upstream of throat
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TABLE IX

SUPERSONIC ADIABATIC WALL TEMPERATURE RESULTS

SPACE TUG THRUST CHAMBER

Film Coolant Injected Parallel to Chamber Wall at A/AT = 8/1

(1)
Cverall uc 2) MR at(z) s /s 3 P
% Thrust MR Z FFC  u_ Taw °K Wall ¢/ Oref OF Tressure
Ratio (4)
100 6.5 5 .20 1669 2.09 .21
10 .20 1145 1.37 42
20 .21 679 .77 .88
30 .21 AN .48 1.4
40 .23 286 .30 1.99
50 6.0 5 .20 1567 1.95 .22
10 .20 1068 1.27 46
20 .21 623 .71 .94
30 .21 396 42 1.48
40 .22 253 .26 2.09
50 .24 167 .16 2.81
17 5.0 5 .20 1344 1.65 .26
10 .20 901 1.07 .53
20 .20 500 .57 1.07
30 .20 297 .32 1.65
40 .21 178 .18 2.31
u M T \1/2 MW 1/2 e _ Te Pc ch
@ U e c) e) : T T
— vl 3 ¢}
u M T MW c e e
e e e [o4
o _ Overall MR
MC = 2.0, Me = 2.95 (Tc)o = 90°R, Core Gas MR = 7 FFC
1- 100

(2) Conditions at nozzle area ratio = 7
(3) Pressure Ratio
(4) Slot Height =

Pressure Ratio Variable
k assumed independent of pressure ratio

8/1

ref

1.0, Slot Height Variable
.0625 cm (.025 in) = S

’
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VII. CONCLUSIONS AND RECOMMENDATIONS

1. Flow acceleration reduces the entrainment fraction and thus increases
cooling effectiveness. This effect is correlated in the convergent section by
the mass velocity power-law of Equation (16) with n = 0.65, which is in good
agreement with the exponent of 0.59 obtained by Deissler (Refs. 5 and 6) for

turbulent transport phenomena in a homogeneous fluid.

2. Turning effects have been partially correlated as shown in Figure 39
using the turning parameter proposed in Ref. 1. The correlation for positive
values of this parameter is recommended for design purposes. Although the
results for negative values also provide a design guide, the correlation para-
meter is not sufficient by itself to describe all results. For example, it does
not include the turn angle, which is shown to be an important parameter in this
region., In addition, the present parameter apparently does not properly dis-
tinguish between heavy coolant at the start of convergence and light coolant in
a throat turn. Additional studies of turning effects are recommended using
larger hardware to improve accuracy and obtain entrainment fraction variations

within the turmns.

3. Initial entrainment fractions for supersonic film cooling are
strongly dependent on injection velocity ratio. Values for a velocity ratio of
about 0.5 (nitrogen coolant) are approximately double those for a velocity ratio
of about 2.0 (hydrogen data); the latter entrainment fractions are about equal
to the lowest values obtained for subsonic film cooling. These initial entrain-
ment fractions are independent of pressure ratio for the higher velocity ratio,
but increase slightly with pressure ratio at the lower velocity ratio. The above

trends were observed in both the constant and variable Mach number tests.
4, A great diversity of variations in supersonic entrainment fraction

with axial distance from the injection point was observed. It is concluded that

these variations are related to the expansion, compression and shock phenomena
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VII, Conclusions and Recommendations (cont.)

associated with the interaction of the two flows and that flow visualization
studies are required in order to explain specific results. In general, the
variable Mach number entrainment fractions decrease significantly with axial
distance, starting from initial values close to the corresponding constant Mach

number results.,

5. Good correlation of the variable Mach number data for a velocity
ratio of 0.54 and pressure ratio of unity was obtained using a dimensionless
axial coordinate. The film cooled rocket nozzle data of Ref. 2 agree with this
correlation. Some of the data for other pressure ratios are also in reasonable
agreement with this correlation and it is recommended for rocket nozzle design

application when the injection velocity ratio is 0.5-0.6.

6. Supersonic film cooling tests in which the film coolant is hydrogen
and nitrogen mixed in the appropriate proportions to provide a unity film coolant-
to-core gas velocity ratio are recommended for future supersonic film cooling
studies. Such tests would provide a useful supersonic film cooling reference
condition and would eliminate any turbulent mixing effects due to the velocity

mismatch between the core and film coolant gases.

7. Carryover effects from simultaneous subsonic film cooling can
significantly increase supersonic effectiveness values. This increase is
accurately predicted by a simple synthesis model using the individual coolant

effectiveness values.

8. Heat transfer coefficients with and without film cooling in the
supersonic nozzle region are correlated by Equation (20). For a film coolant
to core gas velocity ratio of about 0,5, the data correlate with the same C
factor provided that physical properties are evaluated at the following

conditions: (1) the temperature corresponding to the arithmetic mean of the
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VII, Conclusions and Recommendations (cont.)

adiabatic wall and wall temperatures, and (2) the gas composition at the wall.
Equation 20 and the foregoing procedure for evaluating physical properties are
therefore recommended for design calculations when the velocity ratio is
approximately 0.5. If no experimental Cg data are available, a value of 0.026
is recommended. The subsonic heat transfer coefficient data obtained previously
indicate that these recommendations are also applicable for the subsonic region
except near the injection slot (See Ref. 1). The heat transfer coefficient

data obtained at a velocity ratio of about 2.0 indicate a significant injection
effect. Possibly this is due to shock phenomena or an inherently unstable
velocity profile which promotes turbulence at the wall. The factor shown in

Figures 62 and 63 is recommended for evaluating this effect.

9. The entrainment film cooling model developed at ALRC has been
designed to account for chemical reactions between the film coolant and
entrained core gases through the use of an enthalpy effectiveness definition.
However, two aspects of chemical reactions remain to be investigated; (1) the
possible effects of core reactions on the entrainment fraction, and (2) reac-
tion kinetics effects. An experimental hydrogen film cooling program with actual
rocket engine injectors generating core flow gases with a known chemistry is

recommended for future work.

10. Analytical studies using two-dimensional boundary layer computer
programs, such as the NASA-Langley program (Ref. 12) developed specifically
for film cooling, are recommended to verify the shape factor and high-speed
formulations of the present entrainment model. These studies would also pro-
vide valuable insight into the correlation of velocity ratio and Reynolds

number effects.

70




10.

11.

12,

REFERENCES

Ewen, R. L., "Hydrogen Film/Conductive Cooling, Aerojet Liquid Rocket
Company, NASA CR-120926, Contract NAS 3-14343, November 1972

Schoenman, L., and LaBotz, R. J., "Hydrogen-Oxygen Auxiliary Propulsion
For the Space Shuttle, Volume 1: High Pressure Thrusters", Aerojet
Liquid Rocket Company, NASA CR-120895, Contract NAS 3-14354,

30 January 1973

Gordon, S. and McBride, B., "Computer Program for Calculation of Complex
Chemical Equilibrium Composition, Rocket Performance, Incident and
Reflected Shocks, and Chapman - Jouquet Detonations', NASA SP-273,

NASA Lewis Research Center, 1971

Williams, J. J., "The Effect of Gaseous Film Cooling on the Recovery
Temperature Distribution in Rocket Nozzles', PhD. Thesis, University of
California at Davis, May 1969. Also ASME Paper No. 70-HT/SpT-42

Deissler, R. G., "Weak Locally Homogenous Turbulence in Idealized Flow
Through a Cone", NASA TN D-3613, 1966

Deissler, R. G., "Weak Locally Homogenous Turbulence and Heat Transfer
with Uniform Normal Strain", NASA TN D-3779, January 1967

Goldstein, R. J., et al., "Film Cooling with Air and Helium Injection
Through a Rearward Facing Slot into a Supersonic Air Flow', AIAA Journal,
Vol. 4, No. 6, 1966, pp 981-985; also University of Minnesota, Heat
Transfer Laboratory, TR No. 60, February 1965

Parthasarathy, K and Zakkay, V., "Turbulent Slot Injection Studies at
Mach 6", ARL 69-0066, April 1969

Zakkay, V., et al., "An Experimental Investigation of Supersonic Slot
Cooling", Proceedings of the 1970 Heat Transfer and Fluid Mechanics

Institute, Stanford University Press, pp 88-103

Cary, A. M., Jr., and Hefner, J. N., "An Investigation of Film-Cooling
Effectiveness and Skin Friction in Hypersonic Flow", AIAA Paper No. 71-599,
June 1971

Mukerjee, T. and Martin, B. W., "Film Cooling by Air Injection Through a
Backward Facing Annular Tangential Slot into a Supersonic Axisymmetric
Parallel Diffuser", Proceedings of the 1968 Heat Transfer and Fluid
Mechanics Institute, Stanford University Press, pp 221-242

Beckwith, J. E., and Bushnell, D. M., "Calculation by a Finite-Difference
Method of Supersonic Turbulent Boundary Layers with Tangential Slot
Injection", NASA TN D-6221, 1971 '

71




13,

14.

15.

16.

17.

72

REFERENCES (cont.)

Calhoon, D. F., "Investigation of GH,-GOj Combustion", Aerojet Liquid
Rocket Company, Contract NAS 3-14379, Second Quarterly Report,
15 January 1972

Sivasegaram, S., and Whitelaw, J. H., "Film Cooling Slots: The Importance
of Lip Thickness and Injection Angle", J. Mech. Engr. Sci., Vol. II, No. 1,
1969, pp 22-27

Sellers, John P., Jr., "Gaseous Film Cooling with Multiple Injection
Stations'", AIAA Journal, Vol. 1, No. 9, 2154-2156, September 1973

Advanced 07/H, Thrust Chamber Design and Analysis Program, Design Review
Document, Rocketdyne, North American Rockwell, 20 December 1972

Fortini, A., "Performance Investigation of a Nonpumping Rocket-Ejector
System for Altitude Simulation', NASA TN D-257, December 1959




J2Ae | gns snoosiA H

—
TIVM >\ x ‘\/
—_— 0
— :
— £
—
—
— /
—

— 43he7 duixiy
Xn1d SSEBR H
JjuswuTeajuy

NOILOVIA INFWNIVYINA =
2 2
n gy = ALIDOTIA SSVW QANIVIINI

MOTd HI0D Y0 WVAILSNIVR

£310079A SEBER

2 2 -
IBIXY = n d

Entrainment Model Schematic

Figure 1.




01

10°0

B - L | 4 L .

...... [ uo13a3y :
i I® T uoraisueal T 7} e e :

s e Lo . ) A .

o e
eyt .

e : ‘
I

e o - - - e
e e - . —

%°0

9°0

8°0

€ 10308y adeys

Mixing Layer Profile Shape Factor Correlations

Figure 2.




34}
e}
3] 3] AaEEa—
® a ~
a m -
m § T c &
=} o= [} (o] &
T 9] ~ [ ] ~ 00 [3 h
3] o @ + o= 51 -
u < = m < <¢ <
& 0o b ¢ O d O
g g :
= (]
w e
T I ] i _ i
O
N Mw m [ q] [yV]
9 o)
(n/n) 3 x L9
Vo SASIS I

0.2

10

5.0

2.0

1.0

0.5

Velocity Ratio

Velocity Ratio Correlating Function

Figure 3




000¢ 000¢ 0001 00¢s 00¢

B S

0°0

Ssauan13o233d

L

Comparison of Existing Supersonic Effectiveness Results

Figure 4.




S0 ! B 1 v
frebes e S DU . .- . O B Lot oTT SETRTIRRES LRPES TRERR S T

- -
e R
e b e e
S SRS RIS

R S
R S ge - o

B 4

(RS RPE S S SR T

[ D S [ .

1l

IR ST SRR SR

pebegam e

: B R I R

%' i

S

e T

| |

)
4
t
3

s

. — - by
bec et e .- e e s N - T...:i,:::ix. [
— . S BT S
Lo e

1 } +

P o e

e e e . . S SRS ANUOF U SN PUEPUSDPPIIIPULY SUNPINIIP N .
44444 - . - - Sd .T.Lr.o.ffwl. [
e e - . . m..nh TTFI.T:T}.:IT.!..!,ZJIl..ffl,. .
e e e s PR o SR O I PRIy SN S UPR
T =t ¥ :
i + } + — ]
. . . R ' L PSRRI . R
- .5A.A:!°H bfenede ¢ PR S G
st ™ j ! ) ! !
. . + ; [ SUSON R
. B e o e | ISUUUIUSPSUSY PO -
I TR W ;
A LI ' ' ¢
...... e S e » B ot CEEEE RS DI R
e e e e e e e e - [OTPUUR SO U VEIUPUIY SUIEIPUIEREY PSPPI e e e e =

et e e e e F P o :\lT-l...l,t.L.ll ,Iutv.v.r?a-l;,&..... RS
T T T

. [SUSSPUEY SERPES SN S

-
11
+
‘
'

...~.y.‘»624 .

.
.
‘
.
'
‘
!
'
o
—t
|
—-—+
'
H

0.2
0.1
0

e, A B o

Velocity Mixing Function Correlation

Figure 5.




0.3

HYDROGEN COOLANT

%e

(T = To )/ (T, = T )

Figure 6.

0.2

=
o
SSAUAALI0344]

0.1

High-Speed Flow Effects in Test 103B




~pasd

L.
S MO !

INVIO0D NIDOYLIN

SSOUaATI09I Y

ffects in Test 104B

-
D
V)

High-Speed Flow I

Figure 7.




jutog uorldoaluy woay aoueISIA [BIXY

wo

,,,,,,,,

'

m.l. \1‘:%.!-.#‘\‘ .Wlly

T
{ RN
©Segqur
‘xxw‘lmf

.........

.......

B o
“ny

5 m W . 3usbBudALg ~ Juabusauo) . “ : w nrin
: il m , | D R K RN b :
S SO Ll R — do - S - S S : : -4 009
N . ., 9, B W A o
§e9 9y g3 jue{o0) = 5= , 3 o R ¥

SN S SRS SER -
L

I R I i
. W_H;j ngowwmy%«rémwbmu

UGLIERUSLUQ

08

PRI ESEDQU SRS
: AR S

BRI

ca
BN

=7
N
NN SO

4

4

_

T T
Eoe

a

998°¢
61970

1
1
i
b
!

L5
AR

=t

..............

.......

_Loijdngag
1on s

e e

ummhw

i S

1ebayy |

mp:vmguwcdu,

e e g e —

i

. . : o DU i
1

L

e
Test Setup 101 Adiabatic Wall Temperatures

2injexadwad] [TBM OF3IBqEFPV

Figure 8.




|

| 3ulLod uo)3odfuf wouy
: : : | " ! ; !

=g

murmmemfpm_x<. M

J

|

i
..ﬂ~
o

S

“““““

i
‘ .
_ _ | |
. 1
; '
- - ‘e
- oy
i H
; i : .
[ SO S e s e
t t H !
! i ' i
. I ' ¢
' I |
' i

w

{

L
T
M‘ !

m

o

fowuwmw Emuwpv:wmxw.

~
!

RSN S

bl ]
UoL3PIUILAQ .06
! Yo%

V ~ e + - - .
! ' :
! . |

: 1
pm— ey ;
ﬁ , : ; . f "

: < : ! :
; - RS o
¢ O
: '
: i

:o.ﬁﬁwucmfe o08L. \AWQD

Tuopwwelag 0 1 0 O OO
N L AV

v ) Y g
e e , : |

|
|
B3s

i

'SSPUAALIDE

1. o .
g A .. o
- .WD _ : _.%QEAHM : - i l ..... A Lyr&.r . i ;
ST T T T A i A D
- w E EEEE .w...cpmw“_ T
- H o3 ROME JUBBADAUOY -

Test Setup 101 Effectiveness Values

Figure 9.



* w Coied i B TLoroTTmyTTTT T

* .

Mo dm 2 ¥

TTTIOPITIININI L R EEY FER TS URRE SR R P Cbee it :
B k”ﬁ; RS R RS B _ Eh ﬁ.cﬁ_om MCOLHUNHCHW.EQLM Mmu:cpmﬁwb PHXY:! .
u ! ' ! : W : : . :

+ B N <“ 1] \n
o ' | .
P _ ; ; -
; ! : : ' : :
— . — i e— - ——— — - L . } —— e L P JE
' 1 M ¥ T o 490
! . . o (2060°)
' i ! o A
- — : il R S S S N S S (N D S
J, , . o Sl : . i : i i i
o ST N . : :
“ﬁ : .»o _ 1 J o H - : . l.
: uotL :

1233 LAQ |

i

i

T

|

t

i

|

A

o
,*usfiinM' o
uegy 3eel ‘by

T T
RS FH.L.L.M
S

L e T L T e 1 e e e S S a
1
lﬂ
- D
o3
[ J
= ]
DO
= D
= h
,’}
S
r O
@
. 3
«+
e 2k ge° R
» - ; i T
S RHI o | IR (100" :
I A . m R - oer oo
I 1B i ! i o N IR i SRR S S SR

Test Setup 101 Heat Transfer Coefficilents

Figure 10.



D
1
|
Jﬁ

! A3 SOURYST([ T UIXY T T
G : : :
1

i
i

S5 S AP S
13 [ [
i
H

i
i

|

I

|

|

2

8

: E'

g

B U
1

+

_ mwcu:H , P m Lo
e ¢ R O o

RS BN W

T T
u:wo;m>:ou

.wmmwgms_o ﬁl T

[ 44 R A G

@

@. - Ol.}l[lw ! . : ilgw‘l‘:f»,]

SR \T oi3235 (woulpuilh) &G — Jool

B e ”
5 %88 s & |~

i

e ‘:;;1:“:..;nuw Y 00%

:o_uﬁcmzo -051 \O\\Q\Q\Q

i tiem otfeqetp

|
i
1

*E~aaﬁﬁtuaéma

gasgé g 0oDog | T T

R N N LT o S R B Py I
08°1 o ” : : ﬁ M Ml Bcel
§p°L o A o

R i N et - -

Test Setup 102 Adiabatic Wall Temperatures

Figure 11.




AEEREREEENS OSSN 117 f1TTE R M RPRCE LTI U T R S S gt
el 0 _ B f. S U SR R A M
o - H

I
RS R R
i

,,,,, o . s g

e

- . ; ; Pt . : ‘ — S o —
ﬁ L .H | sayau] w L S SRS R
L S A 5 L T 3 [ L
N S O A T I D A
N N T Iﬂlfwglxt.QatllwliA e A T T R
._.:,_w _ : ! : ; ; : ; o

pif|

&ﬁ
Test Setup 102 Effectiveness Values

4

1309

| :s98ugA

. .wl ..... R ; H : . . : C o :
h p;wmgwi T g wm_go.ﬁu% Zuinc:@
SOV ISR S ESEEREES CORSE TN Al b ST EEREEIRE SR i o LA e
|

o , R : R @ﬂ%;‘g._n‘
B T Y O TR i O |
o .,wwm,ﬂt:flmwxx,m;wzwﬁ.::,:w. TIP0JYL ’ | ;Jl. ,

1

Figure 12.




————

LI ——

"x.:l...;f ©meem ,—_ * R I ——————
w.l.

FEUR e G -
T N
{ i ’ . !
_ o =
g
g
o r>51‘~4|||ll¢|l|rr4lx e

JuaLsued} DuLjesH: :papeys . _im;
u:m_mr%ﬁ choeu tuddg #l v

!
— e T o _ _ - H “ e T T

_co,um%:m_go oom»

PRSICYEEL T
ueJd] jeay

D A34s
U

Test Setup 102 Heat Transfer Coefficients

o WN_.‘*. | D - :
Ty T oquAs T
..... - PINRG, T R SRS i
mﬂ. uanj g

R e

SR o
. M L S 5

m ;.m_ H AW P
T B B C V=T ;- T YV M i

1013955 (3 LJPUL [A).

bt
. ! _ R
T._ ......... - < qi|T.1il»
.M | e |
; | 1004y | SRS




COFPan:H EOL% mucmum_.c —m—x(

““““““““““““““““““““““

| .M»1H1 ‘‘‘‘‘‘ P‘

SIS

N

|
|

BN o = 00V
R BN =

= : 04 -

3 QoY :

L] 4 ‘005

e e

,,,,

......

T SR TN IS

_a@_»@w:mfgo +06

Hié&épﬂé@[LLem Dlaeqe

Ll

.co_pmwcmv;omoo»

w;‘,‘:.ypammuuﬂaﬂmwp|xl¢"Ix-w

D
@]
WD

...................

Test Setup 103A Adiabatic Wall Temperatures

Figure 14.




‘
i

1

+ e

i

I

S S S
i . |
. ‘
i
i
!
|
'
i
{
USRS
|
e e

P ‘ : o S m ; |
i 3 g g S 1
| Ul quebushuoy | ! uoiasss (eoapdridy | 0

i . e -

v . - - ey

) i N ,

B e RO RS et o g U GO S P U -
M
;

i
\ . . . .

: .Mmmw S SRR AR SRR

“W_ - w am.‘m - = = -8 o W, ) | ,
) Te e
: : . : ' : , ' : : | m : :

Test Setup 103A Effectiveness Values

...... M - s - AR R —— $:;_ } -:-1
A N = A A S O
[ - i B couang b Y SIS L -
| | | T 3eoayy | | | m | % mw _ .
ST SR S SN SIS SUN : L S S UL N S SR S S illll‘q‘l R T
! : ! : ! | : : : : : : : o
S ;;-m;,;:.;fAA.:p:.az.;s R I 6 AT AU A ST i o =
vowealall 091 | OV BRSNS R A
- oov L R M

UOLIBIUSLIO ,06E

W A “ . oo - - ,l,.., m vA.i - - N - A.vaaA:\ —.\h
SR O PR S . TL - ” udnji B ; i - b N I —
- L62l v 1804y Juabuanuo) M w “ s 2
T T S P VS N S T i DO : ] RS S =}
Lo peotL o P oo o ; “ 4 U Lo by
S S SRS S D$ = ] S . L s | ; : nosp L =
7R N s T o S ! w R
A Jiogtmvaw E B R
o B n : ; R : L : . . . ; : ! ;e
; C— : : : : A : : : T i :
2 : ! : : : , ; . . : :

S S, B S o R SEE SEIE S

'

e ﬁ-ﬂm@mngbm:ulwm»{:ll-ilflfeﬁ . - -J.i:ﬂ L z(clt 01 .




......

Woi g - pouRy s

.......

"3UBLIQ L0SL -
"JUBLIQ L0EE

<<<<

U: R ,..‘.l.li.ll“wm\r.ll.?‘1..|. . R ! oITTT T w&l' LT T
B R s e B ™ e
F T B T S e
2 {estapuLfy

*
RS

Test Setup 103A Heat Transfer Coefficients

Figure 16.




;crcn ﬁc~uuwﬂau

pE muzﬁ_u SHT ;m:&.

wo b
qJ% [

,“ !
LI A

i ” ! m m b mm;u:~ - S ;w M ;w SRR
D T ! ﬁ 1 RSN
. ) : A : R B oAl T
S N S R S S S N S S .% & | oo
M L e ' 0 o
o B RS A Y N SRR = Y HSCRNS PR B
m_hm u ‘Hu. . . 4 oot
i USSR R i,Av.I. N B

|
!
Apv“”%L

8
3

o

do

LLen J13eqe

_coﬁuc“cvao JHOEE T O mu Av

. i _ S . ang. |
- _ W ” : : WUy oo0s o
exg.,(.lf - .” ,m,«‘l —— i:%«
o i : : : : : : ' ! ; .M
R ; : : . ; ; S 5
:o,uﬁcmia“.oom_ D‘D < ” m s
T - | i Y-
o

1
l

o

- Nwwp. -

90/ |

xpco covauw;

S0 g
w mm¢.o;;u;;;AvM

:orpumn

-xlin Seitl-wive

g\ d.
qe01 m:umm‘»meF

o otso o gr___%

—— e

E quﬂwa:m D

,,,,,,

ur 2 Eww«.ma: wlwcm qumnaml-H

— T e e g n m

A S

Test Setup 103B Adiabatic Wall Temperatures

Figure 17.




; | : : Lo o i et b iy o . i . ;
| j .W A , mv,ﬁ : ‘wuwnmwwowwumwam tHEs4 wumﬂ»mwc wm,>< m g " M m T
0 RN S ST DU DUUNE SO ENUE NS EENU AU SO . S S U S . b
oz AT U A oL & | | 0
T — — 1 , == _ g RUE ENEER A ;
BRI . M A R oosayoup SSREAE SO SO P S 4
R T I N A A R -
H - T 1 o~ T _ m | .
g I“ﬁ - T i_.‘.lv.\AV;i RS SO ‘l“%%‘[i{@,w;é_,]‘lim. 6 . . R - - . g”» ol [EURSE R
Yo R R A 15 L : L | _
IR o A - o o ,
. [ B B ». L : IO, Lo (R d A - SN S
s e g E
e | w | .
i ; S N SR : g , : L e
w , w Lol . ........ . : 4 “m.ua
[ A SO s - R — RIS S " — ety
cod 4 : ¥ : ! o i
o S| R BN : : ”. : B MY Mﬂ
,szﬁw%oﬁ IR INEEIS SO EIN! VLTI IO LA L F
uoljelyst4g 40te H 0. W m St R |
20 P 0
(56711 88670 0 1O ¢ Aug vopjaeful Judssddns o
s epo L oT T uepadfur g
9 .0 D, i 9 EW urcOmen.Dw PUB JLUOSqNG—" :
R NN 1757 H O I i o o
i ge0L dn3ag 3s8f | S L s
I R N T T T i

Test Setup 103B Effectiveness Values

Figure 18.




tod :oﬁpuuncu

u— ;,N..w

W i E%LF memwm»a¢%m—x<w
m_f“ B : o

e .

NERE.
] * ,f
Y R — : , b ] M b
¥ A e P h ‘ .mmznw:ﬁ: ; M SR B I Lo
8 4 ;9 g | i L€ 2 L 9o
f»_,‘..w_f.w;_ _ T "
. SN R (AN TN R R It
m m S N P . “ .lAmoqa ) _
- SN = < S N ST B S e
¥7g | _ O | 770
. : ; : ' =
L : ST O ) i - B w:lmw[x1:;|:i|i, ‘ 1 &7
: H @ : . - %-...H
. r e 111 ImTi‘ I S . I S S S S I Solv,; Pwo..uwﬁwlm“
R o CH T 1 5
m ST ‘ @) P <E
T ~ : e . : - . e : i
| qudysued) BuLiQoy . wadg. o o S N ; ;mmmw
m Juatsueay buijeay :papeys: . ;o m : : - ¥°0 uumu
T X T T - T Tt TTTTTY By SR~ 2 |
uof1e3uaia0 091 ! b_\Q\Q _ “ mw . I et
i S B <ol P DR S K {5100y 1 - .
Aump:m_;o”oomm ..ago o _ l ez
! 5 | ” Y : L mme
TSt LITTITEEES S PESS PUERNDS SRR o B} 1 BN S I SN S g S - —~4 &0
e s O - 6 T
s6‘t 8o . O S T B | B
; wmm L . -86% 0 O : P (200°) m
nfn T T | OWS | I AT
N MO i - form et e - - - ittt s >’+‘. - C e et e e
| mmE n_B S 159] : | O
M . o T I T . - Y :
| | . : w P4 2 BN
1 T T I 1 4 AR
SRR IO ~ ” : L | Lo SRR B
: M L | | m |
B I S et s 62001

Test Setup 103B Heat Transfer Coefficients

Figure 19.




chOl :opvuwmcﬂ so;+ mu:mme: _mFx{

t

w_mu

—_————

: | e SHE SRR B : m SEEE S
~1 “— STaEy e “ - |:1Asso e e Aemtes fror
R LS | oL , IREIRG At .. 0
R T , LR ” w T g 1
| e e W oseypur, L s
d L I N N T e A 0
E ; R | b i
_‘ Ca ———- ‘y‘.;..]w\ Lv :ﬂ .l:k - e ﬂ — “
i L L SN H
" PN A ugumhm>wm judbaspuoy | :onﬂumm _mupsn:
. . .

:eﬁp u:wv;m

:eﬁp UD LU

oom—

) G0EE.

@nu<¢

i
{

[P SR

i}

—

op

't

ooowv. -
N2 N A T A B
o M m - . |
o N o

o :2.‘":
Q]

o

BHIEN TYER ]

..........

..........

ijinﬁibimﬁwdmvl.

Test Setup 104A Adiabatic Wall Temperatures

O S

Figure 20.




S0 SUREE FRESE DI n . , . -

—+ M : ; % [ | i

oF i : ! : R L : -

SRS S SN S R ! ol %. A MR I !
. i i YL TR TTToTTTTITTm e

_ SN IR R RN I |

| . : : i )

S SR S S FURE A ; S i !

|7 [ R ety i E S SRR

: i

o [}

: _

B s e SIRIESY SN ;_..’

'LF.JlJ

- o

|
;
.
|
i
|

; i
_ :
; g : T o
L m H SN S (S GRS SHUN SRS
..... I i . 1 .
! ; R :
. ' i P 1 1
L : : . o
..... | . I :
SR G EEE S TUUI NS SRR e T _
. i ! .
SRR SO , 0zZ°0 :
...... ; : ; u - Vi oma vy ;
I b “ ¥ ”
o . | T T T T T g e s e s
” !
; :
: :

<
: Av_ e
Q ..-|fm\ : o

ey
B

- B e

t

[REE U N

cl 7 - :
y : i 1 : : N AR
HERI0 000V KB NS S N o
R DI Ll e . . L O
.... _.. . R i : - : R IR .
L .g.w b 0, uany, . . : RS B TR
BT O FROHL i SR T R
T ey LPYURS R R RN T SO TP St FEE T
TS S R PV oy pin o paw o pwcies — ] &
R o0 jauebasag 1} g 0 uoi3des jeowipuilAy 3
TG e SR BRI S L :

.m,—vaF.

Test Setup 104A Effectiveness Values

Figure 21.




ot

u ?.:&

U S

oy —
-1 &

s

2]

U S, B .i..md SN S
f .
i ! s “
AN S E SO !
; f ; i
‘ 3 1
R S - -
,
b . b e
O e 1 :
_ , n

1'-_‘

!

1M
sﬁq
!

|
b
S I
-w,:)'.A
ey “f

'

i
i

i

i

|

ec.ﬁﬁewZo N\m S
eoSmL_wEo 051 H.W

!
| :
| N

oc £

3 e s Gl il St

Wo11e34aLAQ.
&m&:af ?:ﬂoou QD

”gg.
I
%

iu-.t fﬂié)‘ Yo
) kajsuRy]

LN S

ﬁ;,i L buijeay IT-
| .2:_ = ot:& \3529_

. '
i N X
‘ . .
" i -
{ : ;
4 H H
P .
! ;

Ll I S ledllloll
' '

<qe, %sawm #mmh

,=0ps~
L1449

4

fpua

i} ' _
|

i
!

_
~
_

o

w;;fl‘H;. - :L L

Test Setup 104A Heat Transfer Coefficients

Figure 22,




R

ghY

+ ey
x@o cosuwn_: qumﬁ_l.

p

, :o_umucgngo QMm

6"

.

PR,

|

et !
mw M N« N @ M, ‘D i.rr.v [ S
L | . e
T “ | . _ N PR |
N N R A et vogosfur o a b
—t S B u%eomsmaﬁm u:m upzomasm-u 3N 1) —00¢ -
o :g_ugpclpga oammjw.! ;.ManﬁnmnnM.4x up u01329fug djuossadngy - " o .
<

€567

sy

0:

0

}

|
1
|
i
|

1

W,

1
Py ©

i
|

il

.<t.44..A..A.

~ T
(O .
o |
B
s !

BM| J13eqe)

Hnots Dp_b ;;'_1;;__“

| ; oo s ok : ; , :

SO I - 4Pl “rmm wm.vHL_. - SURIEES T R R R R T S o et

| ; LA , . ”Dm o A L Ve : fatate : —_

o o . R I WTI 774009 e
SR W UL NS . - R RS S im!ili..{l‘ S SRR AE SRR SRR - S

; i A. \q : | ; D” : : : : : : ; . : [

. ; ] A ! oo R O . e
e : : ; : —1f —— W R —A-

o 0 -0 ! R 3 L : S SRR e
D Ll e ATl q - S S L mu, A DS g i el LS

: , ‘ : ! : ” . . o : : S
S A ol _ L O SN L 00p 4 o0s -
o : SRR : i RS EESUEN FR . : :
‘?ﬁ%f - @ N -1 $o- Q. —r B #II«- e S

e : = _H M : - o i B S ERERES I :

; : " , ——— - — — — —
o | Lo coe ey e R
. — S SN S BESURR S - - S SN S SR RR SIS U SN S S,

. : ! I 1 . foo ' H R, S I

; _ B B I E P ! ‘.D..WM_.‘QGwQ
: : ! T ; : b : T
_ m Lo m SR SR SRS SE R A LN O R O S .

Test Setup 104B Adiabatic Wall Temperature

Figure 23.




SL° | e MS]EU

: ! ! i !
L

i
t

T w

m. . N R 1,
_ | < : :
A - g
" “ w a :
h ; ; —
' : t : :
RN DTS SR SO S h
i i ' . 1

S SE

1 o |

o g g T
- a o 11\;@%!1:1 .,.\ﬂ.ﬁluf ih WN. .1:% e . : 2’8 —

E P R O U0 SO SN S S SO S SRS

e P SR - S Fat g S = 2% R i
e R ] s} : - o m - | e
L R T — T e M
L e 1 g es +0 S R I
SRS S | SN S : L R m w r—t
LSRN R U TR ETENE Y [ -

. | | o i ) M. ) .AVW 9°0 mw m
[rEE) sgs L U =T RCR IR
p ﬂ ’ B N lWa ) \ﬂl S .Ur T o u . m /| a‘ '

L BT = TS e B G S NS A
- R T S 4043030 u] SR | - =
.qmm.o B T A T uﬁcomgmasm v:m uPcOmasm-D “ N e M) :
ws'0 [€S6°0 O Aupuopodful ojosisnsgy SN N I D —
8570 Qﬁb O »:fo LIEEET o:_ome_m_ m = R

T ®n gt 1ouAs | i M w ! -

B TR T s N S g SR s Bt S S 1 I
in d L : i M . : L b\!TL.EQI S
T T ! TR B m m
S T L T T T T e o S S

Test Setup 104B Effectiveness Values

Figure 24.




e .

o AN oua T T
; L ayug : ; | i

L 9 s R T i 0 poe

T T I R R B 1 7

‘
l
)

_ , _ : : | m . 1 90 ==

e e e B T T [ e e &

O
R N SR A S : 0 :
- JUBLSUR ES@E ;oeim 885 W o A “»J‘w.;! 1 0 q

opElo 05l o R R A - S R

wumBlo e S oom T

@&
Ei
L3
o

2.

!
{
B
e
E
|
R
|
|
L
1
B t
|
J
x>
3
q
a1 /i) .-
4346

.

ﬁ
1 i
ab

‘S'-'

: %%
mE
L

V250 el AT ]
O 1E

8570

e — SN I R R R
- ‘ e S B S

Test Setup 104B Heat Transfer Coefficients

Figure 25.




4444444

i
SO R S S

|

‘uotl

FEETIEY!

i

(U0l

jegual

40 400

40 4081

N -

1

8
o
Bda) |L|

|
|
i
i

vvd;:mwumw:m_LO “He

U0}

jejusy

40,012

PRSI SR

loange

'
.
!
[ S
...... i

Test Setup 105A Adiabatic Wall Temperatures

Figure 26.




| i : !
m , | : _
o T T B B
2 : ; ( : ‘
T . H Y 1 )
w_ I ! ! : |
Lo ey EERE S EESU ey Sras e
: L ; :
S DUNINSEEES SRR IR IS S
; : PR
N 7 k=4
; . .
SRS ORI DRSNS SRS EESUSUnnl SONNE NS HEN
; 210 ANk
. H N H RARS A
; | : : -
i BERNES U il
b i m
: : -+

BUIALFOB]
:

E

Test Setup 105A Effectiveness Values

Figure 27.




—_—

Heat |Transfer Cogfficient:
§:30%74

L

i

AA‘_,,;A__.AA-:T““
|

: : o
Do | : ‘ | O 30°!Orﬁ:n&atﬁon
P : j [0 120P Orieptatiop

t]osed]Symbo]: Hea#ing Tfansiebt

ih,,
| S
. emm e e ae R R R RRR L E ARy *ivv -

|

,[7‘ e

e S R —— oy B
I S o g I R a : :
A S | AT = S R S ’
U0 IR RN N A TR U T N |
1 | S
O‘IB ~(;002) - ; : : } ] i | ' ,
: o : b : ! : : ‘ '
BN IR | fodid U IR N Lo
g 5 : i : : i S : :
E Cols P b I : | ; : :
iy - ,,,‘_._A.E“.. : . R 3 B ﬁ If a — — 7: —_— 77 . 7: . — ‘ [ : . i b
;;Eg : § (;UO}ﬁj - S : : P i R ; ; . ‘ : E : ? . ? j
SR I R sl S ;
0.4 F S A | | : ; | l . ;
IR o L AU PO NS SO : S TP f 1 i
i i : . : : i ! : . : I . :
t . . . . | . . i " . i
RN T I T A S B .
T | AR A I I B i
RO TR SN S N I JUUIN SO N O |
! : H . . ' ) . . . .
Ly BEEELAEN . (R R N |
N R N
SR L R N T ]
T e A z _ .
EREETE I é[ﬁ«lmyhesiw;z-@ii?%“ii
BRI S 1 R : ; i i - ; ; — i ; i 3 ]
N T R B T T R O S R BT
' i i | i . : | B | i ! | | i : i ‘ .
L ,w.,. ,,l,,, L : g [ l AXiai'fﬁSfj:ti'f#ﬁmjfﬂjEtﬁ+UA“Pd?ﬂ%“'”"“%” f‘ ! .......... % .%“ :”,l

Figure 28.

Test Setup 105A Heat Transfer Coefficient




. m H L ucpga :oPguwncheogw mu:wpm:o meL< M
| e US| w s
) I ! , A !
| IR

642 o

=
. . -
| uot3osfuy M . &
UECOmea:n ccm Jruosqny] | U o
R S S MU N A
coppumngu uﬁcomgxycm | o o
_ | E
N i T W e padii
:opwugncu - N
NS NS -5
| cozummﬂé oomp O\hQ -

v canumpgmpuo oom
co_umu;mpxo oom

———ea e

6L 6L

R4

|
’ |
2

mmm

mg:mmmxa

3
'
[V S
i
'
i
i
'

M_mor.nswm t&rrii%ﬂ -

; i - . . . ) . .

i . H ' . . . ' H . H . i

LA . ool D D B —
X 1

P »
i )
PSSR UM S SR

Test Setup 105B Adiabatic Wall Temperature

Figure 29.




T' :
|

. i .
'

|
)
i
+

s ,<_'.L._ e b
'

;x¢o¢ww¢m¢ﬁ wﬁaamu¢¢3m
S vc¢ uﬂcown;m-u.- B

r
1}
S N S N S

>.—r_¢ jwlomhrﬁ..

coﬁpap:mpgo
m,w:opmmp;wﬁ

ocm_

N T

0 406 UH..MQUNV..

|
|

) 5@35%@. oo . : A
Lo e IR : : S ”
Q_ w0 o m o N
566" H ” : A ” e

E L

ssau Athﬁakiﬁﬁ; ‘

6671

[,

__£25

S, . Otiey -
—— 24nssdud

T mmcﬁ

& g 5

m:uwm pmm»

RIS ST ST RS S S
* B
: ; ;
L SRS S : ~
7 ;
1 t
i .
i ————— + + - — —

Test Setup 105B Effectiveness Values

Figure 30.




.....

5
|
i
t
i
1
|
t
L
B
o
Ly
[«

....

e 8. el e

pcw_m:mLP mgﬁwwml wonExn umno_u

|

b
& 5O

Sﬁgifgwmhu@w

- capywucipxo o06 gmduﬁﬁw Qo
UQLIRIULI0 o09

B

|
o i
”3,H‘ -
L

-

' f.gj
;1

|
|
|
|
|
4 .
S R
L/ 19) Ad
SrEt]

Test Setup 105B Heat Transfer Coefficients

;
i
|
i
|
1

S
\
]

SIS S

N
'

) :
R e e R
; T ;

EEL i Nm.ﬂ;;,w¢f+W!¢muf,;m“»;

L6l 566

{40193%-7

4+

—o0 1L L " L S T b | . _ -
CE _emEgemuAs T T me b e
—5 . @dnssaug L Lo e R

W

... 8%0L a:pwu pmm& m A

Figure 31.

N S S S : R L S : IS S S : TiE




uoL3I8ty]

.........

uf‘_.

[ wpajisoueIsSLa [RLXY

TTTTTTTTTT— T N
R B Hﬁ ; m )
PSS SIS SRS NP P N SO
1 - ' M
. N e * e ——
w L : : ;
1

L

. iy _ A SN SURRS S U SO . ‘wtl - EE S B B SR
: . . : i . ! : : - : . : ] :
N I , | | | SRR ~ SR : Xs “ 00€
e ] s i L B C ua ) T i
B Lo RESRIEIRI RINPIORT REIRSNN © RS SRRIN ¢ XN SUN At SUNURRURPT " SUENNRNNERY 1 SUONN AUNNEAEIE NP ]
‘ “ o T T : : : m : . '
- ) m T - I R S ” I oo 4
L | me.a” IR RE =
— | < — , - T,.ll.. —e UI” D - . R - - ..:M‘I.....li.,l — — — —- “Td%l.Wln).!
(IR SN N | . . D . ! 'xm% I E7aY : coe e
, : : i P e i : AR SR -+
T - N m‘l . -@ T ITDIl : SSSEN SN ._...l-mlm.m‘
o : : [ T S ” : Y SRR R 00t 4
| ] _m R FEE N R L o Rt B T I H R . o e O
3 v N RS e e e ,D S ALELE 3 ODmI.LP
S | i ! H\fr. USSR RN EEESE RS RS o mm
i B U5 T K -
: L R RN R S uyo ] N\

.......

uo

1yequs

!

| S

ces_B:CAnamI RO 215 G N S RO BESR .
UOLIRIUBLA) B m o R ) IR PUTE AN
. _ * B ! ) ! . m ,,,,, W . " l x. _u u
SIS0 wlotz o T T T e e e
ves"0 ROl O o W o
¥99°0 9560 Ol | | O T S SR T T T e
0 °y . lomds R - : H A S
BN AR E DR, Bt et St T e e - T “ SR
N n L _n_am i wu” i S : L s : :
RO S at RN { S B : - 1 TS SRR TSR B Tttt ITLliIrinpiiiiiine
] i90] S e R [ SRS WS R I

Test Setup 106 Adiabatic Wall Temperatures

Figure 32.




P T [ | g

“ | 4 ! ! m m L
L : N ! Ussypup IR R
P - A ~ 1 . N - H R “ 1 . mw e
coEEcme 02l 8 \QD ﬂ o : m W : w : B
SO A BRERIS S | ‘ : : : { : ]
uoLjeIUBLUQ oom U,D m ! . | ] ] b
. S 3 _; 4 Mn - B, e .
Tmm%.p.mmzp pS; O“D Q IR NN 20|
aso w0z 6 P ] ) ] ] R |
veso w0l O | O | A - |
m o , ,:AHA., .m . — .w .,v H . - . —_— m P .IHI m — - — ).b......ul
0. b OLWT 8 9 JREE TS S bg |
n . °g. . |Sloqws SNAATET IS o YT SRS R Nt A RO 1o
o] : o) : IR S : i : : : AR Do X : . ; o : o
: H ﬁ - N ! B ! B N o ....;u w ot o _._,.
O oY A S N o N - N N R - 1
o P Tl o : o : . ; o ! : : Cole
e I I S e 2L
S == - h1 SIS s IS S (RN e e T
AR w 3 = G = B SN O .
b e e B .
HNE P w AN > WSS T A G
A TS O S I S0 IO 003 RTINS ~ SRR HESE L SN OO SEEEENO FFE
B i “ A = . BT~ Y
—— SERELS EUERNS N © e
: PP PRI AR L Do b
i T H - * 1
- ; L , i

Test Setup 106 Effectiveness Values

Figure 33.




o Test 105A
A Ref. (1)

Point

P N T T

0.2

Figure 34.

0.5
(r/r,)

Flow Acceleration Correlation

1.0




e e R Sineihet Sy Smaneiru i SR xl\aﬁt Smane See o8 pusvstante REERDRI M«. 9!
Rt b .wclvﬂmﬁgﬂotvumﬁsqscmw W’u:opmtu PmCQ gm;m. o

1L9@m§wammmmlammxwmﬁ
e _amscwtqﬂomm tyserg oN o
T W Ebaninioen Sun S I T - N T
:1$ * o S i ‘
R e N N N X 7
. i . . _
s e RN
,._,.1,.‘ wlnl l,f .I.qJ ©¢ — e m N
i RREIATE R
4 {28l a_ W
L uo:;~ 4m,.ﬁ‘ W
. o . y SRR U R ‘ i ! I
‘ w, y.\'-..l,\l.l.':letmsli.v!.l,lnw - q.|w1-l‘.0”l lm..wﬁu .|M.A.,w. i B m ,

i

TBQUPYT UZ | < 0E e (06 UABCIBA

Entrainment Fraction Multipliers for Test 102

Figure 35.




e bt

15 101

LS. ON

'

S

. |
i

B B o e
— et0D ” g ot
e . w ; ! : : { : N :
PR TN T O A A A SR N RN e ‘ | :
. oL3dy m .m ﬁ R FOE SO ‘ *x - R SR
P ' : : . i . i .
ATE015A ” SR N _ b . I :
. ) ; L . | : : Vol ' (M . :
oo s : S ; ! : ool b e o e
B E ”J rlw m““”.v «.ql “.vvw.. 6 B 'Mtl.»}li w AW|.| B J"ic T v .. oot
: ; : o o L i . g

H ! s i ' 1 .

P . P : : “ o

““““ IR R Ty PO SR AR NI S r RS T SRR
{

doaaey] 37 - 51 *1ueL00] uabo.

Entrainment Fraction Multipliers for Test 103A

Figure 36.




AULod UoL]
v e T r
i

1

!

R PN

R |

b Cod b \Q\ u oo
T T e e e S S . (. S S e
: : : ﬁ : . :

o7

e T

O
|
|
|

-
{
|
I

i
!
|

-
|
!
|
i
g
a0
|
dag
q

N S 1 i o S ORI Y =
UQTIRIUILID SOBL | FPIUSTLS [[OGuAS ™ T T
T N ﬁ .

¥ . ey B R

UOTTRIUS U 0 TUSEIS O T g

T S

ope T
3130198 , -(..,

O e t '

PUR

;
Sy US| S e e e e e - e
1

i

ot

t

Entrainment Fraction Multipliers for Test 101

Figure 37.



T T Al bt e uwﬁﬁa (R I R R
,,,,,, | S - e S 11 PRmbe i et R SRR SRl S ity SRR ARl A
“ . ; Sl Lo S u_. R S I 6 Lo L D o
Ty T T I.T H H - 4 w ’ ’ EREES! . ’ T ™ - - IE ,— :
i : T D | . u_ w : ; “ I I !
' ; : ! - R S : Z H o !Jow i
M, _ ? S
T T 5
‘ ; % - - M\ - R mmndih s o ‘le ——t
S | T
. H I N HT; - 1,T\|xu¢1.01¢l

T R e = I S

}

R S
i
. i .
EER-U1-%
i
JESE SN
|
|
i
i
|
+
i
I

: : :
B T T +

i H i i

' ! ‘

: : , ' ! :

TS SN S SN S S SN AN SO S S SIS SO S S T

: ; : T T : " T LT |

: : :

| ] : \Q R S T S SO S S R SIS SN DN

A S TR R -] NS TS

:opuaucmwg mdmp.uuwmwMHmmwbﬂﬁnw‘,@ = A

i

%.zﬁit? Gmm $eLS OF-

N JN ;xt«% 4. : lxll‘al W.iulii_x:.‘-xv.lfwle : 1 : RRRECEEREP P ; : R RS KRR EREES SRR
IR T T NS S U O N R M = N N A T e
oLl d £ 0 A B B S I ST P

.l |
808 | i
09°0 B :

oryey - 00
A3ioopap.

Q
o

4 S oo m D
‘ .Y ,.“ ‘).ﬂi» ‘1< ll:l_brtjll.mi‘w!ii; ..‘. ]1.4:

D T et
e

'

t

1

{

l

B SEEES SRR SN w i HLmﬂEmcq w. Mh W —gp ﬁlwmo..m\:r H

[ SN By [P NN SN (N TN

Entrainment Fraction Multipliers for Test 104A

Figure 38.




T re T
t i 1
Y + c - s
) Pod £ o= 1!
o4 feee JE SPGIETRRE 0N 100N 1000 SPUR GRDUE NDUNIPSRINOS SN SNDINDES IDEURGENES I N0 I00% 10001 0600 DODOR M0 NN SDDEE DR
o1 wn + n.iun.w it .
H * , m . _vbolv — N
: 1 S =’ e - T
¥ ! e O~ gt > £ :
14 = s = [ 8 - PR SOROR DORE D
: JoS p e w© =3 © | S>S 3z 8 .
! -1 X c P O < > !
. g = ! sle g g09 o o W -
Qs E ) 8522 EE  BR2E
: - 3
5§ § —=o : - ceoco ew Llooaa
- O O Ty Vo . M
D - o o
N N @
...... 1 ELLE T - : Ty
: = 2
. s v -
= wwqy; =
T B DRSS et =
b BRI S e L
o ol ~ o \ .i:u .
1 PR T U . Y RUEIE
T z 1 — Tl O >
SR C .o TN S m
. @ I~ PR
EES g e S
[ m [, - g = N ....L.MD MD
BB BN S .f..dv DRI 0 T ~—
: (=] =1 IS SN -~ :
T - N N\
e Tz =z
v n|° . :
} 0 .
— o T
: RS
' o T
1 ek

0.2

0

1

uany

1

% ‘adtdL3Lny butuang

0.04

0.01

Turning Correlation

Figure 39.




0002

0

0

S

Yw/X
00 0ol

X 1 L H . i
W . W‘4m I
. vA“v: T S N S, .I.l.wll‘ytltwfiw .Tll i e
AR ; A
e @10 BBOAN o
e = 4/ LI A |
,t,..ﬂ ce—y- S .” M. m - U . \x.,ﬁ.‘A.‘ m .m w i 14
0520 = g/ ¢-'usbouply .. i o
N S ) OOF NS LI .

TR R o

£

20’0

S0°0

L0

2'0

S°0

0°1

SSAUVAL]I34 4]

Comparison of Constant Mach Number Effectiveness Data with
@)

Ref.

Figure 40.




171

POSAS SRR ans

T

wrofrets

frofe

2000

1000

500

00 200

1

50

X/m

Comparison of Constant Mach No. Effectiveness Data with Ref. (12)

Figure 41.




SS3U3ALL0944]

20

10

cm
Axial Distance from Injection Point

2.5

Effect of Pressure Ratio for Test 103B

Figure 42,




10}/ 00€

20’0

v0°0

: : .
i
i _ 4 90°0
! i
H . :
‘ ; : :
RS : .
' . H . N
I | i i .
Voot | i .
H
1 ; N
; o ! : 1 :
i ! : | . . i i !
Tt et S 4 GO 0 O U S
— _ ; , . : 80°0
I . - i ’ B B
ol : i i ! :
: - ' ' . : .
. ! H ! : i : . . : :
e e O O
' . | .
! ; ; ;
+
. 1 . M 1 H
: . ' i .
i ; ' :
..... R D S S U - - N O -
N : ¢

oL°0

0G°0 = OL3IPY 34NnSSadd
"ON Yoel juejsuo) ‘juejoo) uaboupAy

Entrainment Fraction for Test 103B

Figure 43.




$6°0 = OLjeY duNsSaud
*ON yoey Jue3Isuo) €juejoo) uaboupAy

¢0°0 =

-€0°0

Entrainment Fractions for Test 103B

Figure 44.




00t 00€

s/X

¥ S —

|
|
|
i
[ SRS B

.
RPN S

"ON Y

[8°l = Ol3rY 3unssaud
del jue3suo) ‘juejoo) uaboapAy

Entrainment Fractions for Test 103B

Figure 45.




100

40

Figure 46.

Effectiveness

0.01 L
1

SSOU3AL1034 4]

Correlation with Entrainment Flow - Test 103B




%
i
PR S

|

i
'
1
i
1
1
I
t

t
!

;

1

1

;

{

!

‘

.

i

i .

o '

I U

R D I A } . . H H : ) . . . : : :
S . ' : . . . i i . j . . . : : H
Plll RN AU A (SN GO SUNTUUIUAND SPSAUS SIS SIS SIPRIPRES SRR S S [ S

f '

' N . - i .
' : : ! L ; S R SRS RO OSSR .
F S (N - T it it e S S S S ‘ N T . , M s {
! SRS IS | : : X ' : : : : : ! i
A N | T T . ' ' - ) I
L S SRR SEI ST IEEN ST
IR £ A8 i o : - : : ; : . ,
: : | ; : ; : : :
i , : ; . : 1 , ;
T i : T : T ; ! T T — :
. i . 1 N . y
. | : | ; N L S
.- B . - i - e - § - - A - ——— see— - - :
: . : ' |
Do | ; : 3
I : ; . .
: ! i . N
AU AN S ST SNSRI SRS SBENN S [ S : B Ot e
i n ! :
; ' i ;
i { i i N 1 H
. ! B . | H ,
: Y T s S S
: ! e _ “ ' : ; . .
; ; : i L ;e ; - : M
AT | TGy = 0tIRy 9unssaug T
: ! | ! : : HE
¢ ' t t ' | . : .

Entrainment Fractions for Test 104B

Figure 47.




Entrainment Fractions for Test 104B

Figure 48.




B e e . .

o ViR S T R
SRR ._l\ e e S S e
| . . . o o . )

Entrainment Fractions for Test 104B

|

Figure 49.

o ; ' : |
: N i . N H
i ' i N | . :
_ i ; ; P ]
T T T i - : HE ~« T i T
: : : | P o
: : ; ! o b
i . (U SRS il e oS L
i
i
;

|
N

e e e i e ORISR ERSERRREES!
Lo A T GeT0 = O13eY Junssaugd ! b , . R Rt A _

i




S T -

UL0d UOL1I9(U] Wody 9JURIS

T T

-
o .
ST S FE T B :
i » RSN R SRR =
m, _ T ol
P . :
i B i I :
67 17ga ! :
i : :
L = I"1 SOENaE .
00 Lo i i '
} R | :
R YA D R R :
LD SRS ANUR S SRR RO =
L aljey ajnssauy :
D 1 T
w,.m Hm,ug.. :
3 :
| | : i
—m T | P S b P - t -
[ I B | SN S N SRIIIITIIIIIIIIIL SO ——— L= N - B RS (e

Entrainment Fractions for Test 105B

Figure 50.




001

0¢

oL

- 10ze
T p0Lo
96'0e

'SOL3eY BUNSSaUg

9901 3saL

{2) W..uax o

v.v‘W x,-mwMWwWMMWmmm

L°0

2’0

$°0

SS3UaAL]2944]

(2)

Effectiveness Data for Test 106B and Ref.

Figure 51.




JULO4 UOL3O3fu] woujy 3due3sig [eLxy

Entrainment Fractions for Test 106B

Figure 52.




arue

HIE®

%ﬁ;:x :

0°G!

$°¢

R N

1
1
!

SRS SR SRR S S

Entrainment Fractions for Test 106B

Figure 53.

S e M B :

N :

._ ...... m m*t.‘ e e e : - s e e
ISSUIUE S SO 0| =-0Ljey 2unssaug. SO S S S




uoL3oaful w

04} dduelsLq [eLxy
ool 1 ”.,,%.” . I O SN SR S S

. R EEIES e EEE SR RN R EEE FFE FEE RN E

t

S0 i D

Entrainment Fractions for Test 106B

Figure 54.




; T p—
Y S T UG SR
B T
D e
e e S
R T T
PR e PO e e .D, R P . R
+ —
+ -+
P e P
\anas noaRS EERII TSRS SO BT 4 T P & T Ty v.xT, e ST S . e e maeo =
i B N ey W.: 8 . - ——— . B Tt SR NS SRS PP S8 d;w o e e e s e e e
: POS SUre PR P e [ S . P e - . .
SR FSe! TS EEER ERELL ESRS RS SR S SR e Coibiirnooviiooo
IS DORNE HEPN SN NN DIDNE SIS — PURGIIES N T AN D D
R T S T e PO B e L Uy EERR TR e e e e - -
* =+ T
105FI0U0S0 00000 LRINY S000N INENRES SRR NN CIIOUIID (DM I e véam& [
ROSARSLIN DRGNS N RSN EROIE D T ST SHMES SDOINIEE S S MRS SIS S et . - P e e e e e e
1008 55083 DUGRS DN PRSHE SRR RSO SRR B SR GG SR SOBRSSES : e s
cprisatibecprrastoras T ST + T S . . - - moo
: i
fas s b v P RS S ey e e e e e e e
Sty taees S
Soeen B e i
. ; LIy LT T n Ll B
1hgas MO S G g G
10209 se0s: LTIy TS L LTl Z
1abebhtes b oLovtronor I
150048 $000¢ e tda st e ¥+~ =« - PRGNS S s N RO
; . G e S 0 G A ST AN SRS (DI SRS GRS G guniied
Hassioe I D e S e
foyn o PRI S SN A O S 8°0
13008 S b3 ISR R IR IR
b bo oot s [ - R R T .
phes 1255 5t PR G A O O T S N A G
Seiiiiest o froriiooiTrgooort oo Ty f.ToltiiaT
TSIy 2eros * TTTTTTTS R I e ITEEEE : BN T R T S e
=3 S S S T L E RS RIS Nt T L. IR T S S e e
metasetel R I TF B i ok el e S R I R
oS 3 IS IS S et i St Qe SESrs - .. S RIERER L . ST WL SR I
SN 3 R R Rl RS SICE ST ERRE RN N A R =T
EaRs I8 pooo e R el S e ST kR s © 2 > S -+ P I RS e
: S iTr = : PRI SEEE TR T g s Rty S-SRI I S SRt
+ Eep—p— R SRS GG e G UGS Sral AP SUEpa ey T T T
T teg= a3, 3 S e e atos S LIRS SEPESEERES Sl el S re R B
SIS SR gy sh-an P des e svwgiedebtbants S gh b giiie o avulbgp guinquon i o S ey O _.

SSAUIALII334]
Effectiveness Correlation with Entrainment Flow -

Test 106B

Figure 55.




[ = OL3RY 84NSS3AUY

[4

oL3ey A3150|3p

Variable Mach Number Entrainment Fraction Correlation

Figure 56.




JULO4 UOL3J3fu] 21u0s4adng wouay 3duelsLqg (eLxy

wd
0¢Z; ot ] G2 3 |
1
o)
ol 9 v g oM 0°1 9°0
o 20
KLuQ 2tuosuaadng
= — ///Juvf
. ° . ¥°0
O
o . 2 e
b B - Q.
2 ] Q q
g 9°0
.mnpmwv K
PIZLS’aYuAS © 80
U ... . paansedyo
. , , 0L

SSQUIALID9 4]

Test 104B Effectiveness Data with Subsonic Injection Carryover

Figure 57.




qUL04 uOL323fu] d1uoSuadng wou4 dueISLg [eLXY

0z oL g 52 L
1
sayou]
Z L 9°0 b0
ﬁ B EEERIREE
K Co w
L S DL U TR N TR RN = et U R

¢'0

9°0

0°L

SS3UdALID944]
Test 103B Effectiveness Data with Subsonic Injection Carryover

Figure 58.




|
)
)
i
!
i

a4ac

B - S
.4--‘

AV

|
.1
l
|
|

i i+ . :
SIS = » NS UNNE SO S

ISP ESENLLENES SESEE SEBRSAAARS RERES S R i e B S R S 5 S il
e L L JpONOUSN 330443 aﬁmm._. AR / -

: i R D | i, ; ) . I N B T e . : . 4 :

B L L T R T

(geoydmag asay) | wansy L L
C8ST o oskto L ONY

'

Wi w | me | T

8, .8, 3uelooy . [@QEAS ! . o oo i b
; Wl : ; : : : o : : . : ! ‘ :
d

Reference Temperature

am

T

?

g

Constant Mach Number C_ Values

Figure 59.




‘‘‘‘‘‘

o e

Btk
ag T

lou oy

B SR -

——

........

R

NN

B LT ERE R T

..
.-

feged

ENE
o g
L1

[ O

B
-

3

o)
o

Reference Temperatures

T
aw

’

Constant Mach Number C Values

Figure 60.




T T T

F11m CoeIThg

’@”H£'¢f1ﬁ10651f’""““ o
ufu, = 1,99 - | Ry
‘. . .52‘"7“ e

1
'

}:98—-- -4wwgmim.ﬂ”.;.wu.

c/P f %ii;m<,A_A; L

ta‘

Probab]y Inf!ue
Flange Heating

(10: sec tranﬁlgnz)_m~

] 9' Inches;' |

S Dat v ,“
y Influenced b
Flange Heating Effgct{

Core G?
Probab

P ,
A !
. .
! o
i !
aEEN & S
i .
TR U Eo
.
]

: : X :

R ‘ e e e mm——— e
i :
|
]
!

N (22 se¢ Tran j.,entll

Figure 61.

N ;..v::..u*\xfé-}#ﬁstam:e

O S

“%TO+‘T%JE(

|
T
l i

14 0

l

~‘cwn Point,|in, (¢m)

1....1.,1

Variable Mach Number Cg Values

i

R .
:
i )
i
i
‘




(Cq)o/ (Eg)y

3.6

Constant N, e

e b PR . . L T B R

Variable ¥ " e ~ i

Z = Axial Positi-zﬁ | 33.5 -7, !

2.0 ksc=Slot height | 7T - A e
) : : : ’§5 . -

1

]

0.8

S

.0 P

1 = [6q With no filn cdoling |

......

(62, =le_with 11 cooting| | |
gl S 1
ooe- Canstant

0 . 2 4 Inches 6 8
Axial Distance from Injection Point

Figure 62. Injection Effect Factor Correlated with Axial Distance

130

—180
. 335.... I . ..$>i_‘e.... Vo

0.1

P

. Film Coolant to Core Gas Mass Flux Ratio
Pele

Figure 63. Injection Effect Factor Correlated with Mass Flux Ratio




40398fuy uley Jo uoLleds0]
‘pa329fuy 3ue0009) Wj L4

Je04Y]

APS Thrust Chamber Geometry

Figure 64.




60 F = 1500 1b = 6670 N
B f Po
Throat Taw = 1500°F = 1090°K 3
H2 Inlet Temp = 540°R = 300°K
u
) C _
s Fow =10
o € Po
z 2
(o]
o
— [ |
(]
e |
“- 40 I
Y=
o]
3R
g Po,
&
+ 30 I
o
w
R
5
F
© 20
E
& Chamber
tf Pressure psia N/cm
L.
10 Po] 100 69
Po2 300 207
Po3 500 345
0
2 3 4 5 6
Overall 02/H2 Mixture Ratio
10
- Po
3 3
<5 Po
2 2
T
o
=3
5 —
P
Se Wee FFC
£ 4 =
— 0o NT 1+ MR
L 3R
0 » 3 4 5 6

Overal] 02/H2 Mixture Ratio

Figure 65. Film Cooling REQuirements for an APS Thrust Chamber with
6670 N Thrust and 300°K Hydrogen Inlet Temperature




FFC, Film Coolant Flow Rate,
% of Fuel Flow Rate

FFC, Film Coolant Flow Rate, % of Fuel Flow

W
<

20
1500 ]bf = 6670 N
PC = 300 psia = 207 N/cm2
02/H2 = 4.0
10 Throat Taw = 1500°F = 1090 °R
u
= = 1.0
e
0 1 1 ] ] |
100 200 300 °R 400 500 600
| { T T T T 1
100 200 °K 300
Hydrogen Film Coolant Inlet Temperature
Figure 66. Effect of Inlet Temperature on Film Coolant Requirements
80 T T T T T 1 T
H2 = Inlet Temp = 540°R = 300°K
02/H2 = 4.0 )
60 Pc = 300 psia = 2070 kN/M
u
= = 1.0
e
40 I~
20 I
0 1 1 | 4 1 L |
102 2 4 6 10° b 2 s 6 10
[ T § | I 1 Nl N 1
4 10 2 4 6 N ]04 2 4
Thrust

Figure 67.

Effect of Thrust on Film Coolant Requirements




74

u

7

3

1A

T
Gl

Sayou]

0l

SL°1

6°¢l 8°¢¢
£06° 82°1
6¢° L 82°¢
€872 L 0L
62°1L 82°¢
8v°2 €9
Sayou] T}

LA2

31X

-

9,

o o

O 4+ —~—
xX o o o

ot

¢l
NI

ot

0¢

0€

snipey Jaqueyy

0,/H, Space Tug Thrust Chamber Geometry

Figure 68.




ng, Gas Side Wall Temperature

> Lnamoer

r. :
% Rated ’ 1 Film Coolant
Curve Thrust kN/. o 2 Injection Point _Location
1 100 1310 (1304 6.5 Injector 1.25 cm (0.5") Upstream
of Throat
2 50 654 (950) 6.0 Injector 15 cm (6.0") Upstream
of Throat
3 17 220 (320) 5.0 Injector 15 cm (6.0") Upstream
of Throat
4 100 1310 (1900) 6.5 A/At = 8/1 : A/At = 78/1
5 50 654 (950) 6.0 A/At = 8/1 A/At = 78/1
800 6 17 220 (320) 5.0 A/A; = 8/1 A/A; = 78/1
t t
1400
700
1200 oA Given Conditions
oA Calculated Values
Subsonic Region
600 . .
.=  Supersonic Region
1000
500
°K 800
°R
400
600
300
400
200
0
0 10 20 30 40 50
% FFC
Figure 69. Estimated Wall Temperatures for a Film Cooled Space Tug Thrust Chamber




. —— - Rl i 1
RN wii. h . B .T_ H 4
e . - t
i ;
T : B T
..... e - hut
o} | W conbog s

0
154

Canditions

3
SOMC

-

viven

alcilated Values,

¥
]

Hl
3 3=
' oy

:f?'giaz

1000

600
4000

2000

0

o O
@ W

o
e

Nsp\pumz
xni4 3edy apLs-sey

1000
800
600
40
200

o
<

% FFC

Estimated Heat Fluxes for a Film Cooled Space Tug Thrust Chamber

Figure 70.




4

S°9 = YW LLBJ43AQ

3SeD Paj00d WLy 03 SUISdU 2
ased BulL|00D wLs OU 03 S43jdd |

H/%0 “BuLL00) WL YILM OLIRY B4NIXLY |[eM
9 g b £ 2

0°S = YW LLB43AQ

0°L

2’1

1}

9°1

8 L

L (6y) /% (Bu)

Effect of Wall Mixture Ratio on Heat Transfer Coefficient

Figure 71.




APPENDIX A

DEVELOPMENT OF MODEL PARAMETERS FOR
FILM COOLING IN A SUPERSONIC REGION




1. Shape Factor

The formulation for the profile shape factor for mixing layer flow in
a supersonic region was developed from the analytical results of Reference 12,
which are in excellent agreement with the adiabatic wall temperature data of
Reference 10. In the downstream regime of fully-developed mixing layer pro-
files, the shape factor was determined from the computed concentration and

velocity profiles. From its definition, Equation (10),

SC_CW u
fle=] == o
_ (o] e w
S

o =1 £
u dy
J Tu
e
(o]

in which s is the thickness of the mixing layer. A value of 0.485 was calculated

for the fully-developed shape factor.

With this shape factor, the effectiveness in the fully-developed regime
was used to establish the corresponding entrainment flow ratio WE/wc' For 260 <

x/ (mo'8 sc) < 1500, the Reference 12 effectiveness of Figure 4 is described by

~-1.2
X
Ll R
m s
c
so that Equation (9) gives
1.2
1 X
W/W = — - 1 = 0.00420 | ———7— -1 (A1)
E' ¢ ne m0.8 s

(o]

Extrapolation of the entrainment flow ratio to zero at the coolant injection
point then allewed the shape factor in the transition regime to be inferred from
the effectiveness results, again using Equation (9). Figure Al shows the above
entrainment flow ratio and its extrapolation (dashed line). Figure 2 gives the

resulting shape factor as a function of entrainment flow ratio; the transition




Appendix A

regime between Equation (11) and the fully-developed value of 0.485 is defined by
0:5 :-WE/Wc < 2.2,

For comparison purposes and use in the u development to follow, the above
procedure was also applied to the results of Reference 7. For the mass velocity

ratio range of the present program, the effectiveness correlation is

TS 0
n=162(mh) —— > 69.6

so that using 6 = 0.485 in Equation (9) gives

X
mh

-1 (A2)

W./W = 0,0127 (
E' ¢

in the fully-developed regime. In this case the effectiveness data indicate no
transition regime, resulting in the shape factor variation with EE/Wc shown by
the dashed line in Figure 2. Extrapolation of the entrainment flow ratio back
to the injection point, similar to Figure Al, was required for development of

the u correlation in the next section.

Also of interest 1is the entrainment fraction associated with the fully-

developed regime. For the configurations of References 7 and 10,

W
- 4 |_E
k msc dx W )
c
so that Equations (Al) and (A2) yield
0.2
k = 0.00504 |-—X_— w02 Ref. 12
0'8
m S
c
X 0.2 sc
= . —_— £ £,
k 0.0153 = ) = Ref. 7

These entrainment fractions are compared with the results of the present program

in Section V,B,3.
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2. Velocity Mixing Function

The velocity mixing function V (WE/wc) used to define the effective
velocity u, Equation (18), was developed from the isoenergetic wall temperature
data of Reference ; and partially confirmed by the analytical results of
Reference 12, For isoenergetic injection Taw differs from the freestream

stagnation temperature solely due to imperfect recovery of kinetic energy, i.e.,

1/3 — 2
o, o, ) (Toe - 1) (u/u)

T - (T ) = (1 - Pr

and‘GYue is obtained directly from measurement of the isoenergetic wall temp-
erature. Determination of the corresponding mixing function V from u/ue by
Equation (18) used the minimum u/ue as uc/ue; this minimum typically occurred
some distance downstream of the injection point, but well within the region of
unity effectiveness. Figure A2 shows the resulting correlation of the velocity
mixing function V with dimensionless axial distance; the effectiveness correla-
tion of Reference 7 is shown for comparison and exhibits a much less rapid decay.
Using the entrainment flow ratio of Equation (A2) and its extrapolation back to
the injection point gave the final V (WE/wc) correlation shown in Figure 5.

A few values of;/ue were also obtained from Reference 12 by solving
Equation (7) using calculated values of adiabatic wall temperature and the
effectiveness results of Figure 4., The corresponding mixing function values
- were based on u, in the coolant slot; using the entrainment flow ratios of Figure
Al gave V (WE/WC). Two such points are shown on Figure 5 and agree very well
with the curve developed above from Reference 7. However, u exceeded u, at

higher values of WE/WC, indicating negative values of V.
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Appendix B

The test components used in the film cooling tests and the film cooling
test system are described in this appendix. The test components are defined as
the film coolant injectors, subsonic test sections, and supersonic test sections.
Other parts used in the tests are defined as part of the test system. Seals
between the individual components were fabricated from Grafoil material and were
crushed approximately 307% during assembly. Prior to testing, all test sections
were wrapped with insulation in such a manner that a thin layer of stagnant air

remained adjacent to the walls and exterior air currents could not cool the walls.

A, TEST COMPONENTS

1. Test Setup 101

The test components for Test Setup 101 consisted of the thin
slot film coolant injector and the 30°-1R subsonic test section. Both of these
components were residual from Contract NAS 3-14343 (Ref. 1). A sketch of the

Test Setup 101 assembly is shown in Figure Bl.

30°-1R Subsonic Test Section (Chamber)

Figure B2 shows the design for the 30°-1R subsonic test section
(-7 configuration). The major design features are 8.9 cm (3.5-in.) cylindrical
length, 30° convergence angle, and turn radii at the throat and beginning of
the convergent section equal to one and two times the throat radius respectively.
This component was modified slightly in that the copper electrodes used to
electrically heat the cylindrical length during the Reference 1 tests were
removed. The throat diameter was selected to provide a stagnation pressure of
172 N/cm2 (250 psia) with no film cooling at the maximum available heated
nitrogen flow of 0.45 kg/sec (1.0 lb/sec). A higher pressure would require
smaller test sections and was, therefore, not desirable; a significantly lower
pressure is not acceptable for testing with supercritical liquid film coolant
as was done on Contract NAS 3-14343. The chamber diameter of 3.094 cm (1.218-in,)

glves a contraction ratio of 4.0.
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The test section was fabricated from Hastelloy-X tubing (all other test
sections were stainless steel). The final wall thickness range was 0.048-0.051 cm
(0.19-0.020 in.). Thermocouples were positioned on the test section as indicated
in Table BI. The thermocouple junctions on this test section and all other test
sections were formed by spot welding 0.0076 cm (0.003-in.) diameter chromel and

alumel wires directly to the test section walls.

Thin Slot Subsonic Film Coolant Injector

The thin slot subsonic film coolant injector is similar to the thick slot
design shown in Figures B3, B4, and B5, except that the slot height is 0.038 cm
(0.015-in.) and the metering channel width is 0.058 cm (0.023-in.). Figures B6
and B7 show photographs of the inner and outer rings of the thin slot injector
before final brazing. These photographs show the key internal design features
of both the thin and thick slot injectors: the tapered ribs of the film coolant
slot on the inner ring, and the inlet deflectors and metering channels for flow

distribution control on the outer ring. The hole in the foreground of Figure 8

is the manifold instrumentation port. Figure B8 provides a closeup view of the
complete injector showing the 0.038 cm (0.015-in.) slot and the ends of the
tapered ribs.

2. Test Setup 102

The Test Setup 102 components were very similar to the Test
Setup 101 components. They consisted of the thick slot film coolant injector,
and the 30°-2R subsonic test section. A sketch of Test Setup 102 is shown in
Figure Bl and a photograph of the assembly is given as Figure B9.

Thick Lip Subsonic Film Coolant Injector

The thick slot, subsonic film coolant injector design is shown in detail
in Figures B3, B4, and B5. Particular care was taken to provide a uniform flow

distribution to each channel through the uge of deflectors at each inlet, and
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0.051 cm (0.020-in.) deep metering slots for pressure drop control upstream of
each channel. Tapered ribs provide a uniform coolant flow at the slot exit.
Electrical discharge machining was used to fabricate the unit. The internal
design is similar to the thin slot design described for Test Setup 101. A
closeup view of the injection slot is shown in Figure B10.

30°-2R Subsonic Test Section

The 30°-2R subsonic test section is also depicted in Figure B2 (-9
configuration). The design of this component is identical to the 30°-1R test
section design except for the turn radii at the throat and start of convergence
which are twice the radii of the 30°-1R design. The material was stainless
steel. The final wall thickness was 0.051-0.053 cm (0.020-0.021-in.). Thermo-
couple locations are indicated in Table BI.

3. Test Setups 103A and 103B

The test components for this test setup consisted of:

(a) the thick slot subsonic injector (see Test Setup 102),
(b) the 15°-2R subsonic test section,
(¢) the cylindrical supersonic injector, and

(d) the cylindrical supersonic test section.

A sketch of Test Setups 103A and 103B is shown in Figure Bll and a photograph
of the assembled components is shown in Figure B12.

15°-2R Subsonic Test Section

The 15°-2R subsonic test section design is shown as the -1l configuration
on Figure B2, In the subsonic region, the design is similar to the 30°-2R design

except that the convergence angle is 15°. The nozzle contour downstream of the
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throat was designed to produce uniform core gas flow with M = 2.5 at the super-
sonic film coolant injection point., The final wall thickness was 0.0635 cm

(0.025-in.). Thermocouple locations are noted in Table BI.

Cylindrical Supersonic Film Coolant Injector

The design of the cylindrical supersonic injector is shown in Figures B13,
Bl4, and B15, A 0.051 cm (0.020-in.) slot height was chosen for the supersonic
film coolant injectors. This value was chosen by considering two factors:
(1) the relative proportions of "1lip" thickness and slot height (the "1lip" is
the wall thickness which separates film coolant and core gas streams just up-
stream of the film coolant injection point), and (2) the length required in the
constant Mach number test section to measure an adiabatic wall temperature
increase of about 370°K (200°F)., Practical fabrication considerations indicated
a minimum lip thickness of about 0.051 cm (0.020-in.) and it was felt that the
film coolant slot should be at least as thick as the lip.

A nozzle area ratio of 1.5 was chosen for the supersonic film coolant
injector nozzles (shown in Figure B15). This is about the minimum value con-
sistent with the desire to provide uniform outlet Mach number for the anticipated
fabrication tolerances. The corresponding nominal outlet Mach number is 1.86.
The injection nozzle contour was based upon the supersonic film cooling injector

nozzles successfully tested at ALRC and reported in Reference 2.

Cylindrical Supersonic Test Section

The cylindrical supersonic test section design is shown in Figure B1l6 and
the thermocouple locations are listed in Table Bl. The final wall thickness
was 0.051 cm (0.020-in.). The design core flow Mach number at the test section
inlet was 2.5. The design goal for this unit was to maintain a nearly constant
core flow Mach number. A cylindrical contour was chosen for the test section in
order to simplify fabrication. Static pressure measurements indicated that the

core Mach number at the downstream end of the test section ranged from 2.44
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(no supersonic injection) to 2.23 (supersonic injection) at pressure ratio of
2.0. This variation is considered acceptable. The cylindrical supersonic test
section was designed to discharge directly to the atmosphere since at the nominal
chamber pressure of 250 psia, the flow leaving the test section had expanded to

about atmospheric pressure.

Selection of the test section length was based on ALRC supersonic film
cooling data (Ref. 2), since these data were obtained with a similar injection
slot geometry. Several methods of generalizing these results for application to
different velocity and mass velocity ratios were investigated, as shown by the
predicted adiabatic wall temperature distributions of Figure Bl7 for hydrogen
film cooling. The curve on the left uses the ALRC data in the form of entrain-
ment fraction vs axial distance; since the selected slot height (Sc) is in the
range of the Reference 2 slot, this is equivalent to correlating entrainment
fraction with X/Sc' The curve on the right is based on the correlation para-
meter of Reference 10, while the central curve is based on al alternate correla-
tion parameter which includes the mass velocity ratio with an exponent of unity
instead of 0.8 and which discards some questionable ALRC data. The adiabatic
wall temperature distributions shown on Figure B17 are based on pressure matching

using a coolant injector nozzle area ratio of 1.5.

A wall temperature change of about 370°K (200°F) was considered desirable;
a smaller value compromises the accuracy of the temperature distribution measure-
ment, while a larger value results in too much effectiveness data below the range
of interest for rocket engine applications. For this temperature change, Figure
Bl7 indicates an X/Sc of 175 for the entrainment fraction correlation and 440 for
the more realistic of the two effectiveness correlations. A design value of 400
was selected to assure an adequate length for the test section, and the combina-
tion of 0.051 cm (0.020-in.) slot height and 20.4 cm (8-in.) test section length
was chosen as a good design compromise which maintained reasonable slot height

and length values.
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4. Test Setups 104A and 104B

The test components consisted of:

(a)
(b)

(c)

(d)

the thin slot subsonic injector (see Test Setup 101),

the 15°-2R subsonic test section (see Test Setups 103A
and 103B),

the cylindrical supersonic injector (see Test Setups 103A
and 103B), and

the cylindrical supersonic test section (see Test Setups
103A and 103B).

A photograph of Test Setups 104A and 104B is shown in Figure B18.

5. Test Setups 105A and 105B

The components which comprised this test assembly were:

(a)
(b)
(c)
(d)
(e)

o P PP

conical subsonic test section,

conical subsonic film coolant injector,
conical supersonic test section,

conical supersonic film coolant injector, and

cylindrical diffuser tube.

A sketch of the Test Setups 105A and 105B assembly is shown in Figure B19 and a

photograph of the test setup mounted on the film cooling test system is shown as

Figure B20.

Conical Subsonic Test Section

To provide data relative to the effects of acceleration without turning,

the design of the conical chamber fabricated on Contract NAS 3-14343 was modified

to eliminate the short cylindrical section on its upstream end (during the pre-

‘ vious tests, this test section was tested with the thick slot subsonic injector
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Conical Supersonic Film Coolant Injector

The conical supersonic film coolant injector design is shown in Figure B26.
This design was established by projecting the cylindrical supersonic design onto

the cone angle defined by the conical supersonic test section.

Cylindrical Diffuser Tube

The conical supersonic test section was designed to discharge into a
straight duct diffuser consisting of a moderate length cylinder (L/D ratio = 12)
which is attached directly to the exit of the test section. The diffuser was
required in order to maintain attached, shock-free flow in the conical super-
sonic test section., The diffuser tube design, based on the data of Reference 17,

is shown in Figure B27.
B. FILM COOLING TEST SYSTEM
A schematic diagram of the film cooling test system is shown as

Figure B28. This system is basically the same as the NAS 3-14343 system

(Ref. 1) except that a supersonic film coolant circuit was incorporated.
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Integer Values Given are Thermocouple Numbers
Z = Axial Position from Injection Point

Part 1: Test Setup 101

Thin Slot Suhsonic Film Coolant Injector
30°-1R Subsonic Test Section

N2 Inlets at 120° and 300°

Position, CW Degrees from Vertical

0 90° 180° 270° s,
1 2 : 37.5
3 4 96.7
5 143.3
7 8 190.
9 10 230. (End of Cylinder)
11 12 253.3 (End of Turm)
13 25 14. 26 280. (Start of Throat Turn)
15 16 290. (Throat)
- 27 - 28 296.7 (End of Throat Turn)
17 333.3
Channel Rib Channel Rib
Centerline Centerline
Part 2: Test Setup 102
Thick Slot Subsonic Film Coolant Injector
30°-2R Subsonic Test Section
Position, CW Degrees from Vertical
_60° 150° 240° 330° Z/s.
H2 Inlet HZ Inlet
(1) 2 1 1 13.3
4 3 25
5 36.7
8 7 48.3
10 9 60 (End of Cylinder)
12 11 67.5 (End of Turn)
25 14 26 13 71.2 (Start of Throat Turm)
16 15 75.8 (Throat)
27 - 28 77.8 (End of Throat Turn)
17 85
Rib Channel Rib Channel
Centerline Centerline

(1) Inlets to subsonic film coolant injector
B-9




TABLE BI (cont.)

Part 3: Test Setup 103

Thin Slot Subsonic Film Coolant Injector
15°-2R Subsonic Test Section
Cylindrical Supersonic Film Coolant Injector, Cylindrical Supersonic Test Section

Position, CW Degrees from Vertical

60° 1s0°  240°  330°  z/s_
H, Inlet H, Inlet éi;;igic
) 2 ) 1 12.2 Test Sectio
23.8
35.5
47.2
10 9 58.8 (End of cylinder)
12 11 64.3 (End of Turn)
14 25 13 78.8 (Start of Throat Turn)
16 15 81. (Throat)
- 27 83. (End of Throat Turn)
18 17 92.2
20 19 105.5
Channel Rib Channel
Centerline Centerline
Cylindrical
32 31 30. Supersonic
49 3% 50 33 55. Test Sectic
35 92.5
38 37 130.
40 39 180.
41 230.
44 43 280.
46 335.
48 47 390.
Rib Between Channel 2 Rib Between Channel 11
Channels 6, 7 Centerline Channels Centerline '

15,16

(1) Inlets to subsonic film coolant injector.
(2) H, inlets to cylindrical supersonic injector at 0° and 180°.
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60°

22

Channel
Centerline

49

51

TABLE BI (cont.)

Part 4:

Test Setup 104

Thin Slot Subsonic Injector

Cylindrical Supersonic Injector, Cylindrical Supersonic Test Section

Position, CW Degrees from Vertical

150° 200° 240°

TIO

2 (Film Coolant
Outlet Temp.)

10 21
12
14 25
16

27
20

Rib Channel Channel
Centerline Centerline

32
34

38
40
42
44

48

Rib Between Channel 2
Channels Centerline

6, 7

330°

11
13
15

19
Rib

31
33
35
37
39
41
43
45
47

Channel 11
Centerline

12.2
23.8
35.5
47.2
58.8
64.3
78.8
81.
83.
105.5

30.

55.

92.5
130.
180.
230.
280.
335.
390.

¢H) N2 inlets to subsonic film coolant injector at 120°

(2) N2

B-11

inlets to supersonic film coolant injector at 0°

Z/8

15°-28 1)
Subsonic -
Test Section

(End of Cylinder)

(End of Turn)

(Start of Throat Turn)
(Throat)

(End of Throat Turn)

!

Cylindrical
Supersonic
Test Section

(2)

and 300°.
and 180°.



Part 5:

TABLE BI (cont.)

Test Setup 105

Thin Slot Conical Subsonic Injector, Conical Subsonic Test Section
Conical Supersonic Injector, Conical Supersonic Test Section

30° 40° 90° 120° 210° 300°
H2 Inlet H2 Inlet
1 2
3 13 4 14
5 6
7 15 8 16
9 10
11 17 12 18
Channel 5 Channel 11 Channel 14 Channel 10
Note: All above thermocouples approximately half-way between
centerline.
HZ Inlet H2 Inlet
31 21 32
33 22 34
35 23 36
37 24 38
39 25 40
Near CL. Rib Between Near CL
Channel Channels Channel
5 2, 3 1
Part 6: Test Setup 106
Slot Conical Supersonic Injector
Conical Supersonic Test Section
Position, CW Degrees from Vert}cal
40° 90° 120° 300° se
N2 Inlet N2 Inlet
31 21 32 33.5
33 22 34 56.
35 23 36 78.5
37 24 38 101.
39 25 40 123.5
Near CL Rib Between Near CL
Channel Channels Channel
5 2, 3 1

Position, CW Degrees from Vertical

B-12

Z/SC

Conical
Subsonic

8.83 Test Sectio

18.8
28.8
38.8
48.8
58.8

'

rib and channel

Conical
Supersonic
33.5 Test Sectic
56.
78.5
101.
123.5
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