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ABSTRACT

A simole, semi-empirical nerformance correlation/nrediction
technique anplicable to gaseous and l1iaquid propellant rocket
engines is oresented. Excellent correlations were attained for
over 10N test firings by "adjusting" the comnutation of the
gaseous mixing of an unreactive, coaxial jet using a Correlation
Factor, F, which resulted in prediction of the experimental
combustion efficiency for each firing,

Static pressure, mean velocity and turbulence intensity in
the developing region of non-reactive coaxial jets, tynical of
those of coaxial injector elements were determined. Detailed
profiles were obtained at twelve axial locations (extendinq from
the nozzle exit for a distance of five diameters) downstreanm
from a single element of the Pell Aerospace H,/N, 19-element
coaxial injector. These data are compared wi%h analytical ore-
dictions made using both eddy viscosity and turbulence kinetic
energy mixing models and available computer codes. Comparisons
were disappointing, demonstrating the necessity of develoning
improved turbulence models and computational techniques bhefore
detailed predictions of practical coaxial free jet flows are
attempted.
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i. SUMMARY

A simple, semi-empirical performance correlation/prediction
technique apnificahle to gaseous and 1iquid oropellant rocket
engines is nresented. Excellent correlations were attained by
"adjusting" the computation of the gaseous mixing of an unreactive,
coaxial jet using a Correlation Factor, F, which resulted in pre-
diction of the experimental combustion efficiency for each firing.
The technique was successfully applied to Rocketdyne, Aerojet,
TRY, and Bell Aerospace gaseous H2/02 rocket engines utilizing
coaxfal, trinlet, trislot, premix, and reverse flow injector
elements, and to Bell's 6000 lb-thrust Orbital Maneuvering and
600 1b~-thrust Reaction Control Engines, which utilize triplet
and unlike doublet injector elements, respectively, and liquid
monomethylhydrazine and nitric oxide propellants.

Test data from over 100 firings, representing a wide range
of engine sizes and flow conditions, were compressed when the
Correlation Factor, F, times the Chamber Length, L, divided by
the "effective" radius, Ry, was plotted versus the ratio of the
injection velocity of the fuel divided by the injection velocity
of oxidizer. The resulting correlations are useful for comparing
the effectiveness of different injectors at the same velocity
ratios (which are proportional to the mass flux ratios), for pre-
dicting optimum operating conditions for a given injector geom-
etry, and for assessing the consistency of test data. Before
liquid rocket and Space Shuttle Main Engine performance predictions
can be made with confidence, additional liquid rocket data,
covering a wider range of conditions must be correlated.

Static oressure, mean velocity and turbulence intensity in
the developing region of non-reactive coaxial jets, tvpical of
those of coaxial injector elements, are presented. Detailed
profilcs were obtained at twelve axial locations (extending from
the nozzle exit for a distance of five diameters) downstream from
a single element of the Bell Aerospace H2/02 19-element coaxial
injector. Measurements of mass-flux per unit area (using a
constant temperature anemometer); total pressure, and local
temperature were used in the determination of local static pres-
sure and velocity. These data show a low pressure region exists
near the nuzzle exit. Although this pressure reduction is small
(0.34 psi), it substantially altered the flow development.
Comparison of results shows that velocity near the nozzle exit
decreased initially (there was no central velocity core) as a
result of both pressure gradients and viscous mixing. These
data are compared with analytical predictions made using both
eddy viscosity and turbulence kinetic enerqy mixing models and
available computer codes. Comparisons were disappointing,
demonstrating the necessity of developing improved turbulence
models and computational techniques before detailed predictions
of practiccl coaxial free jet flows are attempted.

1

|
PO SR p— T e

AR

oo s




I1. INTRODUCTION
Background

As combustors become more complex and mission considerations
require maximum delivered performance, the need for quantitative
prediction of performance of advanced propulsion systems becomes
increasingly important. In the past, the design and optimization
of rocket and ramjet combustors has beet 2ccomplished primarily
using trial-and-error procedures. Although this approach can be
very costly and time consuming, the extremely complex processes -
for example, injection, mixing, and combustion - that occur in a
practical combustor, and their interactions, have defied detaiied
analysis leaving little alternative. That is, the turbulent mixing
reacting flow field within practical combustors, which concists of
unsteady, three-dimensional flows, recirculation recjons (at least
in the immediate vicinity of the injector), and significant radial
and axfal pressure gradients, cannot be predicted in detail, e.g.,
Ref. 1. Therefore, a semi-empirical approach must be “sed if
predictions of the performance of practical combustor. are to be
made utilizing current l1imited analytical capabilities, and ex-
jsting turbulence models, e.g., Ref. 2.

Recent success in the develcpment of a simple emoirical eddy
viscosity model (3,4,5) suggested that it might he used in a semi-
empirical correlation technique based on the rational assumntion
that the turbulent mixing of reactants is the rate controlling
process in combustors employing diffusion flames. If such a cor-
relation technique could be made to work, it would produce design
guidance years before the extremely sophisticated connutational
techniques that are needed to characterize, in detail, the turbu-
lent reacting flows of practical combustors - if indeed they can
be! The development of a semi-empirical correlation/prediction
technique was the subject of this contract; to assist in the de-
velopment, various turbulence models were evaluated by comcarison
of predictions with hot-wire anemometry data.

Objective

The objective of this contract was to obtain a semi-empirical
technique fo- predicting combustor performance (C* efficiency)
for gaseous propellants. In order to accomplish this objective,
a large number of actual rocket test data, covering a wide range
of test conditions and injector geometries, first had to bpe
successfully correlated.

Program Description

The program consisted of applying an existing technique,
previously developed at Bell Aerospace Company, Ref. 6, for the
prediction of combustion efficiency of gaseous H/0, rocket

2
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engines utilizing the following types of injectors: coaxial,
triplet, trislot, premix, and reverse flow.

In order to better characterize the coaxial injector element,
which formed the basis of the technique, detailed flow measure-
ments were made during cold-flow tests of simulated, coaxial in-
jectors using hot-wire instrumentation. These measurements for
a coaxial jet in which the ocuter jet velocity was 700 ft/sec and
the central jet velocity 250 ft/sec demonstrated that conventional
modeling techniques will not apply; reductions in static pressure
of over 0.3 psi occurred in the vicinity of the injection station,
and that significant and unexpected radial and axial pressure
gradients were present.

Comwputations also were made using the new Spalding (BRASS)
and the Bell Aerospace jet mixing programs, and compared with the
data. Agreement with the actual data was not at all good.

A binary (machine language) deck compatible with the 7090/
7094 Data Processing System at NASA-LeRC has been prepared for
NASA-LeRC.

Because the correlation technique is based on actual exper-
imental data using a semi-empirical aporoach, it appeared likely
that liquid, and liquid/gaseous-fueled rocket engine performance
also could be correlated, and ultimately predicted through its
application. The technique was successfully applied to the
liquid-fueled Bell Aerospace Orbital Maneuvering and Reaction
Control Engines, and the liquid/gaseous-fueled Rocketdyne Space
Shuttle Main Engine. Although beyond the scope of this contract,
results of these analyses are included in this report because of
their potential importance.

ITII. ANALYSIS
Basis for Correiation

The correlation technique was based on the assumption that
turbulent mixing alone is the rate controlling process; therefore,
the rate of chemical reactions that occur in combustors was as-
sumed to be very fast compared to the mixing rate. Since almost
all practical combustors are fueled with extremely reactive pro-
pellants, this assumption appears plausable; making it permits
engine performance, i.e., combustion efficiency, to be computed
without considering the finite-rate chemical kinetics, and re-
sulted in an enormous savings in computer time. A final simpli-
fication, which also appeared justified since only an empirical
correlation was being sought, was that the stagnation temperature
remains constant and equal to the initial (unreacted) propellant
temperature before combustion, rather than using a computed
temperature based on the extent of the mixinag and reaction.

55 g

PRy

B M o seasilar

J———



R IR Sny

3 6 o Herbane el SRR s e

For the practical gaseous Hy/0, injectors analyzed, excess
hydrogen, required for cooling and ﬁerformance optimization, was :
used in each of the injector elements. In such configurations, 4
most of the oxygen ultimately should react with hydrogen from «
the same element; therefore, the interaction batween injector

elements could be neglected as a first approximation. Using this
assumption permitted the axisymmetric mixing model and numerical
integration procedure (discussed below) to be applied directly

for the computation of combustor performance; that is, the calcu-

lation of the mixing for a single coaxial injector element {or

"equivalent" coaxial element for other injector types) could be

assumed indicative of each of the injector elements, thereby

permitting correlation and prediction of the performance of the

o¥era11 combustor to be made based on the mixing of a single

element.

0f course, performance computed using a mixing model aponli-
cable to nonreactive coflowing free jets, without pressure gradi-
ents, could not be expected to predict actual rocket engine ner-
formance without modification. The approach selected herein was
to empirically adjust the values of the eddy viscosity predicted
using the mixing model of Ref. 3 {discussed below) by multiplying
it by a Correlation Factor, F, which remained constant in each
performance calculation, that is, the value of the turbulent
mixing coefficient (eddy viscosity) used for the performance
calculation became

€ = Femodel

(1)

The value of F was obtained by iteration for a particular set of
performance data until

Npred & Mexp (2)

The linearity between F and n assisted greatly in obtaining
the desired value of npred ? ﬁ satisfied the inequality

3

< 0.001 (3)

That is, the value of nypeq was within 0.1% of the value of ng

for all the correlations reported herein. xr



Because the Correlation Factor, F, was empirically
determined, it includes a variety of "real-world" effects such
as the influence of multiple-jet interaction, heat losses, the
interaction of mixing and combustion, and local temperature and
density variations. For example, computation of the detailed
chemical kinetics requires instantaneous (molecular) concentra-
tions, rather than the time-averaged concentrations. Therefore,
even if time-averaged concentrations could be accurately com-
puted, they could not be expected to yield appropriate reaction
rates without some empirical modification to either the mean
concentration or the chemical kinetic rate constant. Unfortu-
nately, such sophisticated modeling is beyond current capabili-
ties, e.g., Ref. 7.

The important feature of this approach is that it retained
the nonlinear effects of both the partial differential equations
(shear layer equations), and the mixing model. Using it, cor-
relations applicable over a wider range of combustor variables
were anticipated than when using purely empirical correlations
alone - for example, data fitting techniques. In particular,
better scaling was anticipated using the proposed technique than
with previous techniques because the size of the individual in-
jector elements and actual chamber length is used in the calcula-
tions rather than, for example, the overall chamber diameter.
Note, that the eddy viscosity mixing model upon which the cor-
relation technique is based has been demonstrated to be appli-
cable for conditions covering a reasonably wide range of geome-
tries and velocities; data were used in the model development
in which jet areas and velocities varied by factors of 70,000
and 2,500, respectively, Refs. 4, 5.

0f course, a technique in which correlation of an experi-
mentally determined, lTumped performance parameter like combustion
efficiency is obtained assuming mixing alone to be the rate con-
trolling process, will not predict details of the complex mixing
and reacting flow field, such as local velocity, composition, and
temperature. Such details only can be computed when each of the
processes important in a combustor are included ir extremely
sophisticated analyses that are beyond current capabilities.
Certainly as a minimum in such analyses, the simuitaneous turbu-
lent mixing and chemical kinetics and their interactions must be
considered, as well as the influences of multiple elements; in
addition, recirculation effects also must be considered in such
analyses since they provide the source of ignition once combustion
has been initiated.

Empirical Axisymmetric Mixing Model

Details of the development of an empirical, mass defect,
eddy-viscosity-type, turbulent mixing model that recsulted in
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correlation of both mean quantities and turbulence parameters
has been reported, Refs. 3 to 5. Because an empirical Correla-
tion Factor, F, was to be applied for combustor correlations,
the simpler model of Ref. 3 was selected. This model permits
prediction of the shear stress at the velocity half width of the
jet, which is the point at which the turbulent shear stress ap-
proximately reaches its maximum value, and is*

loU-p U _|rdr
[ ¢ e (4)

€ 0.018D_(1+2f) =
model p r,t (D-ru)exp(- 0.115z2)

The more complex version of the model in Refs. 4 and 5 which
predicts radial shear stress distributions as well, was not re-
quired in the semi-empirical correlation technique. As a
further simplification, no effort was made to model the core
region of the coaxial jet separately from the transition region
(Figure 2), even though such a distinction must be made in de-
tailed flow analyses, Ref. 4. The relatively simple mass defect
model of Eq. (4) was considered adequate for these correlations
since a Correlation Factor, F, to be determined empirically,
would compensate for the model's lack of generality, as long as
the general functional form of the model was valid and mixing

is indeed the rate controlling process in combustors emnlaoying
diffusion flames. That is, all the complex effects which are
present in an actual combustor and influence its performance,
such as pressure gradients and heat losses, as well as the chem-
ical kinetics, are lumped empirically in the single Correlation
Factor, F.

Combustion Efficiency Calculation

In the correlation procedure, the combustion efficiency was
computed by considering only the non-reactive mixing of the Hp
and 0 propellants; no chemical reaction nor change in stagnation
temperature was considered. In order to compute the combustion
efficiency, "pred? the assumption was made that whenever Hp and
02 were mixed Tocallx, the Ho0 formed at that point could be
computed directTy from the 1imiting constituent. The total mass
flow rate of Hp0 that resulted from this assumption was determined
by numerical integration at each axial station; its division by
the maximum mass flow rate of water that could be formed when all

*Symbols are defined in NOMENCLATURE
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the 0, was reacted (since Hp always was in excess), yielded the
predicted combustion efficiency, npeeq. Using these assumptions,
Npre¢ Will increase with axial lengtﬁ. until ultimately it
aBprcaches 100%. Although this assumption obviously is not valid
‘n a:tual combustors, since chemical equilibrium and heat losses
prievent attainment of complete reaction (and hence 100% combustion)
eve: for very long chambers, the assumption that n,.eq increases
with increasing chamber length appears reasonable For practical
combustors which always are reasonably short. As demonstrated
below, these simplifying assumptions, while precluding computation
of detailed flow conditions such as local concentration or veloc-
ity, do not adversely affect the prediction of combustion
effiziency.

The combustion efficiency was computed in the following
manner. The local mass fraction of H»0, YHZO, that would have
occurred as a result of mixing was computed as

9
Y = ZY. , when Y, /Y, < 8 (5)
Y = 9Y, , when Y. /Y > 8 (6)
H20 H2 02 H2

For the cases considered, in which Hy was always in excess, the
maximum quant ty of water fermed was proportional to the initial
flow rate of 0p; that is, all the 02 would ultimately react to
form HZO’ so that

M = .9_ G 7
(hy o) = F(6p) (7)

Therefore, the .verall combustion efficiency at any axial station
was computed as

_ 2m Mo )
"pred T ThooT— l oYy ordr (8)

27 max

where reo is the freestream boundary which defines the extent of
the shear layer, i.e., mixing region.

I» tne computation for npred, the gqoverning equations of
change, which are the shear layer equations, were solved



numerically in von Misses coordinates using a standard explicit
finite difference method, similar to that described in Ref. 8.
For simplicity, the outer (external) H, stream was assumed to be
infinite in ex.ent (Figure 2) which was consistent with the as-
sumption of excess Hz. Of course, this meant that the velocity
at the outer edge of the hydrogen stream (freestream) always
remained constant, and equal to its initial value, which is not
the case in an actual coaxial injector element, as demonstrated
in the next section of this report. Numerical integration was
continued until the length (distance from injector to throat) of
the actual combustor being modeled was attained. Mean values of
velocity, mass fractions, and static temperature were computed
at each grid point in the flows and the value of np.oq wWas com-
puted from these profiles by summation at each axigﬁ station
using Eq. (8). Computed and measured combustion efficiencies

were then compared and an appropriate adjustment of the correlating

parameter, F, made, and the entire numerical procedure repeated
(starting again at the injection station) until the desired
agreement was attained; agreement of 0.1% in n was found to be
quite satisfactory for good correlation. Linear interpolation

of initial results of npp.q versus F reduced the number of itera-
tions needed. The simp?e computer orogram used for the correla-
tion required only about one minute on the IBM 360/65 per itera-
tion; four iterations were generally sufficient for convergence.
Additional details of the computational procedure are presented
in APPENDIX A.
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IV. RESULTS AND DISCUSSION
A. Gas Rocket Performance Predictions

The first task of the contract required that 100 data points
be selected from Refs. 9 to 13 and correlated as described in the
preceding section. The data selected, and approved by the NASA-
LeRC Project Manager, are presented in Tables 1 to 5. The data
in the tables designated A were taken directly from the various
reports (except for the central jet radius Ry which was computed).
The data in the tables designated B summarize the correlation
obtained for each case.

The injection velocities for the Hp and 02 were computed
using the continuity equation and the perfect gas law, e.g., UOE,

the injection velocity of the gaseous 0 propellant was compute
from the relation

(60,) (R) (T, )
U, - TR (9)
0, * TPCITMWO,TTTAG )

A similar computation was made to calculate the injection velocity
of the gaseous Hp, Uy,_. The velocity ratio, VR’ was simply com-
puted as z

u
H

—1
Ve = ip (10)

2
The effective radii Ry and Ry were computed from the relations
S I 7 ¢ (1)

F(ZAH ) 1/2
R, = 2+ g2 (12)
2 m(EL 1

|
i

Note the thickness of the Splitter platé was not considered in
the computation of Ry because the coaxial jet (shear layer)
computer program cannot handle the recirculation that would be
generated in the immediate vicinity of the splitter plate.
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Correlation of Data

Applying the correlation technique discussed in ANALYSIS
using the Gaseous Hydrogen/Oxygen Rocket Performance Correlation
and Prediction Computer Program described in APPENDIX A, re-
sulted in the values of the Correlation Factor, F, and the Cor-
relation Function, F(L/Ry), [which is written F<L/Ry] tabulated
in the last two columns of the tables designated B. Values of
the experimental efficiency were predicted to within +0.1% using
these tabulated valnes,

The experimentally determined enerqgy release efficiency
(or combustion efficiency) is plotted versus the velocity ratio,
Vo, in Figs. 3A to 9A for all of the data. The points in these
pQOts show considerable scatter, which was not unexpected, since
many different engine geometries and flow conditions were cor-
related. The scatter of these data illustrates the magnitude
of the correlation challenge.

Since an empirical adjustment of the mixing was to be
employed in the correlation technique by varying the Correlation
Factor, F, computation of the exact experimental combustion ef-
ficiency for each particular case always can be achieved. Of
course, such agreement is not at all significant unless useful
correlation of a reasonably wide range of experimental data is
attained - that is, a useful correlation must result in a smooth,
continuous Correlation Factor, F, over a range of test conditions
at least for similar geometries. Therefore, the value of the
proposed correlation technique could not be assessed until a
considerable quantity of experimental results had been correlated.

Figures 1B to 9B are plots of the Correlation Factor, F,
obtained for each of the injector types again plotted versus Vjp.
These figures clearly demonstrate that the chamber lenath, L,
(injector to nozzle throat) is an important narameter in this
correlation technique. Note, it is not possihle to determine
whether the velocity ratio or the mass flux ratio are the more
basic correlating parameters since these quantities are directly
proportional. When the pressure at the injector exit (i.e., P¢)
and the temperature of each propellant is equal, the constant of
proportionality is merely the molecular weight ratio.

Figure 3C to 9C are plots of the final value of the turbulent
viscosity, or turhulent mixing coefficient, en, [defined in Eq.
(1)) used in the computation of the combustion efficiency; detail-
ed discussion of the calculations are presented in APPENDIX A.
Values of en in _these plots vary widely, i.e., from N.1 to 6 x
10-4 1bf-sec/ft2 (values of F<L/Ry vary only from 3 to 17). Also,
the e,'s exhibit rather irregular, erratic behavior, which clearly
illustrates that they would be completely unsatisfactory correla-
tion or prediction parameters. Comparison of values of e, with
corresponding values of F (Figs. 3B to 9B), and specifically the
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Bell Coaxial Injector results of Fig. 9C for L = 4.24 in..
conclusively prove their unsuitability. It would be impossible
to interpolate with confidence between any of these values in
Fig. 9C even in the immediate vicinity of existing points. Note
however, that it is the magnitude of the Turbulent 5iscosity €
{synonymous with Eddy Viscosity and Turbulent Mixing Coefficient)
which is the measure of the mixing that occurs in the actual
rocket engine, not F, which merely indicates the extent of the

"adjustment" required in emodel, €.9., see Eq. (1).

The general similarity of the shape of the plots of F versus
VR (Figs. 3A to 9A) is very surprising when the great differences
in injector geometry and operating conditions are considered.
Only a very few points do not seem to correlate consistently,
e.g., one of the 6-in., length Rocketdyne Coaxial injector points
in Fig. 3B. However, the Energy Release Efficiency of this
point, 31H, is considerably higher (2.3 and 4.2%) than adjacent
points 25H and 33H, (Table 1A) although conditions for all three
of them are nearly identical; therefore, the validity of this
data point is questionable. One advantage of this correlation
technique is it permits a simple assessment of the consistency
of the experimental performance data.

General Correlations

Consideration of the Aerojet Coaxial Injector Data in Fig.
5B suggested that F is inversely proportional to the chamber
length, L. The correlatiun F«L versus Vp was applied to all the
data and is presented in Figs. 10A and 10B. However, the values
of F«L for the Bell Reverse Flow Injector are almost 10 times as
high as for the other four types of injectors (Fig. 10A) and so
had to be plotted on a separate figure (Fig. 10B). Nevertheless,
considerable consolidation occurred when the parameter F was
replaced by FeL. The TRW Triplet Injector Correlation Factor,
F, was considerably smaller than the others, as was its "effec-
tive" central jet radius, Ry. Comparison of these results with
those of the Coaxial Injectors suggested that F is directly pro-
portional to Ry. Results of the F/Ry correlation of the entire
set of data is presented in Fig. 11; again considerable consol-
idation occurs. In fact, the curve for the TRW Triplet (Ry =
0.0256 in.) and that of the Rocketdyne Trislot (Ry = 0.105 in.)
both of which have nearly the same length, are practically con-
tinuous in Fig. 11; whereas, there is no indication of any cor-
relation of these data in Fig. 10A. Results obtained with the
Bell Reverse Flow Injector (Ry; = 0.713 in.) also demonstrate the
effectiveness of the F/Ry parameter. The maximum value of F for
this injector is 2.2 as compared with a high of 0.32 for the
other four types of injectors; however, values of F/R} are only
slightly higher for the Reverse Flow Injector than for the
others, e.g., 3.0 vs 2.6 in.”', validating the usefulness of the
F/R1 parameter.

11
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The final non-dimensional Correlation Function, F+L/R;
plotted versus Vg, fcr all the Gaseous Hg/ng Rocket Engine per-
formance Data analyzed was presented in Fig. 1. It consists of
Correlation Factor F multiplied by L, the chamber length and
divided by Ry, the "effective" radius of the central oxygen jet,
and is a combination of the F<L and F/Ry parameters. This func-
tion compressed the performance data for all of the injectors
including the Bell Reverse Flow injector; it allows direct com-
parison of the effectiveness of various injector types at a
given value of Vp. Of course, values of F-L/Ry at different
VRp's cannot be used as a measure of the effectiveness of the
mixing any more than can F and for the same reasons.

Figure 1 shows that no single type of injector is best over
the entire range of velocity ratios. Also, the functional form
of F+L/Rqy suggests that within the range of parameters covered
by the data, chamber length, L, is directly proportional to the
effective radius of the central jet, Ry, for a given level of
performance. This tentative conclusion is extremely important
and should be verified experimentally. Nevertheless, it is
certainly reasonable that improved mixing occurs as Ry is de-
creased. In fact, this effect is currently utilized in chemical
laser designs, which utilize microjet nozzles to obtain extremely
short mixing and reaction lengths.

The role of the Correlation Function appears to be similar
to that of the drag coefficient for flow around bodies of various
shapes, which predicts the shapes that will exhibit the highest
draqg at a particular set of flow conditions, i.e., Reynolds
number. The Correlation Function, F-L/R3y, permits similar com-
parison of the relative effectiveness of various injector types
at a particular V, because injector geometry is eliminated by
this simple non-d@mensiona] parameter. Note, the Reverse Flow
correlations were surprisingly consistent with the others in
Fig. 1, despite the fact that a single oxygen injector was used
with R] 28 times as large as in the TRW Triplet.

Discussion of General Correlation

One unexpected result is the sharp break in the Correlation
Function that occurs at Vp between 8 and 10, which very interest-
ingly occurs very close to the overall st~ichiometric ratio of 8
at which the HZ/OZ completely reacts to form water. This behav-
ior is most evident in Fig. 3B (Rocketdyne Coaxial Injector) in
which this transition region is spanned by cases having the same
geometry and very similar flow conditions. The most likely
reasons for this behavior are:

1) Failure of the mass-defect eddy viscosity mixing model
to adequately predict details of the turbulent mixing reacting

12
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flow. The model predicts mixing to be proportional to the
quantity,

r
Mass Defect [ °°|pU-peUe|rdr (13)

It is unlikely that a complex phenomena such as turbulent mixing
will increase linearly with mass defect over the entire range of
flow conditions from Vp = 1 to 25. In addition, the density of
the propellants at the injection station are proportional to
their molecular weights (the molecular weight ratio is 16), and
the velocity of the hydrogen is always greater than that of the
oxygen (i.e., VR > 1), so that a range of velocity ratios exists
(near 16) for which very small mass defect integrals will be
computed over a considerable length of the chamber. The singu-
larity that occurs when this integral is zero illustrates a
deficiency in the model. Of course, the extent of the mixing
that has occurred at a particular axial station influences both
the local mean molecular weight, and hence the density, which
both decrease with length, as well as the local mean velocity,
which increases with length. Analysis of results plotted in
Figs. 3C to 9C show that the values of the turbulent or eddy
viscosity, ., used in the actual mixing computation are generally
near their minimum at Vg = 8, inspite of the fact that the Cor-
relation Factors, F, are near their maximum. Since ¢ ode] = en/F
[Eq. (1)], it is clear that ep,qe7 S computed to be ?ar loo
small in the range 8 < Vp < 18; ﬁence, F must be sufficiently
large to compensate for this defect in the model. The plots of
Emode] VS axial station, z, presented in APPENDIX A further il-
lustrate this point.

2) The hydrogen stream was assumed to be infinite in extent
(see ANALYSIS and APPENDIX A) in the correlation calculation,
which means that the velocity of the hydrogen stream at its outer
edge (freestream condition) remains constant throughout the calcu-
lations. Clearly, such a condition does not exist in a thin co-
annular jet typical of a coaxial injoctor in which the velocity
decays rapidly, as demonstrated by the experimental velocity data
presented herein. The persistence of this high-velocity outer
stream in the computation causes the mixing to be over predicted;
however, the factor F, must compensate for this effect, since the
performance of actual combustors (with a thin annular hydrogen
jet) is being computed.

Although the relative importance of each of these effects
is uncertain, it is not necessary to understand them in detail,
since accurate predictions of the engine performance (combustion
efficiency) is obtained with the existing Coirrelation Function.
The fact that practical results can be attained without detailed
understanding of all of the physical processes involved is one
of the major advantages of a practical semi-empirical approach
such as the one presented herein.

13
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Evaluation of Design Parameters

The success attained with the Correlation Function when
plotted versus the Velocity Ratio (Fig. 1), suggests that only
those quantities explicitly included in these parameters are
of major importance, and that all others are of only secondary
importance in the prediction of gaseous rocket engine performance.
Two of the secondary effects discussed below are the chamber
pressure and the film coolant level. Note, variables such as
the injector element spacing chamber diameter, nozzle confiqura-
tion, heat losses, etc., do not appear to be of prime imnortance,
but their significance cannot be assessed directly because they
generally are constant for each particular engine, so that there
is no simple means for differentiating between them when comparing
completely different engines. A test program designed soecifically
to evaluate these secondary effects would be beneficial. Because
of the demonstrated insensitivity of the correlation technique
to size, this program could be conducted almost exclusively with
small-scale engines.

Those design parameters for which definite conclusions
appear justified are summarized below:

1. Velocity Ratio, Vp, has been demonstrated to be the
most important parameter in the co*re]ation (e.g., Fig. 1).
Note that the mass flux ratio, (pU)y,/(oU)g is directly pro-
portiona] to VR and that the constan% of prgportionality is
(MNH (MWg,) when the static pressure and temperature of each
propg11an ?s the same at the injection station. The fact that
these ratios are important rather than the magnitude of the
actual velocities is initially surprising. Examination of the
mass-defect mixing model used in the correlation [Eq. (4)], and
consideration of the Species Diffusion, Axial Momentur, and
Continuity Equations (APPEINDIX A) yields the explanation. If
the initial values of both Uy 02 and Uy, are increased (or decreased)
by the same factor, VR, will “remain gonstant; however, the Mass
Defect and hence epode1, [Eqs. (4) and (13)7], also will be
increased (or decreaseé) by this same factor (as lona as the
static temperature does not vary significantly). The Continuity
Equation requires that the transverse derivative of the radial
velocity, and hence the radial velccity itself, increase (or
decrease) by the same factor, because the axiai and transverse
derivatives of the axial velocity, U, both increase (or decrease)
by the factor. Therefore, when UO2 and U4y, are varied simultan-
eously holding Vp constant, every “term in“the Species Diffusion
Equation is multiplied by the factor since the turbulent mass
mixing coefficient is computed as ¢,/0.7, and identical .oncen-
tration profiles are obtained for a?l species in each case,
which yield the same value of n However, every term in the
Shear Layer Momentum Equation ( gnen 3P/3z = 0) is multiplied by
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the square of the factor, because the velocity throughout the

flow field is increased (or decreased) by the factor as well as
€,. Comparison of computer results demcnstrated these explana-
tfons to be valid.

Therefore, the Velocity Ratio, Vg, rather than the velocity
of the individual streams is the critical parameter influencing
the computation of np.aq. The fact that reasonable correlation
of actual rocket tesg Sata was achieved with these computations,
suggests that they adequately approximate the actual complex
processes that occur in combustors employing gaseous fuels when
used in conjunction with the empirical Correlation Factors.

2. The Correlation Function, F<L/R7, suggests that the
ratio of the chamber length, L, to the "effective" central jet
radius, Ry, is the critical geometric parameter in the design
of gaseous fueled rocket injectors. This ratio implies that
similar performance can be expected from "scaled" combustors
of various sizes as long as this ratio remains constant. Of
course, such scaling can be expected to apply only over reason-
able ranges of combustor dimensions, i.e., those within the
range of the test data correlated herein.

3. Chamber Pressure, P, was shown to have little influence
on the Correlation Factor, F, e.g., F'gs. 3B to 98. 1In Fig. 9B,
a single curve correlated the Bell 9.5-in. length coaxial injector
for P.'s ranging from 90 to 260 psia. The overall success of the
Correlation Function, F<L/Ry (Fig. 1) implies there is no P
effect, at least over the range of Pc's from 15 to above 458 psia.
The computations are not affected by pressure because when pres-
sure gradients are neglected, the Species Diffusion Equations,
Shear Layer Momentum Equation, and Continuity Equation are all
independent of pressure, as long as a mass-defect mixing model
and the perfect gas law are used to compute emgde]. Note, if
the flow is assumed to be isoenergetic, the momentum equation
is not completely independent of the static temperature (as it
is of the pressure), since static temperature depends on the
local velocity. However, for subsonic injection velocities,
static temperature variation is small and density variations
are caused primarily by the molecular weight variation.

4. The Film Coolant was shown to have little effect on the
correlations in Figs. 1 and 3B to 9B. 1In fact, only in Fig. 6B
does the Film Coolant Level appear to influence the value of F.
As explained in ANALYSIS, all correlations were made neglecting
the hydrogen fuel injected in the film barrier, focusing on only
a "typical" injector element. Of course, if the combustor design
were such that a significant portion of the film coolant were
ingested into the combustion zone and reacted, this assumption
no longer would be valid. Apparently, such an effect occurred
in the Aerojet Premixed Combustor.
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In Fig. 1 the solid squares designated Aerojet Premixed
(No Coolant) correlate more poorly than any of the other 100
points. Interestingly, the Aerojet Coaxial and the Premix cases
in which 20 to 30% of the total hydrogen was injected as film
coolant, all correlate reasonably well with a single straight
line. Assuming no errors in the reported data, the most reason-
able explanation appears to be that high levels of coolant
increase mixing (yielding higher values of F-L/Ry at a given VR)
in the Premixed Injector geometry, by causing some of the coolant
to react, than occurs in cases in which no film coolant is present.
In the Premixed Injector, H,/0, is presumably mixed prior to
injection and the 11ke11hoos o; the hydrogen coolant reacting
with the oxygen present in its immediate vicinity (near the wall)
is obviously far greater than when each oxygen injector element
is completely surrounded (and hence "protected") by an exces-
of hydrogen, as is the case for most of the other typne. of
injectors. Apparently, without the film coolant to enhance
mixing, the Premixed Injector is less effective than the Coaxial
Injector. (Clearly, additional data should he correlated to
confirm the above hypothesis.

Application of Prediction Technique for Perfurmance
Optimization

The ultimate application of the Performance Prediction
Technique would be for design guidance in the selection of ortimum
combustor geometries and flow conditions. The Correlation Func-
tion, FeL/Ry, in Fig. 1 permits an assessment -of the Hp/0p in-
jector conflguration expected to yield the highest pergormance
at the design velocity ratio. Of course, the selection of most
efficient injector configuration can only be made from those
specific injectors for which correlations already are available.
For example, there is no means for determining whether chanainn
the angle of impingement of a Trislot Injector element would
improve its effectiveness - unless such an injector were test
fired and its combustion efficiency determined exnerimentally
for at least a few velocity ratios (mixture ratios).

Once the type of injector element Lo be used for a particular
apnlication has been selected, the fiow conditions that wili yield
the highest performance and the anticipated overall‘efficiency
are of interest to the designer. The Prediction Technique sre-
sented herein may b2 used to select the flow conditions, e.qg.,

VR, expected to yield the highest performance. Subsequent hot
firings would confirm the predictions and yield additional per-
formance data, that wnen correlated, would allow refinement of
subsequent predictions. Of course, cnce the velocity of each
propellant was selected, the effective radius, Ry, of the central
injecter could be chosen to achieve the desired mixture ratio.

~
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An axample of this procedure, using the Rocketdyne Coaxial
Injector and 5-in. chamber is presented in Fig. 12, in which
predicted Energy Release Efficiency is plotted versus Vp. In
these predictions all input parameters including Ry were held
constant at those values indicated in the figure, except for Up,
which was varied from 118 to 205 ft/sec and the Correlation
Factor F, which was taken from the curve of Figs. 3B in which 10
points were very consistently correlated for the Rocketdyne Co-
axial Injector with L = 5 in. These data were selected for use
in this illustration because the correlation curve contained a
maximum, and the effect of this type of correlation on the pre-
diction was .f interest. The results in Fig. 12 indicated bc*h
a minimum and a maximum in performance is predicted, and that
Npred Varies between 92 to 96% - a very significant variation in
pgr ormance. The "S" shape of the curve is undoubtedly caused
by the fact that the Correlation Factor was double valued. It
would be extremely interesting to test fire this particular engine
to determine whether or not both the maximum and ‘minimum per-
formance levels do indeed occur.

Sensitivity of Predictions

The Correlati.n Factor, F, is the only input parameter not
read?ly determined when making performance oredictions (see
APPENDIX A). The results presented in Fig. 1 showed that as
anticipated in any correlation of experimental data, some scatter
occurred about each of the correlation curves. Therefore, it
was of interest to determine the significance of a perturbation
in F on the predicted value of n. A specific test was made using
the Coaxial Injection Data of Rocketdyne Case 12H by changing F
+ 4% from the value of 0.185 reported in Table 1B. The : 4%
variation in F resulted in only a * 0.6% variation in the pre-
dicted value of n (ETA PRED), indijcating that the variation in n
was only about 1/6 the magnitude of the perturbation in the bnre-
dicted value of n.

These results were typical of those obtained for ail the
other cases, i.e., the magritude of the slope AF/An was very
nearly constant for all tne ciases except for the Reverse Flow
Injectors. These results demonstrate that reasonably accurate
per formance predictions can be expected when realistic estimates
of the magnitude of F are possible, and that F does not have
to be known precisely if estimates of n to within + 1% are
adequate.
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Space Shuttle Main Engine

Although there is little interest at present in gaseous
H,/0, rocket engines, there is considerable interest in LOX/
ggse us H2 engines since these propellants are used for the
Space Shuttle Main Engine (SSME). The SSME is not only very
much larger than any of the Reaction Control Engines, i.e., 600
injection elements, 8.9 in. chamber dJdiameter and 14 in. lenqth,
but initial designs operated at pressures as high as 3000 nsia.
Therefore, aonlying the Performance Correlation/Prediction
Technique to this engine was a considerable challenge. Mr.
Klaus W. Gross, NASA Marshall Space Flight Center supplied
several sets of pnerformance data for various engines in various
stages of development. Each data set was correlated by applying
the identical technique used for the gaseous H2/02 engines, but
the injection velocity of the oxygen was computed assuming the
oxygen to be gaseous rather than liquid (see LIQUID ROCKET
PERFORMANCE PREDICTICNS).

Detailed results will not be presented because extremely
lTimited test data were available at the time the correlations
were made. However, values of F, F«L, F/Ry, and F-L/R, were
all within the range of the data plotted in Figs. 1, 10, and 11.
Obviously, definite conclusions cannot be drawn from these
preliminary data; bowever, it is clear that SSME data can be
successfully correlated, and meaningful predictions made, once
a data base has been established. The fact that P. and the
number of injection elements both were increased nearly an order
of magnitude from preavious maximum values made l1ittle difference
in the maanitude of the correlation parameters.
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B. Liquid Rocket Performance Predictions

The successful application of the semi-empirical correla-
tion/prediction technique to gaseous H2/02 rockets suggested
that it might be applied as well to liquid rockets. Of course,
in liquid/1liquid rocket engines, droplet formation, injection,
penetration, spreading, mixing, burning, and vaporization occur
as well as gaseous mixing. Therefore, the magnitude of the
"equivalent mixing" of a cold-flow, coaxiai gas/gas injector
element would be expected to be considerably smaller when applied
to liquid/liquid injectors than when applied to gas/gas injectors.
However, the correlation/prediction technique, because of its
semi-empirical nature, still should be applicable.

To demonstrate this capability, Bell Aerospace Reaction
Control Engine (RCE), Ref. 14, and Orbital Maneuvering Engine
(OME), Ref. 15, test data were correlated; in each case, the
fuel was monomethyl-hydrazine (MMH) and the oxidizer was nitric
oxide (N20g). However, two very different types of injector
configurations were used in these engines; the RCE elements were
unlike doublets, while the OME elements were triplets (two MMH
jets impinging at 32° on a central N204 jet).

In order to demonstrate the applicability of the correla-
tion/prediction technique to liquid propellants as simply as
possible (without any modification of the computer program),
the calculation of propellant "injection velocities" were made
assuming that the propellants were completely vaporized, so0
that the injection velocities UMMH and Uy,qg, could be calculated
combining the Continuity Equation and Per?eét Gas Law as in Eq.
(9), but using the appropriate molecular weights. Threrefore,
the velocities computed in this marnner are referred to as "nseudo"
velocities, since they are purely fictitious. Of course, the
actual injection velocity of liquid propellants depends on the
density of the liquid and not their molecular weights; however,
computation of "pseudo" velocities was the simplest way to apply
the technique to liquid rocket data. Since the demonstration
calculations were made with the same computer program used for
the H2/0p propellants, incorrect molecular weights (i.e., 2.016
and 32.0§ and thermodynamic properties were associated with MMH
and N204 in the nppeq computations. Nevertheless, because these
computations all were made in a consistent manner, the Correla-
tion Factor, F, "adjusted" the mixing [Eq. (1)] to the appropriate
level for each experimental firing and excellent correlation of
all 21 cases was obtained.

The experimental combustion efficiency data, npred, is
plotted versus the Mixture Ratio, N204/MMH, in Fig. 13a. The
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Mixture Ratio was plotted from right to left so that trends would
correspond roughly to the previous plots in which VR was used as
the independent variable. Clearly, attempting to correlate such
widely scattered data was a considerable challenge for the cor-
relation/prediction technique. Resulting correlations are ore-
sented in Fig. 13b in which the Correlation Factor, F, is also
plotted versus the Mixture Ratio, Np04/MMH; these correlations
were unexpectedly good. A1l the points for each type of injector
fall on a smooth continuous curve, suggesting that meaningful
predictions may be made for liquid propellants as well as for
gaseous propellants. Of course, each of the injectors has a very
different correlation characteristic because two very different
configurations were used. Naturally, a gqreat deal of additional
liquid rocket performance data must be correlated for various
types of injectors and ranges of flow conditions before nredictions
can be made except within the rather limited range of the Beli
OME and RCE data. Nevertheless, these results suggest that the
relative mcrits of the unlike doublet and triplet be carefully
evaluated in subsequent engine development programs.

The final values of the Turbulent Viscosity, €ns Comnuted
at x = L for the Liquid/Liquid Rocket data are presented in Fig.
14. These results confirm the conclusions concerning Figs. 3C
to 9C, i.e., the mixing coefficient itself cannot be used for
correlation or prediction of rocket performance data. Of course,
some of the variation in Fig. 14 is probably caused by the fact
that “pseudo" velocities rather than actual liquid velocities
were used. For this same reason, it is not possible to compare
the magnitude of the F's for gasecus and liquid injectors and
draw any definite conclusions.
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C. EXPERIMENTAL COAXIAL JET FLOW CHARACTERIZATION

The Gaseous Rocket Performance Correlation/Prediction Technique presented herein is based
on the ability to predict, at least approximately, the non-reactive turbulent mixing that occurs in a
coaxial jet. Therefore, it was of considerable interest to characterize such a flow in detail, and to com-
pare the results with predictions made using available computational techniques. In this task, the Bell
19-clement Coaxial Injector, which had been previously tested during hot firings was selected to insure
that this investigation would be relevant to practical rocket combustors. For simplicity, all elements
except for the central element, were masked so that the complex 3-D interaction between elements
need not be considered. A photograph of this injector is presented in Fig. 15. A schematic diagram
showing the dimensions of the elemen is shown in Fig. 16. Note, that the splitter plate separating the
central and annular jets was recessed 0.03 in. from ihe o1 ector face.

The motivation for this investigation was twofold: First, because coaxial elements form tuc
basic inje :tion mechanism for many combustors, it was of interest to better cliata:terize the initial flow
region of such elements. Second, since computations for reactive systems in the past have often been
based on the ability to predict the non-reactive turbulent mixing, it was of interest to characterize such
a flow in detail and compare the results with predictions made using available computatioaal techniques.

The measurements presented herein are applicable to the developing region of a coaxial jet in
which the injection velocity of the central jet is significantly less than that of the external annular jet.
That is, an effort was made to characterize the classical core and transition regions (Fig. 2) of a practi-
cal Coaxial Injector Element, in which the velocity ratio, Vg, was 2.8, a value typical of the Coaxial
Injectors for which the Correlation/Prediction Technique was applied, e.g.. Fig. 1 and Tables 1, 2, and
5.

Several previous experimental investigations have been conducted to characterize the flow
field of coaxial jets. Determinations of the mean velocity field obtained using pitot probes are dis-
cussed in Refs. 16 to 18. Two more recent investigations have been conducted using hot wire anemo-
meters in which both the mean and turbulence structure of the flow were determined, Refs. 19 and
20. One assumption, which seems to be common to these investigations was that static pressure gradi-
ents in the developing region of the flow are small and could be neglected. However, as demonstrated
herein, when the velocity ratios. UO/Ui, are greater than one, and area ratios, AL/Ai' greater than zero
(typical of real combustors). neglecting differences in static pressure in the vicinity of the injector may
not be a valid assumption. When using total and static pressure data to calculate mean velocity for in-
compressible flows, even extremely small changes in static pressure can cause large errors in the velocity
determined. These small changes in static pressure do not, however, causc large errors in velocity
measured using a hot wire. Using hot wire anemometry, both Champagne and Wygnanski, (19) and
Durao and Whitelaw, (20), investigated incompressible coaxial flows where the velocity ratios were
greater than one. The measurements of Champagne and Wygnanski were concerned with the developing
region of coaxial jets where the initial flows were nearly fully potential and separated by a very thin
splitter plate. In contrast, the measurements of Durao and Whitelaw were for fully developed flows
with a significant splitter plate thickness.

The present study was concerned with the flow from a coaxial injector element from an actual
combustor  As with most practical flow hardware, the nozzle and annulus flows were neither fully
potential nor fully developed and the separation distance (sphitter plate) was relatively large.
Meastirements were made for a velocity ratio greater than one and in contrast to previous investiga-
tions the velocities were in the compressible range. As noted earlier, these higher velocities are typical
of real combustors.
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Experimental Procedure

In this experimental investigation, a Bell 19-element coaxial injector, which had been pre-
viously tested during hot firings, was selected and all elements except the central one were masked,
(13). A photograph of this injector was presented in Fig. 15 and geometrical shape and physical size

are shown in Fig. 16. Note, that the splitter plate separating the central jet and annulus was recessed

0.03 in. from the injector face. The constant area inlet length was about 6 diameters for the central
nozzle and about 7 nozzle thicknesses for the annulus. Therefore, tully developed turbulent flow
conditions were not expected at the injector exit. The area ratio between the outer and inner
nozzies, Ay/A;, was 1.48 and between the splitter plate and central nozzles, A /A;. was 1.02. The
ratio of the annulus velocity (U = 700 ft/sec) to that of the central jet (U. = 250 ft/sec) was equal
to 2.8 for all tests. These velocities and dimensions correspond to Reynolds numbers of 3.8 x
10° based on diameter for the inner jet and 2.0 x 10® based on annulus height for the outer jet and
are approximately an order of magnitude larger than those investigated in Ref. 19 and 20.

In these experiments, clean, dry compressed air was supplied at constant pressure and tem-
perature to the two plenum chambers. Plenum pressure was measured on a mercury manometer
for the high velocity outer jet and on a precision pressure indicator (T.1.-145) for the low velocity
inner jet. Both plenum and room temperature were maintained at 70t 1°F during all tests.

Mcasurements of mean velocity and turbulence intensity were made using a linearized con-
stant temperature anemometer (TSI-1050). The hot film probe (TSI-1270-10) was calibrated and
linearized to 2% ot reading over the range 100 to 700 ft/sec. Below 100 ft/sec the error increased
becoming about 477 at 50 ft/sec. To assure calibration accuracy, the zero and maximum velocity
points were checked before measurements were made at each axial station. The mean value of the
linearized signal was determined using a true integrator (DISA-52B30) and displayed on a digital
voltmeter (Flukc-8200A). The rms signal was obtained from a true rms meter (TSI-1060).

Total pressure measurements were made using a pitot probe fabricated from a 0.020 in.
outside diameter by 0.004 in. wall stainless steel tube with the tip flattened to 0.006 in. inside and
ground to 0.010 in. outside height. Pitot pressure was sensed usisg a precision pressure indicator
(TI-145) which was calibrated and shown to have inaccuracies less than £+0.001 psid at the 3 sigma
level of confidence. Atmospheric pressure was measured using a similar instrument which had in-
accuracies less than +0.004 psia at the 3 sigma level.

Surveys of the flow field were made by mounting the coaxial injector on a translating table
tmill bed) and moving the injector relative to a fixed probe position. By driving the gears of the
translating table in only one direction, the displacement of the test nozzle was known accurately
to £0.001 n. Initial location of the probes relative to the coaxial injector was determined using a
theodolite.

Detailed velocity and pressure measurements were made along the jet centerline beginning

0.010 in. downstream of the nozzle exit and continuing for 2.50 in. Axial stations at which velocity

profiles were obtained are 0.010, 0.030, 0.075, 0.15, 0.25, 0.50. G.75, 1.00, 1.25. 1.50. 2.00. and
2.50 inches. Pressure profiles were obtained at three axial stations: 0.010. 0.10, and 0.25 inches.

Qualitative Description of Coaxial Jet Mixing

It is helpful in understanding these results to form a picture of the developing tlow ficld.
Some of the flow parameters which must be considered are Reynolds numbers, velocity and area
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ratios, and state of the flow. i.c., fully viscous or potential like flow. In forming a picture of the
flow, first consider conditions where the Reynolds numbers and velocity ratio are high (Rej, >

Re; > 10*, Uy/U; > 1) and where the arca of the splitter plate to that of the central nozzle is ex-
tremely small, i.c., where the thickness of the plate separating the inner tfrom the outer flow can be
neglected, A, /A; = 0. For these conditions and completely viscous flow at the injector exit, veloc-
ity at the nozzle centerline must increase due to viscous mixing between the high velocity outer jet
and the low velocity inner jet. However, for a condition of potential like flow .t the injector exit.
velocity along the centerline will remain constant until viscous mixing at the boundary between the
*wo jets has had time to reach the centerline. In other words, a potential core will initially exist
the length of which is dependent on both velocity and area ratios as well as the initial thickness of
the boundary layers at the nozzle exit. An example of this type flow is discussed in the paper by
Champagne and Wygnanski (19).

Now consider for a moment the same flow conditions as abeve except let the splitter plate
have a finite thickness, AL/Ai ~ 1. The flow must now expand to fill the region immediately down-
stream of this plate. Therefore, a recirculation region will develop which contains two vortices of
opposite direction of rotation, sce Fig. 17. This recirculation region has approximately the same
thickness as the splitter plate at the nozzle exit and tapers to zero at some downstream point. For
the condition of a thick splitter plate, as opposed to a negligible one, the momentum transfer is
initially from both jets into the recirculation region instead of from the high speed outer jet directly
to the low speed inner one. Thus, for completely viscous flow at the nozzle exit the centerline
velocity will decrease. Downstream where the recirculation zone ends, the momentum exchange is
again from the outer to the inner jet and the centerline velocity will now begin to increase. An
example of fully developed jet mixing with a finite splitter plate is discu<ced in the paper by Durao
and Whitelaw (20).

The velocity decay in the early developing region of the flow, the region contained within
the recirculation zone. is caused by at least two separate mechanisms: viscous mixing and pressure
gradients. To help in understanding the separate effects cach of these mechanisms has on the flow
development, consider again the flow condition shown in Fig. 17, but in contrast to the earlier ex-
ample consider the flow at the nozzle exit to be potential with only a thin viscous region at its
boundary. If the static pressure were constant everywhere downstream of the nozzle, as in a free
jet, then viscous mixing would cause a decrease in velocity near the jet edge but a potential core
would exist ncar the center, i.e., the centerline velocity would remain constant for a short distance
downstream. The static pressure is, however, not constant throughout the flow. For conditions
where the splitter plate is not negligible. the recirculation zone forms a pscudo-diffuser. causing u
low pressure region to exist near the nozzle exit. Within this region lines of constant mass diverge
and cven for potential like flow veiocity decreases almost uniformly across the jet. Viscous effects,
which are always present, cause a slightly more rapid decrease in velocity at the jet boundary. For
potential tlow, where the viscous mixing region at the jet boundary has not spread to the centerline
by the time the flow reaches the end of the recirculation zone. the velocity at the centerline will
after leaving the zone, remain constant uniil viscous effects reach the center.

Experimental Results

Due to physical hmitations, flows in practical injectors are neither
completely potential nor fully developed at the noz/ic exit. Experimentally determined initial
velocity proliles for one element of the Bell 19-¢clement injector are shown in Fig. 18. Shown in this
same figure arc power law curves representing a state of fully viscous initial flow. Empirical fits,
using experimental data, show that a 1/7th power law gives the best agreement for Reynolds num-
bers near 3.8 x 10% and that a 1/ 10th power works best for Reynolds numbers near 2.0 x 100, (21).
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A comparison of these curves with the measurements indicates that the flow was not fully developed.
Note that a small potential flow region exists near the center of each jet.

An overlay of velocity profiles measured at twelve axial locations is shown in Fig. 19a. Before dis-
cussing these data, several comments should be made regarding the hot film used and its sensitivity.
First, the power dissipated by the air passing over the heated film depends on both the mass flow
rate past the sensor and the temperature difference between the sensor and fluid. Where this temp-
erature difference is held constant, as it was during these measurements, the hot film is primarily
sensitive to the fluid mass flow per unit area pU. For measurements made at the same flow conditions
for which a sensor is calibrated, velocity can be determined directly; however, for measurements made
at conditions other than those for which it was calibrated, a correction for density must be made.

The actual velocity is thus equal to the indicated velocity times the density during calibration divided
by the density of the flow being measured, U = Vpc/p. Second. cylindrical hot films are sensitive to
flow velocity normal to their axis and almost insensitive to any velocity components along their axis.
These films are, however, not sensitive to the direction of flow normal to their axis, i.e., the magni-
tude of the velocity component normal to the axis is measured and not its direction. Thus, measure-
ments in regions of flow recirculation will be incorrect.

The profiles presented in Fig. 19a show a rapid velocity decrease in the initial region of the
central jet owing to both viscous and pressure effects. Since the initial velocity at the nozzle center-
line can be considered potential, sce Fig. 18, the decrease in velocity between stations z = 0.010 in.
and 0.075 in. must be to a large extent due to pressure effects. Evidence of strong viscous effects
can also be seen by noting the much more rapid decrease in velocity at the jet boundary when
going from z=0.01 to 0.15 in. This figure indicates that for z < 0.25 in. the momentum exchange
is from both the inner and outer jets into the recirculation zone behind the splitter plate. Some-
where between z = 0.25 and z = 0.50 in. the recirculation zone ends and the momentum transfer is
from the high velocity annulus flow directly to the lower velocity inner jet. Also, illustrated by this
figure is the tendency for the higher speed annulus flow to collapse around the central jet. A com-
parison of the peak velocity at z = 0.15. 0.25. and 0.50 in. shows these peaks to be moving toward
the nozzle centerline. Figure 19b shows this trend to continue until the flow becomes jet-like some-
where between z= 1.5 and z= 2.0 in. It is also evident from this figure that the velocity near the
outer edge of the outer flow, r = 0.22 in., remains almost constant until the flow becomes jet-like,
at which time the velocity across the entire flow field decays with distance. This is seen by noting
that the profiles measured at all stations except z = 2.5 in., cross at approximately the same point.

In order to quantify the importance of pressure gradients in the initial regions of the flow,
a measure of static pressure was needed. Because direct measurements of static pressure are diffi-
cult, if not impossible to make near the exit of such a small injector, an indirect measure was made.
In contrast to static pressure. total pressure can be gccurately measured for the fiow conditions
considered here. Mcasurements ot total pressure, PO. in addition to mass flux per unit area, p0,
and total temperature, T, are sufficient to evaluate local static pressure. Static pressure at a
point can for an ideal gas be written in terms of the local total pressure and Mach number as

e
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Mach number can be rewritten in terms of velocity measured using the hot film, U= pCV/p. and ?
static pressure as !
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where the flow temperature is equal to the temperature during calibration. Equations 14 and 15 can
now be simultaneously solved for static pressure.

The effect of experimental error when evaluating static pressure can most easily be seen
by expanding Eq. 14 for small Mach number.

P 2 4
_2_, l +7_b4. +.?M_ (16)
p 2 8

By substituting Eq. 15 for M2 one gets a quadratic equation for static pressure, which when solved
becomes
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During this investigation, the central jet Mach number was always less than 0.23, therefore, the
terms (y-1) M2/2 and yM4/8 were neglected and the above equation differentiated to give a simple
expression relating static pressure error to errors in measurements of mean velocity and total

pressure.
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Evaluation of Eq. 18 for errors of 2% in V and 0.25% in P, show the expected error in static pres-
sure to be less than 0.4%.

Using the hot film and pitot tube data and Eq. 14 and 15, static pressure was determined.
The data plotted in Fig. 20 shows static pressure to be approximately 2.5% below ambient at the
nozzle exit (14.30 psia compared to 14.64 psia), to increase rapidly and become equal to ambient
just beyond z = 0.25 in. (approximately one inner nozzle diameter). Shown in Fig. 21 are three
radial pressure profiles The profiles measured at 2 =001,0 10 and 0.25 in show static pressure
across the central jet to be practically constant. There does appear to be a very slight decrease in
pressure near the jet boundary for » = 0.01 in. These figures show axial pressure gradients to be
much stronger than the radial ones for the flow contained within the central jet. However, outside
this region. in the recirculation zrng, radial pressure gradients must be very steep because it is
across this very narrow region that the pressure increases to become ambient.
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Discussion

Figure 22 has been prepared to show that the static pressure measured at the nozzle exit is
of the magnitude one should expect. Shown in this figure is a plot of inner nozzle exit pressure as
a function of annulus plenum pressure. With no flow in the central jet, increasing velocity in the
annulus causes a nearly linear decrease in pressure at the nozzle exit. Also shdwn in this figure is
one static pressure point measured for a inner jet velocity of 250 ft/sec and an annulus velocity of
700 ft/sec (plenum pressure = 10 in. Hg). As expected, the pressure was lowest with no flow in
the nozzle and increased with increasing velocity.

Going back to the idea that flow downstream of the splitter plate torms a pseudo-diffuser,

one can be integration of the data given in Figs. 19 and 20 establish contours (lines) within which mass

is constant and equal to the total flow through the central nozzle. Doing this, one finds that the
flow expands approximately 60% of the distance across the splitter plate at the location at which
pressure gradients disappear.

Effects of neglecting pressure gradients when evaluating velocity from hot film and pitot
tube data can be seen in Fig. 23. Three separate curves of centerline velocity are shown. The velocity
curve indicated by open circles is evaluated from hot film data directly while the curve indicated by
solid circles is the same data corrected for changes in density (true velocity). Comparison of these
curves shows the maximum crror in velocity due to neglecting density variations to be less than 37%.
I'he third curve, indicated by diamonds. shows the velocity calculated directly from the total pres-
sure data assuming static pressure everywhere equal to amtient (as is often done in reduction of
pitot tube data for coaxial icts). Determination of velocity in this way can result in tremendous
errors, e.g., the 2.57 difference in static pressure results in a difference of approximately 40% in
calculated velocity. This large error results from taking the difference between pressure ratio and
one in contrast to hot wire ¢rrors which results from pressure ratio only.

Figure 23 shows not only a rapid decrease in centerline velocity due to both viscous and pres-
sure effects (2 <0.35 in.), it also indicates a short region beyond the recirculation zone where the
velocity remains constant (0.35 in. <z < 0.55 in.). The reason for this, as has already been ex-
plained, is that the growing viscous region has not spread to the centerline before the flow leaves
the recirculation zone. The sharp increase in velocity for z > 0.55 in. shows that viscous cffects
have finally reached the centerline. Bevond z = 0.35 in. and until the flow becomes jet like at
z = 2.0 in.. the momentum exchange is directly from the high velocity annulus flow to the lower
velocity nozzle flow. There is, of course, during the entire flow development., a viscous region
growing at the outer edge of the annulus. Where the ratio of annulus area to central nozzle area.
Ao/Aj, is less than one. this viscous mixinz region will have a large cffect on the flow development.

For Apg/Aj > 1. which 1s the condition considered in this paper, the effect of this viscous regon is
to cause the flow to become jet-like more rapidly (19).

To demonstrate the accuraecy of the velocity measurements, momentum was caleulated at
cach anial measuring station. The percent deviation in momentum from the mean ot all measuring
stations is shown as a function of amial displacement in Fig. 24. The maximum error over the en-
tire measuring region is less than 277 Two fuctors contributing to this small crror are the non-
lineatity of the hot film response and the finite region over which the momentum intezral could he
evaluated (the region over which measurements were made). Using this same data. the rate of mass
entramment was determined. [t is apparent from Fig. 25 that the rate of entrainment remains al-
most constant with downstream distance. Comparing this rate with that of a tree jet, e.g., see

Spalding (22), the coaxial injector corresponds to a free jet with a nozzle diameter of 0.27 in. This
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is smaller than the annulvs diameter (0.44 in.) and larger than the central nozzle diameter (0.24 in.),
thus, the measured entrainment rate is within the expected range.

Ir addition to mean velocity. axial turbulence intensity was determined at each measuring
station. Figure 26 shows an overlay of turbulence intensity profiles measured at seven axial stations.
During the carly development. three intensity peaks exist. two corresponding to the mixing regions
between the recirculation zone and the jets and one corresponding to the mixing region at the outer
edge of the annulus. The two peaks downstream of the splitter plate rapidly merge and become one
at the end of the recirculation zone. Note that beyond this zone the inncr peak decays and moves
towards the centerline. becoming jet-like between z = 1.5 and 2.0 in. In contrast the outer peak re-
mains at a fixed position. z = 0.22 in., while decreasing in magnitude (as for a free jet). The changein
magnitude of turbulence intensity along the jet centerline can best be seen from Figure 27. Turbulence
intensity increases almost linear with distance rom the nozzle exit to the end of the region of re-
circulation, 2 < 0.25 in. For a short distance outside this region. 0.25 <z < 0.45 in.. the intensity
remains fairly constant then increases similar to the mean velocity. These regions of similarity,
between the centerline velocity and turbulence intensity, do not coincide v it one another as can be
seen from Figure 28. Shown in this figure are three curves - one for turbulence intensity, one for
mean velocity and a third for the ratio of turbulence intensity and mean velocity (relative turbulence
intensity). Each of these curves show regions of rapid change in the flow properties with axial dis-
placement. Notice. however, that these regions are different in length as well as being slightly dis-
placed from curve to curve. This is not surprising since turbulence and mean time scales are differeut.

Figure 29 has been prepared to summarize in a concise way some of the key features of
voaxial jet flows where the splitter plate has a finite thickness and where the annulus velocity is
greater than the central jet velocity. Shown in this figure are measured velocity profiles plotted as a
function of distance froin the injector exit. The key features illustrated by this two-dimensional
representation of the flow field are: first. the recirculation zone downstream of the splitter plate,
second the rapid decrease in velocity of the central jet in this recirculation region owing to both viscous
and pressure effects, and third, the eventual collapsing of the annulus flow around the central jet.
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D. Analytical Coaxial Jet Flow Characterization

The ability to make meaningful calculations of the
performance of rockets and ramjets has heen an important goal of
Propulsion Engineers for many years., HWithin the past five years,
Chemical Lasers have reinforced this interest, because it has
become increasingly apparent that adequate laser design requires
the ability to predict in detail both laminar and turbulent flows
(including recirculation regions), together with the chemical

inetics, and their complex interactions. At poresent, adequate
design calculations cannnt be made using existing computational
and modeling techniques, e.g., Ref. 2.

Historically, investigators have been concerned with very
simple flows such as single-component, non-reacting boundary
layers, and axisymmetric free jets. Of course, when the com-
plexities of turbulence must be included in analyses, the nre-
diction of even such relatively simple flows becomes a formidable
computational task. Thes2 complexities are cnmpounded when
boundary conditions applicable to actual hardware must be
considered.

In the Analytical Coaxial Jet Flow Characterization nhase
of the contract, computations were made using state-of-the art
computational and modeling techniques. A simole coaxial geometry
was being comnuted in which no significant density variations
occurred. There are two different anproaches qenerally followed
for such analyses of turbulent flows: a) an eddy viscosity
turbulence model, e.g., Refs. 5, 23, 24, and b) a turbulence
kinetic energy turbulence model, e.g., Refs. 25 to 27 and 29.
Because operational computer programs were available at Bell
Aerospace which used the eddy viscosity model of Ref. 5 and the
turbulence kinetic energy aoproach of Spalding et al, e.aqa.,
Ref. 29, these specific models were used for the prediction of
the detailed axial velocity distributions for direct comparison
with the experimental data previously presented (Section C).
Note that the eddy viscosity model of Ref. 5 had been specifically
developed for predicting axisymmetric coflowing streams and,
ther?fore, was expected to make predictions as good as any such
model.

The computational technique used for the numerical inteqra-
tion of the continuity, riomentum, and energy equations was
similar to the method used by Zeiberg and Bleich, Ref. 8, i.e.,
the equations were simplified using boundary layer approximations,
the radial velocity was eliminated through use uf the von Mises
coordinate transformation, and the resulting equations solved by
employing an exnlicit finite difference method. The turbulence
kinetic enerqy (TKE) nrogram and TKE model had been developed by
Spalding and coworkers for predicting flows bounded by walls,
Refs. 28 and 29. 1In applying this program to nredict coaxial
free jet flows, the walls were moved from the coaxial element as
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far as possible to minimize their effect on the computations.
The predictive technique used, was to transform the separate
conservation equations (mass, momentum and energy) into a
"standard" set of nonlinear, elliptic, partial differential
equations, Ref. 28. The resulting coupled equation set was
solved by a finite-difference procedure, using the Gauss-Seidel
interactive technique.

Comparison of the predictions obtained with each of these
mixing models and the experimental data (Section C) are presented
in Figs. 30 to 41. For the eddy viscosity model, predictions
were avajlable at the identical axial stations for which data
were taken; however, because of the aspect ratio constraints of
the grid in the "Spalding" analysis, Ref. 28, identical stations
were not available in all cases. 1In such cases, the axial sta-
tion closest to that desired was presented as indicated in the
figures. Clearly, the agreement obtained with the TKE model and
the data would not have been improved by a minor adjustment of
the grid spacing.

Both type of predictions were made assuming infitial slug
(step) profiles at 2=0 using bulk mean velocities, as discussed
in Ref. 4, These comparisons clearly demonstrate that neither
type of mixing model is applicable tc the coaxial jet flow of a
practical coaxial injector. (Features of this flow were discussed
in some detail in Section C.) In this particular instance the
eddy viscosity mixing model does a far better job than the TKE
model, although the mixing rate is underpredicted somewhat by
the eddy viscosity model but drastically overpredicted by the
TKE model. Note that neither of the analyses account for the
transverse pressure gradients that occur in the actual flow which
gre 1? part responsible for their failure to predict the detailed

ehavior.

The eddy viscosity model made no adjustment for the core
region, as was found necessary in predicting the data presented
in Ref. 4. Had a decreased valuz of the eddy viscosity been used
in the core, a decrease in the predicted rate of mixing would
have occurred, and agreement with the experimental data would
have been even poorer than presented in Figs. 30 to 41.

Two important features of the eddy viscosity predictions
are: 1) The decrease in the central jet velocity at z < 0.5 in.
is not predicted. Since only momentum transfer between the low-
velocity central jet and high-veiocity outer jet is considered,
no velocities less than that of the original central jet can be
computed, and 2) Mixing in the vicinity of the centerline is not
sufficiently fast for the velocity maximum to reach the center-
line Detween z = 1.5 and 2.0 in. as occurs in the data. In fact,
the predictions do not even exhibit a local maximum at the
centerline at the 2.5 in. station. The eddy viscosity model of
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Ref. 5 had to be multiplied by a factor of 1.7 before ti.e maximum
velocity occurred at the centerline at z = 2.5 in. However, in
these predictions mixing at most radial positions were much too
fast, and jet spreading was predicted to be considerably too
great.

Another eddy viscosity model that was onerational at Bell
was that of Ref. 30. Therefore, it was of interest to comoare
predictions of this model with that of the model of Ref. 5, that
had nheen under development for several years, e.a., Ref. 3. The
rredictions made with the model of Ref. 30 were consideranly
poorer than those using the original model; mixing -ates were
sti11 further underpredicted; theref:re, detailed results are
not presented. At the z = 2.5 in. station, the velncity nrofile
stil) exhibited a local maximum (511 ft/sec) at a radial nosition
of 0.12 in. while the velocity at the centerline was 163 ft/sec
lower (348 ft/sec). Therefore, none of the profiles shapes were
as valid as those obtained using the model of Rer. 5. Clearly,
the model of Ref. 30 is not an improvement over that of Ref. 5
;s o;iginally forecast, at least for predicting these coaxial

et data.

The mixing rates predicted with the TKE model and computa-
tional technique designated by Spalding as BRASS are much too
fast resulting in very rapid velocity decays. The relative
influence of the walls whicn could not be moved out beyond aborvt
3.5 in. without computational instability resultina, and the
influence of the TKE model which overpredicted the mixing dras-
tically could not be assessed.

"Adjustment"” oy the velocity field, i.e., the profile
shapes, no doubt could have been made by further modification of
the constants of the models. However, such modification was
teyond the scope of this work, which had as its objective an
evaluation of existing models. Results clearly demonstrate that
a new mixing model, or at least drastic revision of existing
models, is required before computation of practical coaxial jet
flows in which the velocity of the outer jet is siaqgnificantly
greater than that of the central jet, and which contain a splitter
plate, can be made with confidence.
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V. CONCLUSIONS

A simple, semi-empirical performance correlation/prediction
technique applicable to gaseous and liquid propellant rocket
engines was presented. Correlacions were attained by "adjusting"
the computation of the gaseous mixing of an unreactive, coaxial
jet using a Correlation Factor, F, which resulted in prediction
of the experimental combustion efficiency to within 0.1% for each
firing. The technique was successfully applied to Rocke1dyne,
Aerojet, TRW, and Bell Aerospace gaseous H2/02 rocket engines
utilizing coaxial, triplet, trislot, premix, and reverse flow
injector e]ements, and to Bell's 6000 1b-thrust Orbital Maneuvering
and 600 1b-th-ust Reaction Control Engines, which utilize triplet
and unlike doublet injector elements, respectively, and liquid
monomethylhydrazine and nitric oxide propellants.

The ranage of conditions over which the gaseous Hz/0» rocket
engines were correlated is: Injector elements 7 to 96, Chamber
1ength 3.7 to 8.3 in., L* 7.7 to 57, Chamber pressure 28 to 4710
psia, "Effective" radius (Ry) O. 026 to 0.71 in., Up, 90 to 580
ft/sec, U4, 520 to 3720 ft/sec, 1.04 to 22.6, Naxp 81.6 to
99.5%, F1la coolant level to 30%, 0p/Hp mass ratio 1.9 to 7.5,

F 0.029 to 2.2, and F-L/R) 3 to 17. %or these test data, F was
essentially independent of n s humber of injector elements,
chamber pressure, and (excep% n one injector) film-coolant level.

Predictions of rocket eng1ne performance using the simple
unreactive (cold flow), H2/02 mixing calculation require as
inpu%t: chamber pressure (Pc), length from injector to nozzle
throat (L), number of injector elements (EL), and the mass flow
rate, injector area, and total temperature of each propellant.
An additional input required is the Correlation Factor, F, which
can be estimated from plots of F-L/Ry versus velocity ratio, VR,
for {he injector configuration of interest.

The success achieved with these simple correlations suggests
that key rocket design parameters are: 1§ injector configuration,
2) chamber length divided by the "effective" radius of the central
oxidizer jet, L/Ry, 3) velocity ratio, Vg, (rather than the actual
velocities themselves), and 4) prooellant type. The correlation/
prediction technique is useful for nredicting optimum operating
conditions for a given injector geometry, and for assessing the
consistency of test data. Before liquid rocket and Space Shuttle
Main Engine performance predictions can be made with confidence,
additional 1iquid rocket data, covering a wider range of condi-
tions, must be correlated.

Static pressure, mean veiocity and turbulence intensity ;
‘ofiles in the developing region of a non-reactive (air-air) ]
coaxial jet were presented in which Ug/Uj = 2.8, typical of
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coaxial injector elements. Detailed data were obtained at twelve
axial locations (extending from the nozzle exit for a distance

of five diameters) downstream from a single element of the Bell
Aerospace H2/02 19-element coaxial injector. Measurements of
mass-flux per unit area (using a constant temperature anemometer),
total pressure, and local temperature were used in the determina-
tion of local static pressure and velocity.

Results showed the static pressure decreases in the vicinity
of the nozzle exit. Although the pressure reduction was only
0.34 psi, it substantially altered the flow. Velocities in the
central jet near the nozzle exit, decreased initially (there was

no central velocity core) as a result of both pressure gradients
and viscous mixing.

The experimental results were compared with analytical
predictions made using eddy viscosity and turbulence kinetic
energy mixing models and available computer codes. Comparisons
were disappointing, the eddy viscosity model underpredicted the
extent of the mixing, especially in the reqgion within the radius
of the central jet; whereas, Spalding's TKE model drastically
overpredicted the extent of the mixing throughout the flow
field. 1In sum, in practical coaxial injectors: 1) the effects
of pressure gradients can significantly influence the mixing and
combustion, and 2) present turbulent mixing models and computa-
tional techniques are not adequate for predicting the flow in
the developing region.
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Quter Boundaries of
Secondary Pe  Mixing Region
Stresm Concentration
Velocity

(A)

2
-/""/
Masn and Turbulence
(8) Uj ——e \ Seif-Praserving Seif-Preserving
I 1} m v
Core Transition Similarity Seif-Preservation

FIGJRE 2. Schematic of Coaxial Turbulent Jet and Definition of Mixing Regions
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Figure 3A. Rocketdyne Coaxial Injector Performance Data
Reference 9

bt SOBS is it MM@ e

2% o

o A A e, Rt

[ T N I



L 2.z
e ( On/ Hn) Yp o1ivy ALIDO3IA o -
. 0°§1 " ocot 0°5 00
R _ _ 0°0

-

‘ .
h
1
‘
'
§
1
'
i

)

H t

i . §

¢ . i .

} Tl ., . H
! N

m;l- - e - - — -

[ X ' .
.- H 1
N . v .
[ R - - '
' . ' ] H
' H . -

, H
L _———— - - : - - - ‘O—.~
‘ v
'
H ; . H ' !
- S - - ' N '
) . . | . .
M H , N 1
—ee e — - - !
. M i
' . i
B [} ‘
'
i
i

—- | 6 T 15 e
| 0E-8L: - 1 9 v i m ‘ : R (2
7 gt-¢t, s o "up 0°S | :
20z, hs o o - .
— e T s o | IR R _ T
TG N Y R - L ‘ m i : _ _ _ .
bujploo) wysd ﬁm_. 7 L _ m : i - - gz

L eisd gog m-0d e - | . VLva 30NVW¥O4¥Id L

" WOLIICNT IVIXVOD INAGLINION 40 NOILYIIN¥0T -gc 3¥N9I4
e letxeo) audpiayd0y

PR S e e b e e e a g —n et s e s s




u
¥OLO3IONT IVIXYO0D 3INAQLINO0Y 3 “ALIS0DSIA (AGO3) LINITNGYNL 40 3NIVA TVNI4 "OE€ 3¥N9I1d

¢ 2
( %07 Hn) Ya orivy ALIDOT3A
R oo, T

.
| ,
: bt
.

wA ,.

S (1 1t T S BN 1 1 8

[EEVS Sy

1

P e e

;
L.
.x
L
.
:
g e
i
3
H
b
{
1
|
[ .

.
H
i
i
t

w,... B . :

PO NP S

i

1 -

]
——t

T

:

¢

|

214/335'#1[ ‘V+Ol x ALISOJISIA IN3ITNGY¥NL

, e R T o e
| I N T
- e i et SRS sy i ShaS ot SRR | o A I RN SFE shons
R R i3s ; ) o ' : ] i ' i i !
. L R
R ; Dol L B
o L : B Rl ol St SRS Sl s Y R - -+ o i p
- i , w : “ -Iz“ M ) R % 3 it
. . ' 1 _ ] : : i
, H : i : l . ﬁ i N
L A e e T R A S
- . | _ ; . _
- i - EL*!!iL-tt!,_ T T
. : ! ! A { H
A o T O Tt I S I o S B SE mot s
- BEE T B “ : S o
T ] 1 RS $5% i : B A B K
| i B IRS) AR . ! ! .
.4 : 1 — GG SN SN SUNNI SIS PN PSS SO WP PR L SRS (NN SUNN DU S
EE ESSES SEREt 8 . 4.0t RS IR i N T : i i
Rl T il e e
. A RS S A N =i . R ok b
il Bt S Sabns Sk St qu — SR reasraras Buale e I lM N Eeste
; - i R TEN OU st ol e -, ﬁ . : } ! ( - |-
: : R 53 BB ST PSR B | : ;. T ! i R B
[ ! H RS ERR A | : ! _ 1o ' S
B B R e o S R Riaes s R St e s SR e At it EEbantid o ok da
. i . ‘ | ! ‘ ! ¢ i ) ;,
SN AU TR S S SN R S S B o - LI et e
. ;o , " ) -t _ 1 _ “ ' “ M s : - -
ISR, LSS SR SRS SIS DU SRS SRR S S : JRS SN i SRR & N US FRPUE T R E e B bis NI
BEREEN IR e _
- , N e - o B 1 w - + - - -
Pl o | )l ! | NIRRT P O o ”
P | B R U D W S S S B B JRERS o P U . T ey = } i A 1 U SIS S
€Ysqd ZRe |9 SaYduf 9w R : RN RS RO 11 B | _
i R H ' O BN - [ BN PO .
“REYd pyy-9¢2 |8 SIYIUL (79 o | L o : 1 - IS IR LI B
. N H [ PO ' s . IR L . .. .
AT VP AU EET BTSN BRI N et R [ RS | T i N B .
SE RS T EE BT BEET EDION R R I 1 R ohdt e M : T R T N O I
H eisd GpE|o SaYydul ¢-sio! 1 rtw T | LT YT T Tk BER
" SR oS Ty R S - . . B | . L e
S P e P PO SR IR 5. - N S e e R O R T B i
;w‘vn ‘nmxﬁ‘u_ﬂxx”n u..mz' ﬁ# &umw i w;l B _\ : 1.|H T.ll_.n u. .MH.MA.”IIM u. H_... ; ..,W:i‘ . .'MMA.O ulsklw N .ws.l..l' | |r N i - w -




Mo .,

P

e+

PR N

Length (in.) Film Cooling (%) Rocketd
[ — ocketdyne
o] .
5 n-a Trislot
A 6 0 P, = 300 psia
100.0
A
95.0
Nexp (%)
90.0
85.0
0.0 5.0 10.0 16.0 20.0

Velozity Ratio Vg (UHZ/Uoz)

Figure 4 A, Ro~ketdyne Trislot Injector Performance Data
Reference 9
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. Lenoth (in.) Film Cooling (%) Aerojet
! Coaxial
Lo o) 8.3 0
P. = 320 psia
o 83 20 - 30 c pst
a 5.5 0
100.0
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Figure 5A. Aerojet Coaxial Injector Performance Data
Reference 10
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Figure 6A . Aerojet Premixed Injector Performance Data
Reference
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FIGUE 8A. TRW Triplet Injector Performance Data
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FIGURE 9A. Bell Coaxial Injector Performance Data
Reference 13
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FIGURE 15

PHOTOGRAPH OF THE 19 ELEMENT INJECTOR USED FOR
GASEOUS HYDROGEN-OXYGEN ROCKET ENGINE TESTS
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Figure 16. Bell Hydrogen/Oxygen Injector Element
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Figu:z 18. Comparison of Initial Velocity Profiles with 1,7 and 1/10 Power Laws



AXIAL VELOCITY (FT/SEC)
720

Z (IN.)

0.010
0.930
0.975
0.150
0.250
0.500

REGION WHERE
3601 ! i MEASUREMENT
MAY BE IN ERROR

L)

600 T

480w

S O X + Db B

o

240 + . ﬁ‘- \i
120+ ’
po
0 + e —
.0.60 0.40 .0.00 0.60

RADIUS, INCHES

Figure 19a. (‘m.npsnmn ol Mean Veloaty Protides tor 001 <0 /2 < (8



AXIAL VELOCITY (FT/SEC}

720 T
Z N)
600 + o 075
A 1.00
' e o + 1.25
bk b X 150
480 T o
A
360+
2401
1204
0.00 4 4
.0.60 .0.00

RADIUS (INCHES)

Figure 19b. Comparison of Mean Velocity Profiles for 0.75 < Z < 2.5
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Figure 22, Pressure at Injector Bt Versus Annulus Plenum Pressure
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Figure 26. Compurisen of Turbulence Intensity Provile for G.075 < Z < 2.
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APPENDIX A

GASEOUS HYDROGEN/OXYGEN ROCKET PERFORMANCE
CORRELATION AND PREDICTION PROGRAM

1. Description of Program

The computer program used for the Gaseous H2/02 Rocket
Performance Correlation Prediction Calculations is similar to
that described in detail in Ref. 8, i.e., it utilizes an explicit
finite-difference numerical integration technique in which the
governing shear layer equations (which are identical in form to
the boundary layer equations) are solved in the von Mises co-
ordinate system. The basic partial differential equations solved
are:

Mass *
N
dpuy apvy
X oy
Momentum
du 3u _ 1 3 Ndu, dp
pu 3% + PV 33 yN 3y Luy ay] 3x
Energy
) u . u
9H OH _ 1 9 N 2 1 (eH _ 2
n
1 1 J 3o
+ (3=-352) ] h 1]
Sc Pr y=1 oy
Diffusion

(a) Species (frozen and finite rate chemistry)

an BaJ - 1
pU o=+ PV 3y~ - W

3

u N 3ol J
5y [sc ¥V 3y 1+ ¥

~

*Nomenclature is consistent with that of Ref. 8.
A-1




H E
O —

s

(b) Elements (equilibrium chemistry)

~k ~k ~k
3a 8 . 1 9 ry _No3a_
PU X *oov 3y yN 3y [Sc y oy ]
vhere - )
0 = Planar Two-Dimensional Flow
N =
1 = Axisymmetric Flow

The equations are transformed from the physical plane to a
str ‘amfunction plane specified by

wNaw = puyNay and wNaw = pvyNax

In this plane, the Conservation Equations become: !

Momentum
du _ 1 3 duq _ 1 _dp
X wN 9y [a w] pu dx
Evergy
) EE 9 EE n
9H . 13 2,1l i _°2 1. L J 3
3x wNaw[a{axp"Pr(w v )t (55 - B nghaw”
Diffusion
(a) Spe-zics
X WN 3y ~Sc Y pu
(b) Elements ’
ﬁéi = 123 ra 3@53 "
9x wN a3y “Sc Y i
where ) N
a = ouu(%—)




2. Transformed Streamfunction Plane

The streamfunction transformation may be written as

[

Va

¥y Yp N

T f ouyNdy
ya

0 - Planar 2-D Flow

1 - Axisymmetric Flow

If the initial profile consists of two uniform streams; say
hydrogen from y1 = 0 to yp = yHg and oxygen from ys to y3,
0

then the streamfunction can be mputed as
N+1 N+1
+ -
wg'” - w': 1 ) (QU)HZ(.YZ .Y] )
2 - 2
But w] =¥ = 0, so that
1
: N+1
- N+
wz = [(QU)HZ.YZ ]
1
N+1
wz = yz(pu)Hz
For the oxygen stream
1
N+1
by = Lud*h e <pu>02(y’;*‘ - yith

Note that for planar 2-D flow, N%T = 1, the streamfunction is
jdentical to the mass flow rate

vy = (eudy v () x

A-3
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The proper way to model the initial potential core region
is to put the bulk of the grid points in the stream for which
VHy = Y2 Or Yo, = P3 = Y2 is smallest. Also, it should be ncted
tugt Yy may be“> 0 and yt4p < Y3 at the origin, and it is hence
possib1e to concentrate *n?tial?y on the interface region between
the two streams.

The program computational grid will automatically spread

S
|

t
wWVL R U

out towards yp = 0 and Y3 as the mixing process occurs downstream}

Also, more than two streams may be modeled, as long as sufficient
grid points are used; each stream should nave a minimum of ten
grid points. The interval between grid points, Ay, at ¢ = 0 is

_ v Smallest Stream
determined by Ay = Desired Number of Grid Points*

3. Brief Description of Subroutines

The Flow Chart in Block Diagram form of the Bell Aerospace

Combustor Correlation/Prediction Program is presented in Fig. A-1.

The important Subroutines are described briefly below:

MAIN

MAIN is used to input the data for each case, initialize the
necessary variables, and then to call the true Master subroutine
of the program, MARCH. MAIN will also control the FCORE varying
of the viscosity level and repetition of a calculation until it
converges upon experimental results.

BEGIN

BEGIN is used to store the fits for the thermodynamic data for
the chemical species.

PIF1

PIF1 is used to make linear interpolations between two one-dimen-
sional arrays.

HEAT

HEAT is used to (a) compute the enthaloy from the specie mass
fractions, thermodynamic fits, and temperature, or (b) invert
to obtain the temperature from the enthalpy and specie mass
fractions.

DENSE

DENSE is used to compute the mixture density, mass flux, and
molecular weight at each point in the flow field.

A-4
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SED

SED contains the viscosity models and employs the inout specified
model.

MARCH

MARCH is the master controlling subroutine of the analysis, and
specifies the sequence of operations performed for each step in
the axial direction.

STEP

STEP contains the axial step size stability criteria, and computes
the axial step size accordingly.

PRINT

PRINT prints out the radial profiles of the independent and
dependent variables at all specified axial locations.

CONSRY

CONSRYV solves the Conservation.EquatEons for the change in the

independent variables (H, u, ol or &X) across each diffusion

step.
GRID

GRID adds mesh grid points, and doubles the interval between qrid
points, as the calculation proceeds downstream.

BULK

BULK computes bulk properties across the flow field at each axial
station

4, Input Format and Deck Organization for IBM 7090

The Input Format required for the Data Deck is shown in
Table A-1. As many sets of data (cases) may be run as desired.
Only one END card is needed following the last case. The
organization of the complete deck for the IBM 7090 is illustrated
in Fig. A-2. A sampie input for the Bell Coaxial Injector Case
892, ready for key punching, is presented in Table A-2.

5. Qutput Format and Sample Case

The Output Format is given in Table A-3 and the computer
printout obtained for the sample case above is shown in Table
A-4. In this printout, ETA PRED computed at the initial axial
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statfon (x=0) and final axial station (x=L) are each given along
with F, and ETA for each iteration. When the value of F consistent
with the experimental efficiency (ETA) is being determined, more
than one iteration is generally required. When only a prediction
is desired, the value of ETA must be set to zero and no iterations
will be made. 1In such cases only one computation, which terminates
at the axial station just beyond x=L will be made, and the values
of ETA PRED are consistent with the input value of F. Note, that
when iterations are required to determine the appropriate value

of F, the number of the iteration printed out will not be changed
in cases in which values of ETA PRED are greater than 99.99%.

This procedure simplified considerably the counting procedure and
rarely occurs. :

6. Computations and Results

The calculations were always begun assuming slug (stap)
profiles and Scy = 0.7, Pry = 1.0. The initial Yp, profile used
to start the computation (x=0) for Rocketdyne Case“12H, Ref. 9,
is plotted in Fig. A-3 along with the Y02 profiles computed at
intermediate and final stations of 0.5, “2.5, and 5 in., which
were computed using the unreactive mixing calculation discussed
in ANALYSIS. Note, that for the binary H,/05 system considered,
Yho = 1 - Yn,, so that the corresponding gH values can he obtained
erm the nlogs as well. The velocity profi?es at these same
stations are plotted in Fig. A-4. The initial step velocity
profiles at x=0 are simply the bulk mean velocities computed using
Eq. (9). The YHon profiles computed using either Eq. (5& or (6)
are plotted in Fig. A-5 at the same axial stations. s
explained in ANALYSIS the water was merely computed from either
Hp or 02 concentrations (whichever was the limiting reagent), and
p?ayed no role in the mixing calculation; of course, the YH,0
profiles were required for the computation of the combustioﬁ
efficiency, nppeq» using Eq. (8). Although more sophisticated
computations, e.g., including the finite rate chemistry, are
within the capability of the computer program, the success
achieved with the very simple approach suggested that expenditure
of additional computer time was unwarranted - as long as only the
cgmbg?tion efficiency was to be predicted rather than details of
the oW,

The Hy/0p mixing computations are well illustrated in Figs.
A-3 to A-5, There is gradual mixing of both mass and momentum
(stagnation temperature remains constant). As mass mixing pro-
ceeds, the computed water level grows, and hence, npred cON-
tinually increases [Eq. (8)]. Starting with a given set of ini-
tial conditions, there is a one-to-one correspondence between the
YH,0 profiles and npped. In the iteration to determine the ao-
prbopriate value of F, the profiles at the final axial station,
x=L, are "adjusted” until npreq computed from Eq. (8) yields nexp
to within the desired tolerance, e.g., 0.1%.
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Values of the turbulent viscosity, i.e., eddy viscosity,
€en, Used throughout the mixing computation for Rocketdyne Tests
12, 14H, and 18H, Ref. 9, are plotted in Fig. A-6. Note that
by assumption ¢, is not a function of radial position, and so
is constant at each axial posfition. These particular test cases
were selected because they covered the entire Vg range of the
Rocketdyne Coaxial Injector test data; Test 14H is at the maximum
of the curve of F vs Vo in Fig. A-7. For comparison, values of
€mode] computed directo from Eq. (4) are presented in Fig. A-8.
0? course, these values are directly proportional to the €n'S
plotted in Fig. A-6 [Eq. (1)]; however, their relative magnitudes
are shifted because the F's vary (as do the n's). In view of the
erratic behavior of these mixing coefficients, it is very sur-
prising that useful correlations, such as those presented in
Fig. A-7 were obtained; however, useful correlations have been
obtained for every case to which the technique has been applied.
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*If ETA=0 predict Combustion Efficiency using input value of the
If ETA>0, e.g., 95%, a value of F con-
sistent with the input ETA will be determined by fteration.

Correlation Factor, F.

Table A-3
Bell Combustor Correlation and Prediction Program

OUTPUT FORMAT

NAME FORMAT DESCRIPTION
PROGRAM
HEADING
TITLE 18A4 Input Run Designation, ID, etc.
ETA F15.6 Experimental Combustion Efficiency (%)*
F15.6 Input Correlation Factor
PC F15.6 Input Chamber Pressiure (psia)
F15.6 Input Chamber Length (in.)
EL F15.6 Input No. of Injector Elements
VRINJ F15.6 Velocity at H2/Velocity 02 Injector
OFINJ F15.6 0p/H2 Mass Flow Ratio at Injector
R1IN F15.6 Radius of Central Jet (effective radius
if not axisymmetric injector)(in.)
MDOTH2 F15.6 Input } m, at Injector (1bm/sec)
2
AH2INJ F15.6 Input ] Area Hy, at Injector (in.
TH2 F15.6 Input THz.totaI (°R)
MDOTH2/EL F15.6 ] hy /Injector Element (1bm/sec-element)
2
AHZINJ/EL F15.6 ] Area H,/Injector Element (in.2/element)
UH2INJ F15.6 H, Jet Velocity (in annulus)(ft/sec)
MDOTO02 F15.6 Input | mo Injector (1bm/sec)
2
AO2INY F15.6 Input ] Area 0, Injector (in.?)
T02 F15.6 Input T02.tota1 (°R)
MDOTO02/EL F15.6 ] L /Injector Element (1bm/sec-element)
2
AO2INJ/EL F15.6 ] Area 0,/Injector Element (1n.2/e1ement)
UO2INJ F15.6 0, Jet Velocity (central jet)(ft/sec)
F15.4 Axial Station (in.)
F15.2 Input Chamber Lenath (in.)
F15.6 Input Correlation Factor
ETA PRED F15.3 Computed/Predicted Combustion Efficiency (%)
ETA F15.1 Experimental Combustion Efficiency (%)
(repeated for comparison)
ITER 19 No. of iteration when innut ETA>0; other-

wise blank
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HEAT

Figure A-1. Block Diagr-m - Bell Aerospace Combustor
Correlation Lomputer Program
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MAIN
Irtistize pragram and input data
<N¢‘Ali>°'
SRGIN HEAT
Thesmodynamic KOPY = 1: UT, al +nu
Information KOPT = 2. HV, o -hT
Storage
y A
CHANGE (BACK) "EY
Stores inputs 1 DENSE 50 Used to make
rapeat comPutation Computs p and W u=F.op lnaer inserpolations
for ditferent F
MARCH
Sequence of calculations for 8 step in the axial direction
< M| > 1 )
i 4
CONSERV
DENSE SED STEP Explicit solution
pnd W K=F Compute AX of Conservation
sQuations
Yy _
HEAT orious
" BULK .
L X8 +NT g ate properts Criteria
radially for printout o
and other sunilisry
PRINT
Purposes HEAT Printout radiet
profiles GRID
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Binary Deck
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g8M 7030 XECUTE I8J0B
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Figure A-2 - The Bell Aerospace Combustor Correlation Deck
Organization for the IBM 7090
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Z(N)  nprep(®)
o 0 0
MASS FRACTION © 05 417
OXYGEN, Yo, c 25 77.2
o 50 92.6
100 porsaers
0.75
Z=25IN.
Z2=00IN. ]_
0.50
Z2=50IN.
/-—
0.25 Z2=05IN. p,
0 L YOt 5 Sk e e e
0 0.05 0.10 0.15 0.20 0.26 0.30
RADIAL DISTANCE, IN.

Figure A-3. Mass Fraction Oxygen at Various Axial Stations Computed using €n of Figure A-6
Rocketdyne Coaxial Injector Test 12H, Ref. 9
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MASS FRAGCTION WATER,
Y40

2
Z(IN,
1.00 (___) nPRED(%)
S o 0 0

© 05 41.7
0.75

o 25 77.2
: o 6.0 92.6
0.50

/ J B\ - 2=50IN.

, \

: . AL J-2=25IN.

028 OJ / Z=00IN7 Y RPLZ=05IN.
o onond , oL Tt O]
0 0.05 0.10 0.15 0.20 0.25 0.30

RADIAL DISTANCE, IN.

! Figure A-5. Water Profiles at Various Axial Stations Computed using Eqs (5) and (6) -
‘g Rocketdyne Coaxial Injector Test 12H, Ref 9
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ROCKETDYNE COAXIAL

Pc = 300 PSIA
FILM
LENGTH COOLING

(IN.) (%)

; CORRELATION 0

‘ FACTOR, F o &

f o 5 20-27
O 5 17-18
0.25 s 6 18:30

o 5 9

)ﬁ LENGTH 5.0 IN.
14H

0.20 DJ/ /

X / T

12H
J(( o) 18H
LENGTH

0.15 7 6.0 IN. ~

0.10 ,
5.0 10.0 15.0

VELOCITY RATIO VR (UHZ/UOZ)

”3

Figure A-7. Correlation of Rocketdyne Coaxial Injector Performance Data, Ref 9
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+4
€mopeL X 10

LBF-SEC/FT2
8.0 r -
TesT VR "prep!®
184 1390 96.8 0.154"
L12H
6.0 L]
L 14H
a0 | ——— /
14H 975 952 0.203
§"< 124 8.08 92.6 0.185
2.0 h
18H —
0.0
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

AXIAL DISTANCE gz, (IN.)

Figure A-8. Comparison of Predictions of Mixing Model, [Eq. (4)} for Rocketdyne

Coaxial Injector Tests 12H, 14H, and 18H, Ref. 9
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NOMENCLATURE
Area,ft2

Total injection area for a particular propellant, ft2

Empirical density parameter (= pu/pmfn)]'5
Number of injector elements
Correlation Factor (= sn/emodel)

Empirical_length parameter (= 0.5 + 0.005z; z < 100,
and 1.0; z > 100)

Total mass flow rate of gaseous propellant measured at
injector, 1bm/sec

Length of combustion chamber (injector to nozzle throat),
ft

Mach number

Molecular weight, 1bm/1b-mole

Comouted mass flow rate, 1bm/sec

Static pressure, 1bf/ft?

Chamber pressure, 1bf/ft?

Static pressure during hot film calibration, 1bf/ft2
Total pressure, 1bf/ft2

Turbulent Prandtl number

Universal gas constant, 1545 ft-1bf/1b-mole-°R

"Effective" radius of central oxidizer injector,
defined in Eq. (11), ft

"Effective" radius of annular fuel injector,
defined in Eq. (12), ft

Radial coordinate, ft
Turbulent Schmidt number

Static temperature, °R

- e

[P




T Total or stagnation temperature, °R

Axial velocity, ft/sec

Time mean (average velocity, ft/sec

B
H
P
i
£
ki
!

U
[1}
N Turbulence intensity, ft/sec

v Indicated mean velocity (hot film), ft/sec

Vo Velocity ratio (= UHZ/UOZ)

Y Mass fraction

z Axial coordinate, ft

z Normalized axial coordinate (= z/ZR])

Y Ratio of specific heats
€model Turbulent (eddy) viscosity predicted by Eq. (4),

1bm/sec-ft
€ Turbulent (eddy) viscosity used in computation of
"pred ‘G Femodel)’ 1bm/sec-ft
“exp Experimentally determined combustion efficiency
“pred Combustion efficiency predicted using computer orogram
o Density, 1bm/ft3
Pe Density during calibration of hot film, lbm/ft3
Subscripts
e External or freestream conditions
i Central or inner

L Splitter plate or land

0 Annular or outer ;

u Condition at velocity half radius where UEO.S(Umax + §
Um1n

© Freestream condition

35
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