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FOREWORD

This final report, submitted per the requirements of Contract NAS
3-22665, documents the results of an analytical study undertaken to relate
the attainable specific impulse (Isp) for LOX/RP-1, LOX/hydrogen, and LOX/
methane propellants to the various cooling concepts applicable to low-thrust,
long-life liquid rocket engines. The sensitivity of Isp to mixture ratio
(MR), thrust (F), chamber pressure (Pc), and cooling method for each
propellant combination is presented in this report.

The NASA-Lewis project manager for this program was Mr. Al Pavli._ The
ALRC program manager was Mr. J. W. Salmon, and the project engineer was
Mr. L. Schoenman. Other key ALRC persennel assigned to the program were
Gregg Meagher, Performance Analysis, and W. R. Thompson, Heat Transfer. Con-
;u]éanas1gere Dr. R. L. Ewen, J. I. Ito, J, Mellish, J. L. Pieper, and
. E. Walker.
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I.  INTRODUCTION
A.  APPLICATIONS AND REQUIREMENTS FOR LOW-THRUST ENGINES

The development of an economical space transportation system

(STS) requires the generation of an orbit transfer vehicle (OTV) capable of

’ moving space shuttle payloads to more distant orbits and beyond. A number of
studies have forecast an appreciable number of these payloads to be large
space structures which would be launched to Yow earth-orbit (LEQ) in a stowed
condition aboard the space shuttle. These structures would be assembled near
the shuttle and subsequently transferred to geosynchronous equatorial orbit
(GEO). by way of a high-energy space propulsion system. One or more low-
thrust engines would be required for this mission in order to avoid high
inertial loading which could cause damage to the assembled payload. To date,
the technology base for this class of cryogenic chemical rocket engines,
capable of providing very high performance while operating for periods up to
50 hours, 1s virtually nonexistent. Since present plans project that a
single engine will be employed for this missfon, it is essential thit it
possess both high reliability and high performance.

To determine optimum vehicle configurations required to transport
large space structures from low earth-orbit to geosynchronous earth-orbit,
the interaction of the following three basic inputs is required:-

1. A description of the attainable specific impulse (Isp) as a
function of engine parameters such as propellants, thrust

level, chamber pressure, mixture ratio, cooling method, and
nozzie expansion area ratio.

2. The vehicle mass fraction as a function of the same config~
uration variables.

3. The mission requirements in terms of thrust level, burn dur-
ation, number of burns, and AV for the range of payloads
considered.

B. OBJECTIVES OF THE PRESENT STUDY

The objective of this program was to furnish the data for the
first input noted above: namely, to describe the attainable Isp as a func-
tion of the primary engine design varfables. This was to be done by
accounting for cooling losses, kinetic losses, boundary layer losses, and
combustion inefficiencies over the range of interest of the six primary inde-
pendent variables 11sted in Table I. However, the optimization of these six
variables to obtain maxfmum Isp was not the purpose of this work as the ulti-
mate optimum vehicle design may occur at other than maximum specific impulse
due to mass fraction, missfon requirement conditions such as stage length
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I, B, Objectives of the Present Study (cont.)

and volume, etc. Propellant temperature as a variable was also investigated
in order to evaluate if {mproved performance could be attained by adding

enth?Ipy to the propellants from "free" sources (e.g., waste heat or solar
heat).

The analtysis addressed the thrust chamber and nozzie only. The

designs evaluated were configuratians suitable for long-duration, multiple~- . . = .

burn missions.
C. PROGRAM ORGANIZATION
The technical effort consisted of the following four tasks:

Task I - Preliminary Survey and Qualification of Simplified
Procedure

The Task I activities consisted of developing the simplified ana-
lytical techniques used in the program to conduct *he broad range of required
parametric analyses. These analytical models included both thermal design
and performance analyses and were calibrated against more detailed analytical
procedures and experimental data where available. The LOY/RP-1 propellant
combination was specified for the Task I activities and encompassed the range
of primary independent variables listed in Table I.

Task II - Survey of Expansion Area Ratio and Mixture Ratio
Effects

This task considered the sensitivity of Isp to the indicated
Table I variables, and the infiuence of the candidate chamber cooling con-
cepts on area ratio and MR selections.

Task 11l - Detailed Survey of the Sensitivity of Isp

This task required a full exploration of the domain described in
Table I by using the simplified calculational procedures developed in Task I
and a singular area ratio selected in Task II. A minimum of two cooling con-
cepts for each operating point was included.

Task IV - Survey of Alternate Propellants and Propellant Enthalpy

This task extended the results of the LOX/RP-1 propellants to
LOX/hydrogen and LOX/methane, as indicated in Table I. In addition, an

evaluation was made of the potential for attaining improved performance by

adding enthalpy to the propellant from free sources such as waste heat and
solar heat.

U U IO U
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[, Introduction (cont.)

D.  RESULTS OF PREVIOUS STUDIES

Related cooling studies conducted on previous contracts (NAS
3-21940 and NAS 3-21941) examined the applicability of the fuel regenerative
cooling and fuel film-cooling to rocket engines in the 445 to 13,444N (100 to
3000 1bF)} thrust range operating at chamber pressures from 138 to 6894 kPa
(20 to 1000 psia). AN engines utilized LO) oxidizer; the fuels included
hydrogen (LHp), methane (LCHy), and RP-1. These studies were restricted
to considering 1imited ranges for propellant temperatures, coolant pressures,
velocities, and coking Timits and were also constrained in terms of fabrica-

tion methods and dimensional limits. These criteria are described in the
following table.

@ 90% Bell Nozzles

Fuel to be Used for Cooling

a

Coolant Inlet Temperature:

Lhy = 21% (37.8°%R)
RP-1 = 298°K (537°R)
LCHy = 112° (201°R)

Regenerative-Coolant Discharge or Film Coolant Inlet:

Liquid
Gas

1.176 Times Chamber Pressure {Minimum)
1.087 Times Chamber Pressure (Minfum)

Maximum Coolant Velocity (Regenerative):

Liquid = 61 m/sec (200 ft/sec)
Gas = Mach 0.3

Possible Benefit of Carbon Deposition on Hot Gas-Side Wall
was Neglected

Coking Limit:

RP-1 = 561°K (1010°R)
LCHy = 978°K (1760°R)

© e i b —



I, D, Results of Previous Studies (cont.)

L]

Dimensional Limits:
Tubular Construction..
Minimum Wall Thickness = 0,025 cm (0.010 in.)

Nontubular Construction

Minimum Slot Width
Maximum Slot Depth/Width
Minimum Web Thickness
Minimum Wall Thickness

0.076 cm (0.03 in.)
4 tol

0.076 cm (0.03 in.)
0.064 cm (0.025 1n.)

The results obtained from the previous studies disclosed that the
regenerative cooling and film-cooling concepts were only applicable over a
limited range of operating conditions, as summarized below:

L]

Regenerative cooling with RP-1 was not feasible at any com-
bination of thrust and chamber pressure because the walls
exceeded the coking temperature Timit and the bulk tempera-
ture rise was excessive.

Regenerative cooling with methane was feasible only at high
thrust and supercritical pressures.

Regenerative cooling with hydrogen was feasible except at
low thrust/high chamber pressure and high thrust/low chamber
pressure conditions and when the coolant is near the criti-
cal pressure and temperature.

Film cooling was feasible only at higher thrusts and lower
chamber pressures. Hydrogen-cooled and methane-cooled units
were found to have a broader operating range than RP-l-
cooled designs.

The 1imitations of the regeneratively cooled and film-cooled con-
cepts were due to the operating criteria imposed which required that

-]

Only fuel be used as a coolant.

Channel sizes meet certafn minimum dimensional criteria and

be 1imited to the current state-of-the-art fabrication con-
figurations.




I, D, Results of Previous Studies (cont.)

Neither high temperature coatings nor soot effects be
considered.

Combined cooling concepts not be considered.

A cooling concept be rejected if <he associated performance
decrement exceeded 10%.

In addition, combustion chamber jengths and contraction ratios
were extrapolated from a data base for much higher-thrust engines. These
extrapelations produced long chamber lengths and low contraction ratios and
did not consider the particular cooling needs of low-thrust applications.
The long chamber lengths and low contraction ratios resulted in excessive
heat input to the regenerative coolant.

The minimum cooling channel width restrictions prevented optimi-
zation of the coolant channel surface for maximum regenerative cooling effec-
tiveness. This produced high coolant pressure losses and, in some cases,
excessive performance 1oss when less efficient processes, such as film
gooling, became necessary because regenerative cooling was identified as non-

easible.

E. FINAL REPORT

This final report consists of five main sections and three appen-
dices. Fol?owin? the Introduction, Section I, and Summary, Section II,
detailed thermal and Isp sensitivity results are presented for each of the
three propellant combinations considered in this program: for LOX/RP-1 in
Section III, LOX/hydrogen in Section IV, and LOX/methane in Section V.

Appendices A and B define the results of the Task I and 11 simp-
tified model development, the model calibration, the MR and chamber geometry
sensitivities, the element injector type and element quantity, and the cham-
ber nozzle area ratio to be used for the Task III and IV analyses,

Appendix C provides the performance parametric data tabulations
employed in the graphical displays of the other sections.
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II. SUMMARY
A.  ANALYTICAL APPROACH

This program produced performance predictions for different
families of low-thrust orbit transfer engines, Tasks I and Il of the program
were devoted to preparing and calibrating the simplified thermal design and
performance computer models which were empioyed in subsequent tasks.

The calculation of attainable specific impulse values for liquid
propellant rocket engines requires that kinetic, boundary layer, energy
release, divergence, and cooling losses be subtracted from a theoretical
performance for each particular operating condition. These losses relate to
the engine operating condition and are directly associated with the specific
cooling concept being employed. The selection of a different cooling con-

cept zould alter both the performance and design margin at any operating
point.

The generation of performance values for engin>s operating over a
broad range of conditfons and with different fuels required identification of
the cooling systams applicable at each condition. The candidate cooling con-
cepts were screened to keep the total quantity of engi
be studied manageable. Selection of a single "optimum"
undesirable as it would have prevented an evaluation of
sensitivity to cooling concept selection.

The screening of various cooling concept candidates was based
upon the concept's applicability at a particular operating condition and the
performance loss attributable to its use. Other factors included the associ-
ated interface values, the concept's development status, and the vulnerabil-
ities of each concept at its particular operating condition. The prelimi-
nary screening effort required semi-qualitative Judgments used in combina-
tion with parametric analyses which examined performance, the performance
decrement with coolant mass addition, propellant total heat capacity and max-
imum flux values, and the effect of thrust chamber surface area and wall
temperatures on total heat rejected and maximum heat flux. The resultant
selections were subsequently analyzed in greater detafl to obtain quantita-
tive performance data for the various engine configurations and cooling con-
cepts as applied to different operating conditions. The extent of the inde-

pendent variables considered for each propellant combination {s defined in
Table I.

B.  COOLING CONCEPT SELECTIONS AND ENGINE CYCLE CONSIDERATIONS
1, Cooting Concept

The program logic applied to explore the cooling concept
capabilities fs 11lustrated in Figure 1. Conventiona) single-mode cooling
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I1, B, Cooling Concept Selections and Engine Cycle Considerations {cont.)

concepts having the highest performance potential, such as radiation cooling
and/or regenerative cooling with ane propallant, were considered first.

These were followed by a) regenerative cooling with the other propellant,

b) regenerative cooling with both propellants (dual-regen), c) the addition
of thermal barriers in the cylindrical chamber to reduce chamber regenerative
heat toads, or d) the reduction of chamber lengths, at the expense of per-
formance, to attain the same cooling objective. Lower-performing configura-
tions which require mass addition cooling were identified as applicable only
after the 1imits of the higher-performing concepts had been reached.

2. Applicable Engine Cycles

Applicable engine cycles included both pressure-fed and
pump-fed systems. The pump-fed engines can utilize a gas generator, an
expander cycle, or staged-combustion cycles to provide power to drive the
pumps. The pumps can also be driven by electric motors powered by batter-
ies, solar cells, or fuel cells. Reference 1 indicates that the pressure-~fed
and ¢iectric motor-driven pump-fed systems are less desirable because of the
excessive weight of the propellant pressurizing system. The expander cycle
and a modified expander cycle utilizing a direct drive for one propellant and
an aiternator and electric motor for the second were the lowest-weight
approaches. The latter cycle is defined as the turboalternator expander
cycle. As the expander cycle becomes power-balance-limited at higher pres-
sures and thrust levels, staged-combustion cycles become more attractive.

The present thermal analyses were based on the assumption
that the coolant jacket discharge pressures for LOX, LH2, or LCHa cooling
are above the critical pressure (thus eliminating the concern for two-phase
coolant flow) and that the coolant expands through a preburner or turbine
prior to being delivered to the injector. Two-phase flow (bulk boiling) does
not constitute a cycle timitation for the RP-1 coolant since coking {s known
to result at temperatures below its boiling temperature at the pressures of
interest. Both the expander cycles and staged combustion cycles are compat-
ible with the cooling design assumption in almost all cases, except at the
very highest chamber pressure where the expander cycle may fail to power-
batance. The inlet and discharge pressures of the chamber cootant jacket
were based upon a power-balanced expander cycle where practical. Ail propei-
lants, with the exception of RP-1, were assumed to be suitable turbine-drive
fluids. The following upper temperature 1imits wese placed on the expander-
cycle turbine drive gas, based on chamber materfal jimitations:

Oxygen 394°K (250°F)
Methane 450°K (350°F)
Hydrogen 450°K {350°F)

The thrust chambers were not optimized to provide the above temperatures if
the chamber coolant discharge temperatures were less than the above values.
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I1, B, Cooling Concept Selections and Engine Cycle Considerations (cont.)

With these temperature 1imitations, pewer-batanced expander cycles were pos-
sible up to the follovwing chamber pressures:

LOX/RP-1, LOX cooling 3792 kPa (550 psfa) at MR = 2;
4826 kPa (700 psia) at MR = 4
LCX/LH2, hydrogen cooling 4481 kPa (650 psia) at MR = §
LOX/LCHg, LOX cooling 4826 kPa (700 psia) at MR = 3.5
Methane cooling 3447 kPa (500 psia) at MR = 3.5
C.—COOLING CONCEPT SELECTION, ISP SENSITIVITY, CONCLUSIONS, AND

RECOMMENDATIONS

This section presents the conclusions generally applicable to all
propellant combinations. This is followed by more specific conclusions
applicable to the individual propellant combinations., The section concludes
with recommendations for the experimental activities which are required to
verify or calibrate the analytical efforts of this program. The figures
employed in this summary section are composites of all data and identify
overall trends and differences between propellant systems. The same infor-

mation is provided in expanded graphical and tabular format in the subsequent
sections and appendices of this report.

1. General Conclusions Applicable to All Propellant Systems

Maximum specific impuise is attainable in systems employing
regenerative cooling with oxidizer, fuel, or both propellants. The applic-
ability of. regenerative cooling can be extended to low-thrust, high-pressure
Rump-fed engines although it requires some

The use of larger-than-normal chamber contraction
ratios.

The use of copper chamber wal) configurations having
narrower and deeper slotted cooling channels.

The use of both propellants for cooling.

a. Geometric Considerations

Low-thrust, high-pressure engines designed with conven-
tfonal chamber contraction ratios of 2 to 6 result in very small chamber

diameters; in many cases Vess than 1.27cm (C.5 in.). This small diameter
does not provide the space required for a high-performing, multi-element
injector and a center-mounted ignition source. Multi-element, fine-pattern

injectors are required for maximum combustion effictency within the 1imfted
length, propellant-cooled combustion chamber.
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11, €, Cooling Concept Selection, Isp Sensitivity, Conclusions, and
Recommendations {cont.)

The need for an injector design containing a minimum of
o rows of elements and a central igniter port was identified. This {njec-
tor requires a minimum diameter of approximately 3.8 cm (1.5 in.). When this.
packaging requirement is applied to the low-thrust, high-pressure design
points, it can result in chamber contraction ratios of up to 440.

b. Coolant Selection

The use of regenerative cooling for LOX/RP-1 and LOX/
methane engines is 1imited by the total heat load and the maximum local heat
flux. Large contraction ratios reduce both total heat load and local flux in
the chamber region and relieve the cooling problems that occur with RP-1 and
methane fu.ls. This cooling solution drives the chamber geometry to "non-
standard" configurations which offer both improved performance and improved
cooling margin. The problems of handling high total heat load and high local

heat fiux were not encountered with fuel regeneratively cooled LOX/LH2
systems.

The small quantity of propellant available for cooling
at low thrust, combined with the need for high cooling velocities at high
pressure, results in the need. for very small cooling channels. In order to
maximize the coolant surface area, these slots should be narrow and deep
rathes than rectangular or shallow and wide as 1s common i1 larger engfnes.
Significant gains in regenerative cooling capability can be attained when
channels smaller than the 0.076-cm. (0.030-in.) minimum-standard values are
utiiized for the design analyses.

Supercritical oxygen was found to be the preferred
coolant in two of the three propellant systems considered. The fuel was pre-
ferred over the oxidizer only in the LOX/hydrogen system.

Oxidizer cooling was found to be superior to RP-1 cool-
ing because the oxidizer flow is three times that of the fuel at the optimum
performance mixture ratio and because coolin? with oxygen avoids the coking
problem experienced with RP-1. Supercritical oxygen cooling was also pre-
ferred for the LOX/methane system due to its higher mass flowrate (the LOX
flow being 3 to 4 times that of the methane).

significant performance advantages wére predicted in
the methane and RP-1 systems when both propellants are used as coolants.
Using both LOX and RP-1 or LOX and LCHy as coolants resulted in longer
coolable chamber lengths as well as preheating of both propellants prior to
injection. The combfnation of preheated propellants and greater chamber
length yfelded higher performance. There was no stgnificant performance

11
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11, €, Cooling Concept Selection, Isp Sensitivity, Conclusions, and
Recommendations (cont.)

benefit predicted for using both propellants as coolants in the LOX/LH¥
system as the hydrogen cooling capacity was adequate even at oxidizer/fuel
(0/F) weight flow ratios up to 8.

c. Attainable Isp

Figure 2 provides a composite plot of attainable Isp
for the three propellant systems considered. This plot includes the highest
and lowest values of thrust, Pc, and mixture ratio. Each data point on the
performance summary figure has & defined cooled chamber configuration,
1nc1ud1n? channel size, chamber length, and coolant pressure loss, which is
compatible with the stress, Vife, and material limits for the proposed appli-
cation. The symbols in the figure represent the chamber pressure and cooling
media. Solid symbols define fuel cooling whereas open symbols are for oxygen
cooling and half solid/half open symbols are for dual-propellant regenerative
cooling. The dual-cooling design points provided higher performance. This
was especially significant for the low-thrust RP-1 propellant systems where a_.
4% improvement in specific impulse was predicted aver an oxygen-only cooling
approach. When operating at a mixture ratio of 3.0, the dual-regen configur-
atfon provided 14% higher efficiency than the best RP-1-cooled des?gn which
was cooling-limited to a maximum mixture_rztio of 2.

The superiority of the hydrogen/oxygen system &s mea-
sured by the standard Isp {force/unit mass/sec) criteria for a weight-limited
system is obvious from Figure 2. However, when a propellant selection is
based on the volume-limited Space Shuttle cargo bay, the ranking of propel-
lant system desirability in terms of Isp times density is reversed, as shown
in Figure 3. The transport of 0o/Ho as Hp0 and {ts subsequent conver-
sfon to propellant in space coul% result in this combination being optimum in
both the 1sp and volumetric efficienty categories.

The data provided in this report have been designed to
allow the members of the technical community charged with packaging payloads
in the shuttle bay the choice of propellants and mixture ratios which best
meet the weight and volume capabilities.

d. Applicability of Cooling Approaches

The following paragraphs and figures identify the
applicability of various cooling approaches for each of the propellant com-
binations over the thrust, Pc, and MR operating ranges of this survey. The
level of technology advancements required for cooling can be measured by
1) the symbols which indicate which of the propellants {s best-suited for

cooling and/or 1f both propellants are required, and 2) the minimum size of
the1$ooling channel which must be fabricated in order to provide proper
cooling.




1daduo) Bu})00) pue Yy “Id ‘4 juepjadodd sAa ds ajqeuLeIly -2 aunb 4

W LAt
g8 L 9 S v ¢ 2z 1 8 L 9 § ¢ € z 1
{ L) L} ¥ | | L1 1 | L ] 1 1 L) ¥ 1
1:00% = 3 - 7 022
(491 0001) N8%bp = 4 4 ovz
(3A4N7 G3HSYQ) NIDY-TWNA = 3TWH ) a y
NI9F-X0T = N3O 100y = 1 03z
N3934-13nd = QI10S (491 001) Ns¥ =4 4 08z
ONIT00)
] 1-d4/X07 '} 0ce
(000r} 689 © -
(008) ST55© L-d4/x01 . y 1 0z¢
(009) £S9v O fu._;o; N X o s
(ooy) 8s/2 v . - N N 1 ote
(ao1} 688 O HI1/X01 flﬁlﬂ‘
(etsd} egy = 2d . “Yg- ] 0%¢
. - - o8¢c
m 1 < oo
|
m . Jozy
| 2 41/%01
w H/X01 y 1 ovt
_ i 109t
w - 4 osp
|

(99s) ds1 a|qeuielqy

13




oLjey 3J4nixiy

o~

-

Nx\xoq

Jodsues} QNJ\MV

/
Gii/xon

(400021) No226 03 pateay °p pue oy

|

Yool —o _ _—
T-44/X01 ;:::;;:;rnuuullrlluui\\\\\\\\\

1

sjang N:g pue .q:ua ‘1-4¥/X01 404 uvosiJedwoy asgndwy diagaurjop ¢ du4nbry

3(0005)

€982

(coo‘oT1)

904ST

{000°sT1)

655€2

{(000°02)

ZIVIE

(000°52)
G926€

{000°0¢)

1

L o

BITLY

Ay)sugg x dsp

w
535N

=&

Z-OI X

wq(
[ X 355597

g
g

(

14



e R T T T T

T T T e T g e

II, C, Cooling Concept Selection, Isp Sensitivity, Conclusions, and
Recommendations (cont.)

2, LOX/RP-1L___

The cooling results for the LOX/RP-1 system are presented in
Figure 4. This figure defines the cooling concept and channel size ag a
function of mixture ratio at three levels of thrust., The figure'shows that
RP-1 is suitable for cooling only at pressures <1379 kPa (200 psi) at the
higher thrust levels. In order to operate at the optimum mixture ratie of
%3, the chamber length must be reduced from the optimum performance value.

The required coolant channel sizes for RP-1 cooling sre as small as 0.013 cm
(0.005 in.).

In contrast, cooling with supercritical oxygen allaws cool-
ing at pressures to 4136 kPa (600 psi) at 445N (100 1bF) and to 6894 kPa
(1000 psfa) at 4448N (1000 1bF).  Small channel sizes are also required for
the oxygen, though not as small as those for the fuel, and oxidfzer cooling

does not present the concern for carbon fouling of the channels observed with
fuel cooling,

Dual-propellant cooling provides for a higher operating
pressure range at thrust levels of 445 and 1779N (100 and 400 1bF), respec-
tively. In the dual-propellant cooling system, the oxygen is used to ¢ool
the chamber and throat while the RP-1 s employed as a coolant for the higher
area ratios in the nozzle where the heat flux fs low and the channel sizes

are much larger. Dual-propellant cooling does not significantly influence
the minimum_channel size for the oxidizer.

At fuel-rich mixture ratios (below &41.5), RP-1 1s more suit-
able for cooling than oxygen because it results in slightly larger channels;
however, the performance is very poor in this region. If larger channe's are
desired, it would be better to consider oxidizer-rich higher mixture ratios

where both the Isp performance and the Isp density parameters are more favor-
able.

Figure 4 indicates that, except at very high and very low
mixture ratios, re?enerat1ve LOX/RP-1 cooling is not possibie when 0.076-cm
(0.030-1n.) channel widths are specified to be the minimum practical coolant
channel size. These results are consistent with those of previous studies
(Ref, 1). If the minimum practical coolant channel width s specified to be
0.025 cm (0.010 in.), oxygen cooling becomes possible over a large portion of
the Pc/MR box at thrust levels of 4448N (1000 1bF) and 1779N (400 1bF).

Oxy?$n cooling at 445N (100 1bF) requires channels of 0.013 cm (0.005 in.) or
smaller.

15
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II, C, Cooling Concept Selection, Isp Sensitivity, Conclusions, and
Recommendations (cont.)

3.  LOX/Hydrogen

With.hydrogen as the cooiant, no cooling 1imitations were
encountered at mixture ratios hbetween 4 and 8 and at chamber pressures up to
6894 kPa (1000 psia); consequently, the use of oxygen as a coolant was not
considered. The minimum cocoiant channel widths required to provide -proper
cooling are displayed in Figure 5. As can be seen, the most difficult region
to cool, that of high pressure and low thrust, requires cooling channel
widths between 0,025 and 0.05 cm (0.010 and 0.020 in.). The maximum channel
depth-to-width ratio employed was 4. Although the channel widths become
s1ightly smaller at higher mixture ratios, this was not found to signifi-
cantly alter the conclusions regarding cooling feastbility.

4, LOX/Methane

In the LOX/methane system, both propellants were found to be
almost equally suited for cooling, with only a slight advantage for oxygen at
the optimum performance mixture ratio of 3.5. (See Figure 6) At higher
pressures and lower thrust, neither propellant, acting alone, provided suffi-
cient. heat removal capability to allow the required cooled chamber length to
be attained at reasonable coolant pressure drop. The use of dual-propellant
regenerative cooling, however, provided sufficient heat removal capability to
overcome this limitation. The design 1imitations with dual-regenerative
cooling are based strictly on the minimum—coolant channel size which can be
fabricated and operated without plugging. The use of dual-regenerative
cooling has only a minor effect on the minimum channel size as the latter is_
controlled by the cooliny mass velocities required to maintain chamber wall
temperature in the high heat-flux region and is not strongly influenced by
rises in bulk temperature in the single-pass counterflow designs considered
for this study.

The minimum channel widths reguired to regeneratively cool
zirconium copper (Zr-Cu) chambers operating at an engine MR of 3.5 are shown
in Figure 7. In general, cooling with fuel is noted to result in larger
channel sizes. However, the fuel cooling system becomes 1imited by bulk
temperature rise as pressure increases; thus oxidizer must be employed for
cooting at higher pressure even though the channels are smalier. As can be
noted in the figure, there are certain thrust/chamber pressure regions where

exceptions to this general conclusion exist, thus each case must bé examined
individually.

The ability to provide propellant regenerative cooling at
low thrust and high pressure 1s again dictated by the minimum stze of the
coolant channel. Dimensfons down to 0.013 cm (0.005 in.) will be required

17
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11, C, Cooling Concept Selection, Isp Sensitivity, Conclusions, and
Recommendations (cont.}

for low thrust.and high pressure. The specification of a 0.076~cm
(0.030-1n.) wide channel, as shown in Reference 1, limits cooling to the use
of fuel only, and then only at high-thrust and low-pressure conditions.

5. Effect of Addvd Enthalpy

The LOX/hydrogen propellant system was examined to determine
the potential improvements in specific impulse which could result if either
the fuel or the oxidizer or both propellants were heated to 922°K (1200°F)
prior to injection. The performance study was conducted at 1779N (400 1bF)
thrust and a chamber. pressure of 2758 kPa (400 psia) for mixture ratios
ranging from 2.0 to 8.0. It was assumed that the hydrogen from the tank

- would be employed to ¢ool the chamber and that the discharge coolant would

then be externally heated to 922°K {1200°F). The increase in heat flux and
the reduction fn coolant flow due to the effect of the higher propellant
energy were accounted for in subsequent chamber cooling analyses.

Figure 8 shows that the most significant gain in Isp occcurs
at low mixture ratio. Specific impulse improvements of up to 10% over normal
boiling point (NBP) optimum MR values are attainable by heating both propel-
lants and reducing the MR to &2. The Isp values for 12 respective cases are
shown in Table II.

Cooling analyses for cases invoiving heated hydrogen and
heating of both propellants were completed for selected Pc and thrust condi-
tions ?2758 kPa and 1779N (400 psia and 400 1bF), respectively] at a2 mixture
ratio of 4. These results were then compared to data where both propellants
were supplied to the engine at NBP energy levels. The effect of the higher
combustion temperature and lower coolant fiowrate (due to higher performance)
was found to produce slightly more adverse, but manageable, cooling channel
configurations. Table III provides a cooling comparison for the three cases.
The table shows a small {increase in cooling pressure drop for the heated pro-
petlznt cases. It should be noted that the size of the cooling channel must
be mide smaller in order to accommodate the 27% higher maximum flux for the
$d$$d enthalpy cases. Representative cooling chaanel dimensions are as

ollows:

Case Channel Depth, cm (in.} Channel Width, cm (in.)
1 NPB Hp and 07 0.376 {0.148) 0.094 (0.037}

2 922°K (1200°F)
Hz and NBP 03 0.252 (0.099) 0.064 {0.025)

3 922°K (1200°F)
Kz and 02 0.249 (0.098) 0.061 (0.024)
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TABLE 11 |
ADDED ENTHALPY RESULTS (PROPELLANTS: LOX/LH,)

Pc = 2758 kPa (400 psia) F = 1779 N (400 1bF) e = 400:1

Case NBP Hot Hz, NBP Ox Hot H2 and Hot 02
ATF oATOx

I K (°R 1 % Als K (°R Is % als
TE _sp_R (°R} SPy, p (°R) Py, p
2 433.8 778 (1400) 505. 5 16.5 832 (1497) 518.1 19.4
4 466.4 721 (1296.9) 496.9 6.5 832 (1497) 508.4 9.0
6 464.9 641 (1153.5) 479.9 3.2 832 (1497) 489.3 5.2
8 441.6 623 (1121.9) 451.6 2.3 832 (1497) 459.9 4.1
where

IspR = Reference case NBP

IspH = Only hydrogen is heated by "free" source

1
ATF = Temperature rise by "free" source

IspH2 = Both hydrogen and oxygen are heated

ATOx = Temperature rise from tank condition _

NBP = Normal boiling point
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TABLE 111

EFFECT OF ENTHALPY ADDITION TO PROPELLANT(S)

PROPELLANTS
NOMINAL Pesf
CASE Ho.

Thrust, N (1bF)

Pe, kPa {psia)

Throat Radfus, em {fn.)
Contraction Ratio

MR

Woys KG/sec (ttm/sec)

weo kg/tec (tbm/sec)

APCJ. kPa (psf)

PcJ""' kpa (psia)

ch-nut. kPa (psia}

ch-in. "k (°F)

Teg-out, K (°F)

Regen ¢

hg. max, kw/n’ °K {Btusin. 2 gac °F)

hy, max, Iu.r/m2 *K (Btulin.z-sec *F}
1

Q/.!\9 max, Im/m2 (Btu/1n.2-sec)
/A, max, kw/n® {Btu/in. Z-sec)

D.‘,I!'I2
400/400
1
H
2
NgP
o}
1779 (400)
2758 (400)
1.052 {0.414)
8.00

4
0,323 {0.712)

0.081 (0,178}
.58 {1.1)
3894 (564.8)
3886 (563.7)
23 (-418.0)
202 (-96.9)

11.32
6.854 (0.00233)

8.237 {0.00280)
13447 (8.84)

FOR LOX/HYDROGEN SYSTEM

0/H,
400/400

2
Hy 9 922 *x (1200 *F)
0, ¢ NgP

1779 (400)
2758 (400)
1.029 (0,408}
8.00
4
0.287 (0.6318)

0.072 (0,1579)
17.92 (2.6)
3894 (564.8)
3876 (562.2)
23 {-418.0)
250 (-9.5)

1.28
7.442 (0.00253)

10,149 (0.00345)
18320 (11.21)

0,/H,
400400
3
H -
2 922 °K
02]' ® (1200 *F)
1779 (400)
2758 (400)
1.024 {0,403)
8.00

q
0.279 (0.6158)

6.070 (0,1539)
19.30 (2.8)
3854 (564.8)
gra (562.0)
23 {-418.0)
264 (14.5)

8.21
7,354 (0.00250)

10.560 (0.00359)
18679 (11.43)

¥
]
i 4952 (3.03) 5865 (3.65) 6079 (3.72)
: Qioiarr kv (Btussec) 232.3 (220.3) 261.9 (248.4) 265.6 (255.7)
‘ T, *K {°F) 2924 (4803.3) 3275 (5425.3) 2352 (5673.3)
o Wall Thickness, cm (in.) 762 (0.3) 762 (0.3) . 162 (0.3)
- Veg-max® B/sec {ft/sec) 24,5 (80.3) 32.9 (107.8) 35,1 {115.3)
ch_m". - 0.039 0.051 0.054
_ No. Channels 72 89 89
Min, Channel Depth, cm {in.) 0.142 (0.056) 0.124 {0.04%) 0.137 {0.054)
i. Limiting Criterion Tug ng ng
: Cooling Channel Geometry
' Depth/Midth 8 Max Flux Point, cm (in.) 0.376/0.094 0.25}1/.064 0.249/0.061
F - {0.148/0.037) (0.099/0,025) (0.69870.024)
'i Depth/Hidth @ Max Bulk Temperature, 0.815/0,203 0.610/0.155 0.582/0.147
: en {in.)  (0,321/0.080) (0.240/0.061) (0.229/0,0%58)
¥ LEGEND
| i“ = Total Weight Flow Oxygen T Liquid-Side Walt Temperature
I f
' "y *  Total Weight Flow Fugl hg Bas-5tde Heat Transfer Coefficiont
i ) u'vq *  Coolunt Welght Flow m ¢ Liquid-Side Heat Transfer Coefficient
: APCJ *  Cooling Jacket [niet Pressure Orop qmg = Gas+Side Heat Flux
’i . P“ »  Cooling Jacket Intet Pressure Q/Al *  Liquid-Side Heat Flyx
, 4Teg = Cooling Jacket Temperature Rise T, = Recovery Temperature
, ch = Cooling Jacket Inlet Temperature ¥

¢d *  Maximum Coolant Jacket Yelocity

- i'l'u *  Fuel FIm-Craling Weight Flow "cj-run' Marimm Coolant Jacket Mach Number

T“ *  Gas-51de Wall Temperature
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IT, Summary (cont.)

D.  CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

1. Genera)

The appiicability of regenerative cooling can he

-]
extended to lower-thrust engines when larger chanmber contraction ratios and
smaller channels are employed.

e The use of larger contraction ratios Yowers the total

chamber heat load and local chamber flux. Larger contraction ratfos aliow
more injector elements to be utilized, and this yields higher performance for

a given chamber 1en?th. Lower total heat loads allow increased combustion
chamber length and increased Isp.

The contraction ratios used in Tow-thrust designs
(8 40) are larger than normally employed, and experimental verification of

the heat flux profiles and vaporization/mixing efficiency should be experi-
mentally verified.

The fabrication limits of smaller cooling channels
should be identified for several candidate processes, also, data on channel
surface roughness and manufacturing tolerances should be obtained.

2. LOX/RP-1

Supercritical oxygen should pe empioyed as the primary
coolant for LOX/RP-1 engines operating at high chamber pressures. RP-i

coo}ing 1s suitable only at low Préssures and thrust levels above 1779N (400
1bF [ ]

Performance advantages are attainable when both propel-
tants are used as coolants,

The maximum Isp for fuel cooling, oxidizer cooling, and
dual-regenerat{ve cooling s 341, 354, and 359 seC, respectively, at 4448\

(#OOOthF) thrust, and 303, 334, and 346 Sec, respectively, at 445N (100 1bF)
thrust.

3. LOX/LHp

° Hydrogen cooling is adequate for the entire F, Pc, and
MR box of interest [(445-4448N [100-1000 1bF), 689-6894 kPa (100-1000 psi),
and 4 to 8). Cooling channel widths of 0.025 and 0.051 cm (0.010 and 0.020
fn.) are required for tow-thrust, high-pressure operations.
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11, B, Conclusions and Recommendations for Future Work (cont.)

° When using NPB propellants for an area ratio of 400:1,
the maximum attainable lsp for hydrogen cooling fs 468 seconds. This occurs
at the following conditions: Pc = 2758 kPa (400 psi), F = 4448N (1000 1bF),
and MR = 4. Further {mprovements.are possible if injector element density
guidelines are adjusted to a finer pattern (more than 0.93 elements/cme (6
elements/in.2) of face surface). A perfect injector ERE = 100% would.
provide an Isp of 472 seconds.

® Isp values of 490 to 510 sec are attainable with hydro-
gen and oxygen 1f the propellants are heated to 922°K (1200°F) by an external

source. Liquid hydrogen regenerative cooling prior to heating the propellant
{s recommended..

4.  LOX/LCHy
Either supercritical fuel or oxidizer can be enmpioyed as &
regenerative coolant at higher thrust and at pressures below 2068 kPa (300

Fs1). Oxidizer cooling allows operation at lower thrust .nd more optimum MR
#3.5) at chamber pressures up to 2758 kPa (400 psi).

° Dual-propellant vooling allows operation to ~4136 (600
psi) at a thrust of 1779N (400 1bF) and to 5515 kPa (800 psi) at 4448N (1000
1bF). Oxygen should be used as the primary coolant fn .he high-flux throat.
regfon, and fuel should be used as the coolant in the large contraction ratio
chamber region to extend the chamber length and improve parformance.

° Chamber pressures greater than 23447 kPa (500 psi) do
2$t ?novide any significant performance advantage and make cooling more dif-

cult.

° The maximum Isp at 4448N (1000 1bF) thrust is 375
seconds. Fuel cooling, oxidizer cooling, or dual-propellant cooling provide
agproximate1y the same performance at the high-thrust level. At 445N (100
1bF) thrust, the maximum Isp 1s 356 sec for oxidizer-regenerative cooling and
360 sec for dual-regenerative cooling. Fuel cooling at the low-thrust
condition was not recommended.
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I11.  RESULTS OF PA. «IETRIC STUDIES FOR LOX/RP-1
A.  SUMMARY

The objective of the Task IIl analyses was to detemine the
extent of applicability of regenerative cooling concepts for LOX/RP-1 engines
over a thrust range of 445 to 4448N (100 to 1000 1bF), a chamber pressure
range of 689 to 6894 kPa (100 to 1000 psia), and a mixture ratio range of 1
to 5. Using the simplified thermal model developed in Task 1I, these siudies
minimized the design and cooling constraints imposed on earlier studies. In
this study, either or both propellants could be utilized_as_coolants, and no
restriction.was placed on minimum channel size.

The results showed that cooling with RP-1 is 1imited to high-
thrust, low-pressure, and low mixture ratio operating ranges. Cooling with
oxygen allows higher chamber pressures and lower thrusts to be attained. If
both the RP-1 and oxygen are used as coolants, an even broader operating
range becomes feasible. A limited high-pressure, low-thrust region.was iden-
tified where additional (film) cooling would be required. In general, the
Task II1 analyses showed significant cooling advantages for channels whose

widths are less and whose channel aspect ratios are greater than fabricable
with conventional machining.

8.  THERMAL DESIGN
1. Scope and Analytical Basis

The simplified thermal design model developed in Task II
requires (a) preliminary performance parametric data to estimate weight flows
and throat size, (b) engine and cooling channal design constraining guide-
1ines, and (c¢) thermochemical data characterizing gas-side flow and thermal
parameters. This model and the preliminary analyses performed in Task Il for
the LOX/RR-1.system at mixture ratios of 2 and 4 provided the methodology for
the rapid_investigation of design parameter variations.

The study envelope for Task II] was as follows:

Propellants -~ LOX and RP-1
Thrust, F - 445N {100 1bF) < F < 4448N (1000 1bF)

Chamber Pressure, Pc - 689 kPa {100 psia) < Pc < 6894 kPa
(1000 psia)

Mixture Ratio, O/F - 1< x MR < 5
Chamber Matertal - Zirconium-Copper Alloy

No benefit was assumed for possible gas-side heat flux reduction
due to carbon deposition.
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111, B, Thermal Design (cont.)

a. Performance Parameters

Parametric specific impulse and thrust coefficient
(Cp) data at the selected expansion ratio (& = 400:1) were generated as a
function of F, Pc, and MR, then input directly to the SCALEF thermal design
program. These data were used to determine the propellant flowrates and
throat sizes. Engine L' values were estimated from these preliminary
performance data as functions of thrust and chamber pressure for energy
release efficiencies (ERE's) greater than 95%.

b. Design Guidelines

Although 1imiting design constraints were to be kept to
a minimum by the philosophy of the study, practical considerations dictated

certain assumptions to assess the feasibility of specific designs. These
included:

o

Coolant Pressure Drop

L0z and RP-1 AP < 1724 kPa(250 psi)

Maximum Bulk Temperature

L0y Ty < 394°K (250°F)
RP-1 Ty < 450°K (350°F)

Maxfmum Gas-Side Wall Temperature

L0 and RP-1 Twg < 811°K {1000°F)
Maximum Coolant-Side Wall Temperature
L.Cp Tw < 589°K (600°F)
RP-1 Tw < 561°K (550°F)

The pressure drop 1imitation was based on power=bal -
ance considerations for typical engine cycles. The coolant bulk temperature
1imits and coolant-side wall temperature limits were based on oxy?en-copper
(02-Cu) reaction rates for oxygen and on tncipient coking for RP-1. The
gas-side wall temperature was limited by strength and cycle 1ife to meet an
engine firing duratfon of a typical missfon (20 cycles and up to 50 hours).

28



i -\—!,(..‘:-.— »

oy ey ¥

111, B, Thermal Design (cont.)

¢. Thermochemical .and Gas Dynamic Parameters

The TRAN 72 and Rao nozzle design programs were
utilized to generate gas-side parameters and nondimensional engine geometry
for the ranges of thrust, Pc, and MR studied. The minimum engine contraction
ratio was selected to be 8:1. This was based on test experience and a
sensitivity analysis (Appendix A) which had shown undesirable high mixing and
vaporization losses, high chamber- heat fluxes, and high total heat loads at
Tower contraction ratios. The minimum chamber radius of 1.91 cm (0.75 {n.)
was chosen to allow for an fgniter and two rows of injection elements. This

resulted in contraction ratios up to 40:1 at low thrust and high chamber
pressure.

The gas thermal transport properties, C,/C, ratio,
and Prandtl number were found to be primarily functions of migture.ratio
only, while chamber temperature, thrust coefficient, and specific impulsc
were functions of both Pc and mixture ratio.

2. Analysis Methodology

The parametric cooling analyses for LOX/RP-1 propellants
were performed 1n accordance with the following logic:

a. Three values of thrust - 4448, 1779, and 445N (1000,
400, and 100 1bF) - were analyzed sequentially_in that order.

b. Analysis for "single-regen” cooling was performed first
for fuel cooling and then for oxidfizer cooling. Single-regen cooling is
defined as using one propellant only as coolant, and cooling the chamber from
the radiation-cooled attachment area ratio (or from an area ratio of 6:1 if
the attach point ratio is less than 6:1) to the injector in a single-pass
counterflow configuration. :

C. Single-regen fuel cooling was considered first,

starting at MR = 1, for each of three chamber pressures [689, 2758, and 6894
kPa {100, 400, and 1000 psfa)].

For each chamber pressure, the mixture ratio was suc-
cessively increased to 2, 3, 4, and 5 until fuel-cooling became 1im{ted

either by bulk temperature rise (reduced L') or by excessive coolant pressure

drop. In a number of cases, computer solutions could not be achfeved because
of numerical difficulties resulting from fiuid property variations,
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IIl, B, Thermal Design (cont.)

high-pressure gradients ¢r because channel widths of less than 0.005 cm
(0,002 in.) were required.

d. Single-regen oxidizer cooling was then studied in the
same fashion, starting with an MR of 5 and successively reducing the mixture
ratio to an MR_value_of 2.

Where the bulk temperature rise in the engine barrel
section was excessive, it led to a decrease in coolant density and a rapid
increase in pressure drop as chamber length increased. This resulted in a
termination of L' below.the minimum dictated by performance criteria. When
these conditions were encountered, calculations were performed to inciude a
Tow-conductivity liner in the cylindrical section only. The thermal resis-
tance of this liner was standardized at a t/k value of

e ok in.2 sec °F\
1765 \m_ﬂw_) 600 (mu 5 )

The additfon of the liner increased the maximum gas-side temperature from

811°K (1000°F), set for copper, to a range between 1089° and 1644°K (1500°
and 2500°F).

e. Dual-regen cooling, with or without a liner, was ana-
1yzed when cooling with a single propetlant could not be achieved within the
constraints imposed by the thermal design criteria. In this mode, RP-1
cooling was considered from the radiation skirt attachment point area ratio
to an expansion area ratfo of 6:1. This was selected as a practical point
from a fabrication and cooling standpoint as it was not reasonable to make
this transition in the high-flux throat area. Oxygen cooting was then
analyzed from & = 6:1 to the injector plane,

Normally, two significant design cooling problems are
encountered: first, that posed by the Tocally high heat-flux region near the
throat, and, secondly, the high total heat gain region in the cylindrical
section. The latter s characterized by Tow flux over a large surface. The
dual-regen concept attacks both problems because the use of RP-1 cooling in
the skirt allows colder oxygen to be available for throat as well as for
chamber cooling.

f. These analyses provided the chamber L' and propeliant
temperatures to the injector required for the performance anatyses for each
F, Pc, MR, and cooling concept combination.
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II1, B, Thermal Design (cont.)

3. Single-Propeliant Regenerative Cooling Results (Fuel or
Oxygen)

Selected input data and calculated results for cooling with
RP-1 and oxygen are preseated in Tables IV and V, respectively. The table
nomenclature is ?1ven in Table VI. The more significant results are dis-
played graphically_in Figures 9 through 20.

a. Coolant Pressure Drep

Cooling channel pressure drops for both RP-1 and oxygen
as single-regen coolants are shown in Figures 9 through 11 as a function of
mixture ratio for thrusts of 4448, 1779, and 445N (1000, 400, and 100 1bF},
respectively. Chamber pressures of 689, 2758, and 6894 kPa (100, 400, and
1000 psia) are shown at all thrust levels for both coolants, while data at
additional Pc values are displayed for F = 445N (100 1bF) with oxygen_as the
coolant.

A key design parameter is the area ratio at which the
regererative cooling ends and the radiation-cooled skirt begins. At a mix-
ture ratio of 1, the engine can be completely radiation-cooled or regenera-
tively cooled at all thrust levels and Pc's. If the allowable radfation-
cooling temperature 1s reduced from the allowable 1589°K (2400°F) (coated
celumbium) %o 1311°K (1900°F), regenerative cooling is required. Acceptable
coolant jacket pressure drops at all chamber pressures are possfble at MR=1,
With increasing MR, AP values 1) increase but remain acceptable at the F =
4448N (1000 1bF) Tevel for Pc = 689 kPa (100 psia), 2) become marginal up to
MR = 3 for F = 1779N (400 1bF), and 3) are unacceptable at F = 445N (100
1b0F). Consequently, fuel-regenerative cooling is practical at the following
F, Pc, and MR combinations:

MR =1 A1l F's, 445-4448N (100-1000 1bF) and Pc's, 689-6894 kPa
(100-1000 psia)

MR = 2-5 F = 4448N (1000 1bF); Pc = 689 kPa (100 psia)

MR = 2,3 F = 1779N (400 1bF); Pc = 689 kPa (100 psia)

When oxygen is the coolant at mixture ratios from 2
through 5, channel pressure drops are acceptable at all Pc's at F= 4448N
(1000 1bF). Note, however, that a reduced chamber L' (Table V) is re?uired
with MR = 2 and 3 at a Pc of 6894 kPa (1000 psfa). At a thrust of 1779N (400
1bF), oxygen cooling is feasible for Pc's of 689 and 2758 kPa (100 and 400
psia). At Pc = 6894 kPa (1000 psia) and MR = 5, an acceptable pressure drop
1s approached for single-regen ¢ooling only with a channel depth/width ratio
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TABLE IV

SELECTED PARAMETERS CHARACTERIZING EN
COOLING WITH RP-1
(Single Regen)

Channel
Dimensions
Code MR F Pc Coolant P P, /Pc t CR T c Isp* ::g?gt Throat Barrel
0
in in wall [ F d/ﬂ w’d "Id .
- ] kPa .- kPa - cm == °K -- sec -- om cm L
on

1-1-1/F 1 445 689 F 1379 2.0 0.76 8.00 1424 t.948 -251,2 B. 0.076/0.510 0,076/0.180 14.40
1-1-4/F 2758 F 6205 2.25 0.76 13.96 1488 1,975 257.5 8. 0.0460/0.3673 0.0460/0.135 10.4s
1-1-10/F 5894 F 9652 1.40 0.25 34.79 1551 1.969 259.5 8. 0.0170/0.1369 0,0358/0.236 10.41
1-4-1/F 1779 689 F 1379 2.00 0.76 8.00 1424 1.915 250.9 8. 0,1793/1.435 0.1798/0.297 19.79

- 1-4-4/F 2758 F 6205 2.25 0.76 8,00 1488 1,93 257.2 8, 0.0330/0.218 0.0640/0.472 14.40

- 1-4-10/F 6894 F 9652 1.40 0.25 8.58 1551 1.942 260.4 8. 0.211/0.147 0.0406/0,.325 14.55

: 1-10-1/F 4448 689 F 1379 2.00 0.76 8.00 1424 1.892 250.2 8. 1.977/1.262 0.2146/1.697 24.41
1-10-4/F 2758 F 6205 2.25 0.76 8.00 1488 1.903 255.7 8. 0.0498/0.335 0.1026/0.798 17.78
1-10-10/F 6894 F 9652 1.40 0.2% 8.00 1551 1.907 259.0 8, 0.0315/0.226 0.0640/0.450 17.78
2-1-1/F 2 445 689 F 1379 2.00 0.76 8.00 3139 1.768 310.6 8. 0.9974/0.058 0,0114/0.0%9 4.06
2-4-1/F 1779 689 F 1379 2.00 0.76 8.00 3139 1.822 324.8 8, 0.0168/0.13% 0.0236/0.191 10.77
2-4-4/F 2758 F 6205 2,25 0.76 8.00 3266 1.875 2333.3 8. 0.0099/0.079 0.0119/0.097 6.05
2-10-1/F 4448 689 £ 1379 2.00 0.25 8,00 31393 1.844 330.0 8. 0.0318/0.254 0.0414/0.333  20.07 3
2-10-4/F 2758 F 6205 2.25 0.76 8.00 3266 1.899 34t.7 8, 0,0132/0.107 0.0185/0,150 7.92 v
3-4-1/F 3 1779 689 F 1379 2.00 0.76 8.00 3358 1.903 32t.4 8, 0,0130/0.104 0.0206/--~-- 7.42 2
3-10-1/F 4448 689 F 1379 2.00 0.25 B.00 3358 1.95 330.0 8. 0.0249/0.201 0.0323/M.257 17.30
4-4-1/F 4 1779 689 F 1379 2.00 0.76 8.00 3306 1.954 311.4 8, 0.0117/0.086 0.0168/0.135 6.22 2
4-10-1/F 4448 689 F 1379 2.00 0.25 8.00 3306 1.968 317.5 B. 0.0226/0.18C 0.0292/0.234 12.2?
5-4-1/F 5 1778 689 F 1379 2.00 0.76 8.00 3221 1.96% 300.2 8. 0.0109/0.C86 0.0132/0.107 7.42 2
5-10-1/F 4448 689 F 1379 2.00 0.25% 8.00 3221 1.978 305.0 8. 0.0211/0.168 0,0300/0.236 11.10

EOLDOUT. FRAME
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TABLE IV

~ CHARACTER1Z
=_COO0LING WITH

'(Single Regen)

sensgr Y -

— 5

__ -7 Barrel

— w/d
’ cm

0.076/0.180
.0460/0.135
. 0:0356/0.236

 ©.1798/0.297
0.0640/0. 472
0.0406/0, 325

©.2146/1.697
©.1026/0.798
..0640/0.450

0..0114/0.091

-~ ©.0236/0.191
- 0.0119/0,097

_0.0414/0.333
©.0185/0.150

0 .0206/--~--
€0 .0323/0.257

w0} . 0168/0. 135
=40 | 0292/0.234

el . 0132/0.107
W) . 0300/0. 236

LI

14. 40
10.46
10.41

19.79
14.40
14,55

24.41
17.78
17.78

4.06

10.77
6.05

20.07
7,92

7,42
17.30

6.22
12.22

7.42
11.10

Tt

1.026
0.511
0.323

2.070
1.029
0.650

3.294
1.643
1.039
1.080

2.123
1.046

3,338
1.643

2.062
24

2.050
3.2n

2.042
3.223

Tch

2,903
1.90%
1.905

5.857
2,913
1,905

9.319
4.646
2.936
3.040

6.005
2,959

9.429
4.651

5.834
9.164

5.799
9.136

5.776
9.114

II‘R«IE ENGINE REGENERATIVE
-1

]
>

%88

L]

o0
~No o

»*

Np; mo; oo

Woo
Lol X =]

*

o
g

6.00
8.61

6.00
11.56

6.00
6.00

6.00
6.00

6.00
6.00

*TWRAD = 1311°K (otherwise 1786°K)

4P
kPa

11.0
72.4
117

6.2
62.0
902

0.69
43.4
506
1062

232
3na

104.8
3334

412
112.4

483
121.3

533
126.8

b,in

289
289
289

289
289
289

289
289
289
289

289
289

289
289

289
289

289
289

289
289

Tb.out

362
372
392

334
359
390

326
342
i66
450

450
450

456
456

451
450

468
450

478
456

hg ,max
AT, Kt/ ;K
*K x 107
73 1714
a3 5030
103 16679
45 1533
70 10502
101 24180
36 1683
53 9501
77 21797
161 1868
16) 1462
161 4324
166 ame-
161 5618
162 1385
161 1100
179 1327
161 1050
189 1291
167 1024

Q, smax
g
kwlmz

1471
4412
14935

1291
8431
20850

1373
7631
18939
46%0

3693
11062

29%0
13971

3807
3056

3562
2876

3366
2nez

EOLBOUT ERAME

QC »inax
kw/hz

752
1993
6945

719
1781
6928

310
1585
5311
2059

1209
5016

637
4705

1471
981

147
981

1454
981

32

80
73
45

73
117
67

115
134

85
163

226
185

237
197

232
248

235
254

237
259

§I Units

No, of
Channels

B TP p—



TABLE IV (Cont.

SELECTED PARAMETERS CHARACTERIZING;‘
COOLING WITH RP
(Single Regen)

Channel Dimensions

m*www“mwmwﬂ.pv—.w s )‘J]""'q SRR RO ge———nee— e e

Aspect Ratfo Throat Barrel
Fa) L .

Code MR F Pa Coolant Pl PfPe to. CR T, Cp Isp’ d/w w/d w/d L

-  BF psla - pia -~ in. - °p - sec - in.fin. in./in. in.

1-1-1/F 1 100 100 ¥ 200 2.00 .3 8.00 2564 1.948 251.2 8. .030/.240 .0307.0M1 5.67

_ 1-1-4/F 400 P 800 2.25 .3 13,96 2680 1.875 257.5 8. .0181/.1446 .0181/.053 4.1%

: 1-1-10/F 1000 P 1400 1.40 .1 34,79 2781 1.989 2§9.5 8. .0087/,0539 .0141/.093 4.17

1-4-1/F 400 100 F 200 2.00 .3 8.00 2564 _1.915 250.9 8. .0706/.585 .0708/.117 7.79

1-4-4/F 400 F 900 2.25 .3 8,00 2680 1.836 257.2 8. .0130/.086 .0252/.186 5.87

1-4-10/F 1000 F 1400  1.40 1 8,58 2791 1.942 280.4 8. .0083/.058 .0160/.128 5.73

X 1-10-1/F 1000 100 P 200 2.00 .3 B.00 2584 1,892 260.2 8. L0621/.497 .0845/.668 9.61

; 1-10-4/F 400 F 800  2.25 .3 B.OD 2680 1,803 255.7 8. .0194/,132 L0404/ ,314 7.00

- 1-10-10/F 1000 F 1400  1.40 .1 8,00 2791 1.907 258.0 8. .0124/,088 .0252/.177 7.08

2-1-1/F 2 100 100 F 200 2.00 .3 8.00 5651 1,768 310.6 8. .0029/.023 .0045/.036 1.60

L —-1r 400 100 F 200 2.00 .3 B.0D 5651 1.822 324.8 8. .0086/.053 .0093/.075 4.24

) -4-4/F 400 F 200 2.25 .3 8,00 5878 1.875 333.3 8. .00397.031 .0047/.038 2.38

; - 2-10~1/F 1000 100 F 200 2.00 .1 8.00 5651 1.844 330.0 8. ,0125/.100 .0183/.131 7.90

A 2-10-4/F 400 B 900 2,25 .3 8,00 5878 1.809 341.7 8. .0062/.042 .0073/.059 3.12

4 ; 3-4-1/F 3 400 100 F 200  2.00 .3 8.00 8044 1.930 321.4 8.—  .0051/.041 .0081/— 2.92

[ - $-10-1/F 1000 100 P 200 2,00 .1 8,00 6044 1.956 330.0 8. .0098/.079 .0127/.101 5.63

' A-4-1/F 4 400 100 P 200  2.00 .3 8.00 5950 1,954 3il.4 8. .0046/,037 .0086/.053 2.45

4-10-1/F 1000 100 F 200 2.00 .1 8.00 5850 1.988 317.5 8. .0089/.071 .0115/.002 4.91

- 5-4-1/F 5 400 100 F 200 2,00 .3 8.00 5797 1.989 300.2 8. .00437.034 .00532/.042 2.92

. §-10-1/F 1000 100 F 200 2.00 L1 8,00 5797 1.878 305.0 8. .0083/.086 .0118/.093 4.3
Y

pLn

*Estimated For Thermal Design

;
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TABLE IV (Cont.)

— ERS CHARACTERIZING ENGINE REGENERATIVE
COOLING WITH RP-1
(Single Regen)

—imensions
Barre?
w/d
- in./in.

.030/.071
.0181/,053
0141/.083

- .0708/.117
.0253/.186
.0160/.128

.0B45/,668
+0404/.314
0252/.177
0045/.038

0033/.075
-00477.038

.0163/.131
+0073/.059

0081/~
.0127/.101

.0066/.053
+0115/.002

-0052/.042
.0118/.093

L
in,

5.67
4.12
4.17

7.79
5.67
5.738

9.61
7.00
7.08
1.60

4.24
2.38

7.80
3.12

i.82
5.63

2.45
4.81

2,92
4.37

in.

+404
.201
127

.815
A05
.258

1.297
+G47
409
424

836
412

1.314
847

812
1.276

+807
1.272

-804
1.269

Peh
in.

1.143
.750
750

2,308
1.147
750

3.669
1.829
1.156
1.200

2.384
1.165

3.716
1.831

2.297
3.608

2,283
3,587

2.274
3.588

Code

1-1-1/F
1-1-4/F
1-1-10/F

1~4-1/F
1-4-4/F
1-4-10/F

1-10-1/F
1-10-4/F
1-16-10/F
2-1-1/F

2-4-1/F
2-4-4/F

2-10-1/F
2-10-4/F

-4-1/F
3-10-1/F

4-4-1/F
4-10-1/F

5-4-1/P
5-10-1/F

6.00
6.00
6.67*

6.00
£.00
8.17¢

6.00
6.00
7.31¢
6.00

6.00
8.61

6.00
11.56

6.00
6.00

6.00
6.00

6.00
6.00

apP
pai

1.8
10.5
104,

.9
8.0
130.9
.1

6.3
73.4

154.

33.6
451.7

15.2
483.6

59.7
16.3

70.0
17.6

7.3
18.4

TB,In

€0.3
60.3
60.3

60.3
60.3
60.3

€0.3
60.3
60.3
60.3

ub.3
60.3

60.3
60.3

80.3
60.3

60.3
60.3

60,3
60.3

* TWRAD = 2380°R (otherwise 3215°R)

W SR E

Tb yout
op_

191.3
210.0
245.1

141.3
185.7
242.6

125.9
155.6
199.4
350.7

350.7
330.0

360.0
350.2

351.9
350.4

381.7
350.3

400.3
360.1

e T A ..

AT,
b
op

131.0
149.7
184.8

8.0
125.4
182.3

65.6
95.3
138.1
280.4

2600.4
289.7

209.7
289.9

281.8
200.1

321.4
290.0

340.5
209.8

hg,max  Q .max  Qmex

Btw/in?  Buwin?® Btwin?
sec®p pec sec
x 1073

592 .50 46
1.710 2.70 1.22
5.670 9.14 4.35

521 78 T

3.57 5.16 1.08

8.22  \2.76 4.24

572 .84 .18

3.23 4.67 97

7.41  11.59 3.25

.635 2.87 1.26

497 2.26 T4

1472 877 3.07

o 1-‘3 -39

1.81  -8.55 2.88

AT 2.33 .90

J374 1.87 .60

ASL.—  2.18 .90

357 1.76 .80

439 2.08 .89

.348 1.66 .60

English Units

No. of

- shannels

s

80
78
45

73
117
87

1135
134

85
1683

226
155

237
187

232
248

235
54

37
259

EOLDOUL FRAME
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TABLE V

IABLE V

SELECTED PARAMETERS CHARACTERIZING ENGINE REGEM
(Single Regen)

SELECTED PARAMETERS CHARACTERIZING ENGINE REGE
(Single Regen)

o Channel
— Aspect Dimensions
= . : Ratio  Throat Barrel
L : 3 L}
= Code MR F Pc Coolant Pin Pin’PC tuall CR Tc CF lsp d/u* w/d w/id L ry Teh )
- . - ¥ KkPa - kPa - cm - °K - sec - cm/cm cm/¢m cm cm cm ;
= — () ___ L
g’ - 2-1-1/0 2 445 689 0 6205 9.00 0.76 8.00 3139 1.768 310.6 8. 0,0152/0.122 0.0300/0.102 14.40 1.080 3.040 |
—3 2-1-4/0 2758 0 6205 2.2% 0.76 13.10 3266 1.853 315.5 20. 0.0079/0.155 0.0155/0.307 7.24 0.526 1.905 1}
%;; - 2-4-1/0 1779 689 0 1379 2.00 0.76 8.00 3139 1.822 324.8 8. 0.0272/0.218 0.0884/0.706 19.79 2.123 6.005 |
=% 2-3-4/0 2758 0 6205 2.25 0.76 8.00 3266 1.875 333.3 8,.0,0252/0.206 0.0353/0.231 14.44 1,046 2.9%7
= 2-10-170 4448 689 ¢ 1379 2.00 0.76 8.00 3139 1.844 330.0 8, 0.0531/0.424 0.1453/1.163 24.41 3.338 9.439 |
. 2-10-4/0 2758 0 6205 2.25 0.76 8.00 3266 1.899 341.7 8. 0.0358/0.287 0.0599/~- 17.78 1.643 4,651 1
CT 2~10-10/0 6894 0 9652 1.40 L0635 8.00 3327 1.871 332.9 20.,30.0.0185/0.549 0.0325/0.480 12.32 1.046 2.961 &
. 3-1-1/0 3 445 689 0 6205 9.00 0.76 8.00 3358 1.944 305.5 8. 0.0183/0,0356 0.0356/0.19114.44 1.029 2,909 |
i 3-1-4/0 2758 0 6205 2,25 0.76,1.02,1.02 14.39 3562 2.036 320.1 20. 0.0081/0.165 0.0254/0.196 10.16 0.503 1.905 1
- 3-1-5/0 3447 0 6791 1.97 0.76,1.02,1.02 16.70 3602 2.056 322.3 20. 0.0076/0.152 0.0244/0.168 10.16 0.447 1.826 2
. 3-1-6/0 4136 0 7370 1.78 0.76,1.02,1.02 20.00 3638 2.073 2324,0 20, 0.0066/0.132 0.0239/0.155 10.16 4.06 1.816 2
3-1-7/0 4826 0 7928 1.64 0.76,1.02,1.02 23.40 3659 2,086 325.3 20, 0.0056/0.112 0.0249/0.091 10.16 0.375 1.814 3,
. 3-4-1/0 1779 689 0 1379 2.00 0.76 8.00 3586 1.930 321.4 8. 0.0315/0.251 0.1024/0.798 19.79 2.062 5.834 |
. 3-4-4/0 2758 4] 6205 2.25 0.76 8.00 3562 2,061 240.1 8. 0.0274/0.218 0.0391/0.277 14.44 998 2.8z4 |
e 3-10-1/0 4348 689 [ 1379 2.00 0.76 8.00 3556 1.956 330.0 8. 0.0610/0.488 0.1641/1.313 24.41 3,241 9.164 |
= 3-10-4/0 2758 0 6205 2.25 0.76 8,00 3562 2,066 48,4 8. 0.0434/0.348 0.0655/0.523 17.78 1.577 4.458 1!
3-10-10/0 65894 0 9652 1.40 0.0635 8.00 3703 2.090 344,9 20.,30.0.0193/0,5,9 0.0343/0.325 12.88 0.991 2.804 &
:_. 4-1-1/0 4 445 689 1] 6205 9.00 0.76 8.00 3306 1.935 297.2 8. 0.0224/0.178 0.0437/0.315 13.49 1.031 2.%13
. 4-1-4/0 2758 a 6205 2.25 0.76 14.54 3578 2.056 306.8 8. 0.0117/0.094 0.0434/0.127 10.46 0.500 1.905 I
4-1-5/0 3447 0 6205 1.80 0.76,1.02,1,02 16.70 3550 2,073 309.2 20. 0.0091/0.180 0.0290/0.345 10.16 0.445 1.519 2]
4-1-6/0 4136 0 6205 1.50 0.76,1.02,1.02 20,00 3575 2,084 311.2 20. 0.0084/0,.165 0.0284/0.338 10.16 0.406 1.814 21
4-1-8/0 5515 0 8514 1.54 0.76,1.02,1.02 26.70 3609 2.095 313.9 20. 0.0071/0.142 0.0267/0.318 10.16 0,351 1.808 3(
_ 4-1-9/0 6205 0 9086 1.46 0.76,1.02,1.02 30.00 3k22 2.007 314.7 20. 0.0061/0.124 0.0272/0,279 10.16 0,330 1.806 4
: 4-4-1/0 4 1779 689 0 1379 2.00 0.76 8.00 3306 1.954 311.4 8. 0,0379/0.302 0.1186/0,947 19.79 2,050 5.799 ¢
- 4-4-4/0 2758 0 6205 2.25 0.76 8.00 3578 2.069 326.4 8. 0,0333/0.267 0.0465/0.373 14.44 0,936 2.817 I
) 4-4-10/0 6894 0 9657 1.400 0.0635 9.32 3634 2,109 323.9 20, 0,0168/0.338 0.0279/0.203 3.07 0.625 1.905 4i
- 4-10-1/0 4448 689 0 1379 2.00 0.76 8,00 3306 1.968 317.5 8. 0.0726/0.579 ¢.1864/1.491 24,41 3.23 9.136 €
4-10-4/0 2758 0 6205 2.25 0.76 8,00 3578 2,076 335.1 8. 0.051370.411 0.0749/0.566 17.78 1.572 4.448 17
. 4-10-10/0 6894 0 9652 1.40 0.0635 8.00 3634 2,106 336.2 20. 0.0211/0.422 0.0417/0.483 16.54 0.988 2,794 A8
- 5-1-170 5 445 689 o 6205 9.00 0.76 8.00 3221 1.963 288.9 8. 0.0267/0,.213 0.0500/0.366 14.44 1.024 2,893 §
- 5-1-3/0 .2068 Q 6205 3.00 0.76 10.94 3350 2.064 293.4 B. 0.0152/0,127 0.0330/0.244 11.10 0,577 1.905 1(
5-1-4/0 2758 0 6205 2.25 0.76 14.77 339 2.090 295.0 8. 0.0142/0.174 0.0375/0.221 10.46 0.495 1.905 14
5-1-10/0 6894 0 9652 1.40 0.0635 37.54 3514 2.124 299.6 20. 0.0107/0 13 0.0272/0.061 2.36 0.310 1.905 40
5-4-1/0 1779 689 0 1379 2.00 0.76 8.00 3221 1.%6% 300.2 8, 0.0412/0.353 0.1316/1.052 19.79 2.042 5.776 6
S-4-4/0 2758 0 6205 2,25 0.76 8.00 3396 2.085 312.3 8. 0.0396/1,318 0.0538/0.376 14.44 0,993 2.807 @
5-4-10/0 6894 0 9652 1.40 0.0635 9.40 3514 2,127 205.9 20, 0.0198/C.396 0.0318/0.127 3,07 0.622 1.905 43
5-10-1/0 4448 689 0 1379 2.00 0.76 8.00 3221 1.978 305.0 8. 0.0826/0.660 0,207/1.656 24.41 3.223 9.114 &
5-10-4/0 2758 0 6205 2.25 0.76 8.00 33% 2,084 320.9 8. 0.0599/0.480 0.0851/0.462 17.78 1.569 4.465 11
$-10-10/0 6894 0 9652 1.40 0.0635 8.00 3514 2,112 318.8 20. 0,0272/0.54) 0.0472/0.886 17.98 0.985 2.789 44
. *n - norzie
t = thPoat
- b - barrel
7 ;‘ **When two numbers are givan, the first refers to throat d/w, while the secand to barrel d/w
*
EOLDOUL ERAMY
= -’.7_#.*
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TABLE V

ERIZING ENGINE REGENERATIVE COOLING WITH OXYGEN

Lt
cm

0.102 14.40
6,307 7.24

/0.19114. 44
/0,196 10.16
0.168 10,16
0.156 10.16
0.091 10.16

4t0.798 19.79
0.277 14.44

1.313 24,41
w0.523 17.78
[£0,325 12.88

70,315 13.49
v

0.127 10.46
0.345 10.16
0.338 10.156
0.318 10.16
10,279 10.16

0.947 158.79
0.373 14.44
0.203 3,07

1.491 24. 41

't
cm

1.080
0.526

2.123
1.046

3.338
1.643
1.046

1.029
0.503
9.447
4.06

0.375

2.062
.998

3.241
1.877
0.991

1.031
0.500
0.445
0.406
0.351
0,330

2.050
0.996
0.625

3
0.566 17.78 1,572
0.483 16.54 0.988

0.366 14.44 1.024
0.244 11.10 0.577

+221 10,46 0.495
0,061 2.36 0,310

1.052 19.79 2,042
376 14.44 0,993
A27 3.07 0.622

656 24.41 3.223
0,462 17.78 1.569
0.886 17.98 0.985

TR L - S

(Single Regen)

Teh
cm

3,040
1.9056

6.005
2.957

9.439
4.651
2.961

2,909
1.905
1.826
1.816
1.814

5.834
2,824

9.164
4,458
2.804

2.913
1.905
1.819
1.814
1.808
1.806

5.799
2.817
1,908

4.136
4.448
2,794

2.893
1.905
1.805
1.905

5.776
2.807
1.905

9.114
4.465
2.789

A

£.0g
14.04

€.00
LY

6.00
11.56
41.63

6.00
18.05
23.39
29.08
3.4

6.00
10.86

6.00
12.80
52.63

6.00
16.72
21.66
26.87
36.10
41.02

6.00
10.15
44.94

6.00
12.27
48.76

6.00
10.23
14.74
40.70

6.00
B.92
43.

6.00
11.21
44,53

AP
kPa

207
B24—

174
869

385
1595

105

659
1038
2225

86
684

71
319
1717

57
946
31
498
813

1790

94
412
3655

51
187
1726

36.8
300
424
266

64.8

255
1679
30.3

783

97.1

94.5
94.5
97.1
97.1
96.2
96.6

90.7
94.5
97.1

90.7
94.5
97.1

94.5

278

174

214
206
30

251
303
315
172

245
214
301

191
182
219

330

230
224

155
149
233

185
301
244
266

248

187
163
17

124
111
223

157
211
221

74

154
119

10
100

182

hg,max qg. max QC. max
kw/m kwlm2 kwlm2
oK
x1073 .
1868 4723 17
6207 15,754 2288
1462 3661 833
4324 11,080 4412
1165 2991 964
5618 14,773 3628
18,032 47,228 7991
1788 4903 1046
6060 16,947 1977
7295 20,395 2566
8442 24,039 3154
89560 27,585 4086
1385 3775 7135
4206 11,979 kiili]
1100 3072 948
4412 13,204 3775
17,061 51,265 8220
1677 4527 866
5824 16,113 3677
6972 19,251 2026
8033 22,241 2190
10,060 28,517 3432
11,031 31,572 4396
1327 3546 1030
4030 11,325 3285
12,619 39,940 na
1050 2860 81?7
4442 13,025 3108
16,061 49,222 71321
1615 4233 719
4529 11,979 2304
5735 15,247 3023
11,882 33,334 7926
1291 3350 999
3971 10,688 2680
13,735 41,394 6341
1024 ns 670
4588 12,828 2484
15,647 45,643 5867

No. of Chapnels

Metric Units

Liner
t/k

1n.25ec°F/Btu

147
114

200
128

4 R —

152
a5

138
133
129
127
126

187
122

202
137
80

131
105
126
124
122
121

174
114
54

184
78

125
106
102

32

164
107
52

171
119
1

600.

FULLOUT FrApg 2
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T W TPU el 3

Il

K.

N

2-1-1/0 2
2-1-4/0

2-4-1/0
2-4-4/0

2-10-1/0
2-10-4/0
2-10-10/0

3-1-1/0 3
3-1-4/0
3-1-5/0
3-1.6/0
3-1-7/0

3-4-1/0
3-4-4/0

3-10-1/0
3-10-4/0
3-10-10/0

4-1-1/0 4
4-1-4/0
4-1-5/0
4-1-6/0
4-1-8/0
4-1-9/0

4-4-1/0 4
4-4-4/0
4-4-10/0

4-10-170
4-10-4/0
4-10-10/0

5-1-1/0 5
§-1-3/0
5-1-4/0
§-1-10/0

5-4-1/0
5-4-4/0
5-4-10/0

3-10-1/0
$-10-4/0
$-10-10/0

*n . nozzle
t - throat
b - barrel

Pc

100
400

100
400

1000
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5651
5878
5938

6044
6411
6483
6541
6587

6044
6411

6044
6411
6665

5950
6332
6390
6435
6497
6520

5950
6332
6541

5950
6332
6541

5797
6030
6112
6325

5797
6112
6325

5297
6112
6325

TABLE V (Cont.

SELECTED PARAMETERS CHARACTERIZIMG ENGINE RE
(Single Regen)

Channel
Aspect Nimensians
Ratio Throat Barrel
c Isp d/fwht w/d w/d L r r
F- 3 ¢h
- sec - in./in,  in,/1n. in. in. in.
1.768 310.6 8. .0060/.048 .0118/.040 65.67 .424 1.200
1.853 315.5 20. .0031/.061 .00617.121 2.85 .207 750 f
1.822 3.8 8. .0107/.086 .0348/.278 71.79 836 2,364
1,875  333.3 8. .0101/.081 .0139/.091 5.67 .412 1.164
1.844 330.0 8. .0209/.167 .0572/.458 9.61 1.314 3.6 i
1.899 341.7 8. .0i41/.113 .0236/--- 7.00 647 1.831
1.871  332.9 20.,30, .0073/.216 .0128/.189 4.85 .412 1.167 ’
1.944 205.5 8. .0072/.014 .0140/.075% 5.67 .405 1.145
2.036 320.1 20. .0032/.065 .0100/.027 4,00 .198 7150
2.056 322.3 20. .0030/.050 .0096/.066 4.00 176 .719
2.023 1240 20, .0026/.052 .0094/.061 4.00 1.69 715
2.085 325.3 20, .0022/.044 .0098/.036 4.00 .148 714
1.930 321.4 8. .0124/.099 .0403/.314 7.79 .812 2.297
2,061 340.1 8. .0108/.086 .0154/.109 5.67 .393 1.112
1.956 330.0 8. .0240/.192 .0646/.517 9.61 1.276 3.608
2.066 348.4 8. .0171/.137 .0258/.206 7.00 621 1.755
2.090 344.9 20.,30. .0076/.228 ,0135/.128 5,07 L2390 1.104 ]
1.935 297.2 8. .0088/.070 .0172/.124 6.1 LA06  1.147
2.056 306.8 8. .0046/.037 .,0107/.050 4.12 197,750
2.073  309.2 20. .0036/.0M .0114/.136 4.00 1718 716
2.084  31.2 20. .0033/.065 .0112/.133 4.00 160 .714
2.095 313.9 20. .0028/.056 .0105/.126 4.00 138 .12
2.097 314.7 20. .0024/.049 .0107/.110 4.00 130 .M
1,954 311.4 8. .0149/.119 .0467/.373 1.79 B07 2.283
2,069 326.4 8. .0131/.105 .0183/.47 5.67 .392 1.109
2.108 323.9 20, .0086/.133 .01t10/.088 1.21 246,750 i
1.968 317.5 8. .0286/.228 .0734/,587 9.61 1.272 3.597
2.076 335.3 8. .0202/.162 .0295/.219 7.00 .619 1.751
2.106  336.2 20. .0083/.166 .0164/.190 6.51 .389 1.160
1.963 288.9 8. .0105/.084 .0197/.144 5.67 .402 1.13%
2,064 2934 8, .00637.050 .0130/.0% 4.37 .227 .150 i
2.090 295.0 8. .0056/,045 .0128/.087 4.12 .19 750
2.124  299.6 20. .0078/.156 .0125/.05 93 122 150
1.%69 100.2 8. .0174/.139 .0518/.414 7.79 804 2.274

2.085 112.3 8. .0166/.125 .0212/.148 5.67 ,391 1.105
2.127 205.9 20, .0078/.156 .0125/.0% 1.21 .24% . 750

1.978 305.0 8. .0325/.260 .0815/.652 9.61 1.269 3,588
2.084 3209 8. .0236/.189 .0335/.182 7.00 .618 1,748
2.112 318.8 20. .01077.213 .0186/.349 7.08 .38 1.098

ttihen two numbers are given, the first refers to throat d/w, while the second to barrel d/w
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_TABLE V_(Cont.) .

=RIZING EMGINE REGENERATIVE COOLING WITH OXYGEN.. ..
~ (Single Regen)

-t
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+
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e S O £t D [P ] o ur

g2 2z 2338% &ge

k=3

w DODOW
g2 2ZTF 888er= I

BEo ONW o R
—d oo ™

LS I

.93

in.

424
.207

.836
412

1.314
647
412

.405
.198
176

.148

812
.393

1.276
.621
. 390

. 406
197
75
.160

.130

807
392
.246

1.772
619
.389

403
.227
195
122

804
391
245

1.269
.618
.Jes

Teh

in.

1.200
-750

2.364

3. N6
1.831
1.167

1.145
. 750
119
AL
Na

2.297
1.112

1.608
1,756
1.104

1.147
.750
716
714
12
.

2.283
1.109
750

3.597
1.75t
1.100

1.139
750
750
750

2,274
1.105
. 150

3.588
1.748
1.098

AP Tb.1n Tb.out
psi °F °F
30.0 -289.9 310.6

119.5 -289.9 232.7
28.3 -296.7 196.7
.126.1 -289.9 174.7

9.1 -296.7 37.7

85.9 -289.9 48.7
231.3 -285.3 140,2
15,2 . -289.% 197.3
65.8 -289.9 241.3
95.6 -289.1 240.3
150.6 -288.3 239.8
322.8 -287.6 306.8
12.5 -296.7 117.0
99,2 ~289.9 112.8
10.3 -296.7 -17.5
46.3 -28%.9 -21.0
249.0 -285.3 133.9
8.3 -28%.9 44.0
137.1 -289.9 251.6
48.0 ~285,3 154.2
12.2 -285.3 194.2
120.9 -286.8 141.8
259.7 -286.1 159.8
13.6 -296.7 39.9
59.8 -289.9 3.8
530.2 -286.3  -146.1

1.4 -2%9.7 -74.3

21.1 -289.9 -90.1
250.3 -285.3 116.2

5.2 -289.9 -7.7
43.5 -294.7 84.8
61.5 -289.9-  107.8

386.0 -285.3 -151.3

9.4 -296.7 -19.5

37.0 -789.% -75.6
243.5 -285.3 -]158.6

4.4 -296.7 -116.2

15.9 -289.9 -131.56
113.6 -285.3 q1.6

AT

English Units

hg ,max Jmax Qc.max Liner
2 9 . 2 2 t/k

Btu/in.®/ Btu/in. Btu/in, No. of Channels

sec 5 sec sec R 1n.2 sec®F/Btu
x 107

635 2.89 .12 147 -
2.11 9.64 1.40 114 -
.497 2.74 .51 200 -
1.47 - 6.78 2.70 128 -
L396 1.83 .59 221 -
1.91 9.04 2.22 152 -
6.13 28.90 4.89 85 -
.608 3,00 .64 138 -
2.06 10,37 1.21 133 600.
2.48 12.48 1.57 129 E00.
2.87 14.71 1.93 127 600,
3.25 16.88 2.50 126 600.
471 2.31 .45 187 -
1.43 7.33 2.38 122 -
.374 1.88 .58 292 -
1.50 8.08 2.3 137 -
5.80 31.37 5.03 80 -
570 2.7 53 131 -
1.58 9.86 2.25 105 -
2.37 11.78 1.24 126 600.
2.73 13.61 1.43 124 609,
3.42 17.45 2.10 122 600.
3.75 19.32 2.69 121 600,
.451 2.17 .83 174 -
1.37 6.93 2.01 114 -
4.29 24.44 4.37 54 -
307 1.75 .50 184 -
1.51 1.97 1.90 128 -
5.45 30.12 4,48 18 -
549 2.5% .44 126 -
1.54 7.3 1.41 106 -
1.95 9.3} 1.85 102 -
4.04 21.01 4.85 3z -
4393 2.06 .55 164 -
1.35 6.54 1.64 107

4,67 25.13 3.ge 52 -
.348 1.66 .41 171 -
1.56 7.85 1.52 119 -
5.32 27.93 3.59 73 -

l

POLLOUT ERAME
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TABLE VI
TABLE NOMENCLATURE

Designator for basic analysis parameters
X-Y-2/C where X = MR
F (last two zeros deleted)
Pc (last two zeros deleted)
Coolant (F = fuel, 0 = oxidizer)

oM

TCA mixture ratio with no film cooling
Engine thrust, N (1bF)
Chamber pressure, kPa {psia)

Regenerative coolant, where F = RP-1

0,

Coolant inlet pressure, kPa (psia)
Ratio of coolant inlet pressure to chamber pressure
Gas-side wall thickness, c¢m (in.)

Contraction ratio, chamber flow area/throat flow area
Chamber combustion temperature, °K (°R) (TRAN 72}

Thrust coefficient

Specific impulse, sec (vacuum, delivered)
Channel depth-to-width ratio

Engine L', cm (in.)

Threoat radius, cm (in.)

Chamber radius (to metal}, cm (in.) Liner considered to have no thickness.

Attachment area ratio for radiation-cooled nozzle. Based on wall temperature
of 1311°K (1900°F) for MR = 1 and 1786°K (2755°F) for other values of MR
Calculated pressure drop for a multistation analysis, kPa (psi)

Coolant temperature at channel inlet, °K (°F)
Coolant temperature at coolant outlet (injector or discharge manifold), °K {(°F)
Coolant temperature rise, °K (°F)

Maximum gas-side heat transfer coefficient, kw/m2°K (Btu/in.2 sec °F)
Maximum gas-side heat flux, kwlm2 (Btu/in.2 cec)

2

Maximum coolant-side heat flux, kwfmz (Btu/in.c sec)

Channel width/channel depth at throat, cm/em (in./in.)
Channel width/channel depth in cylindrical section, ecm/om (in./in.)
Number of coolant channels (single-pass, up-flow)

[ P VLU N CH U
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Figure 9. Coolant Pressure Drop for LOX, RP-1, and Dual-Regenerative

Cooling Concepts, F = 4448N (1000 1bF})
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MIXTURE RATI0, O/F

Coolant Pressure Drop for LOX, RP-1, and Dual-Regenerative
Cooling Concepts, F = 1779N (400 1bF)
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Figure 11. Coolant Pressure Drop for LOX, RP-1, and Dual-Regenerative

Cooling Concepts, F = 445N (100 1bF)
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Figure 12. Coolant Discharge Temperature for LOX, RP-1, and Dual-Regenerative
Cooling Concepts, F = 4448N (1000 1bF)
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Figure 13. Coolant Discharge Temperature for LOX, RP-1, and Dua)-

Regenerative Cooling Concepts, F = 1779N (400 1bF)
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Figure 14. Coolant Discharge Temperature for LOX, RP-1, and Dual-
Regenerative Cooling Concepts, F = 448N (100 TbF)
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Figure 15. Maximum Chamber L' for 10X, RP-1, and Dual-Regenerative
Cooling Concepts, F = 4448N (1000 1bF)
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Figure 16. Maximum Chamber L' for LOX, RP-1, and Dual-Regenerative
Cooling Concepts, F = 1779\ (400 1bF)
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Figure 17. Maximum Chamber L' for LOX, RP-1, and Dual-Regenerative
Cooling Concepts, F = 445N (100 1bF)
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Figure 18. Minimum Coolant Channel Width Required for LOX, RP-1, and
Dual-Regenerative Cooling Concepts, F = 4448N (1000 1bF)
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LII, B, Thermal Design (cont.)

of 20 and a reduced chamber L'; also, it is necessary to resort to dual-regen
cooling (oxygen inlet at € = 6:1) to achieve a pressure drop less than the AP
Timit criterion. Single-regen cooling with oxygen is not practical at mix-
ture ratics below.5.at high operating pressures in the mid~- and low-thrust
range.

The excessive pressure drop problem is compounded at
F = 445N (100 1bF}. The pressure drops are. acceptable only for the MR range
studied for Pc = 689 kPa (100 psia). Additional analyses at intermediate
chamber pressures were made to assist in determining data trends. The
decreased pressure drop associated with higher aspect ratio channels is
illustrated by the data for d/w = 8 and 20 at Pc = 2758 kPa (400 psia).
Thus, the additional Pc's evaluated at MR's of 3 and 4 were characterized by
the larger coolant channel aspect ratio. Although these analyses are
Timited, 1t appears that single-regen cooling with oxygen at the 445N (100
1bF) thrust level is possibie at Pc's up to about 4619 kPa (670 psia) at MR =
4, and at Pc's of perhaps 3447 to 4136 kPa (500 to 600 psia) at MR = 2. Sev-
eral data points suggest that the pressure drop curve is linear at the higher
MR's but curves upward at MR's below about 3.

b. Coolant Discharge Temperature

The temperature of the coolant leaving the coolant
Jacket is displayed in Figures 12 through 14, For oxygen, the outiet temper-
ature is below the limiting temperature for most design points except at the
445N (100 1bF) thrust level. The temperature 1imit is a complex function of
MR, Pc, and channel aspect ratio. This parameter is a direct input to the
performance sensitivity analysis.

The fuel outlet temperature is below the 1imiting value
only at MR- = 1. At higher MR's, it becomes the controliing parameter in
determining chamber L'. Note that for F = 1779N (400 1bF) at MR's of 4 and
5, the temperature shown exceeds the stated coking 1imit. This {s the result
of the limit being reached within the convergent section; consequently, if
the desired contraction ratio is to be achieved (albeit with a Zero-length
cylindrical section), an increased outlet temperature is necessary.

¢. Chamber L'

Trends in chamber L' as a function of MR and Pc are
shown in Figures 15 through 17 for thrusts of 4448, 1779, and 445N (1000,
400, and 100 1bF). With RP-1 as the coolant, the L' values decrease with
increasing mixture ratio at all thrust levels. Decreasing thrust also
resutts in lower L' values for the same Pc and MR. Bulk temperature rise

1imitations result in reduced L' values as the coolant flowrate decreases
with increasing mixture ratio.
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111, B, Thermal Design (cont.)

With oxygen cooling, however, L' values are essentially
Tndependent of MR except at F = 4448N (1000 1bF) and Pc = 6394 kPa {1000
psiag where the bulk temperature rise 1imits L' at MR'S of 2 and 3. Chamber
L' decreases with decreasing thrust and increasing Pc up to a Pc of 2758 kPa
(400 psia).

d. Channel Width

The-results of an earlier analytical study (reported in
Ref. 1 through 3) with LOX/RP-1, LOX/LCHs, and LOX/LH, as coolants had
shown that RP-1 could not be used to coo? engines in %his thrust and Pc range
if conventional channel dimensfons were used. Current fabrication technolagy
limits milled channels to a width of 0.083 cm (0.0325 in.) with a maximum
aspect ratio (depth/width} of 5.

As shown in Figures 18, 19, and 20, the analyses
reported herein substantiate these earlier findings. Only for RP-1 at MR = 1
and at the lowest thrust and chamber pressure [445N {100 1bF) and 689 kPa
(100 psia), respectivelyl does the predicted channel width of 0.076 cm (0.030
in.) approach the conventional minimum width of 0.083 cm (0.0325 in.).
Increasing Pc or MR requires decreasing channel width for cooting; the
smallest channel width for which a design solution was achieved was 0.058 cm

{0.023 in.) for F = 445N (100 1bF}, Pc = 689 kPa (100 psia}, and MR = 2 (see
Figure 20).

The maximum channel width calculated for oxygen was
0.081 cm (0.032 in.) at F = 4448N (1000 1bF), Pc = 689 kPa (100 psfa), and MR
= 5 (see Figure 18). A minimum value of 0.006 cm (0.0022 in.) was catculated
for F = 445N (100 1bF), Pc = 4826 kPa (700 psia), and MR = 3. Channel width
decreases with decreasing thrust and mixture ratio and inc.easing chamber
pressure.

Channel width as a function of Pc for curves of con-
stant thrust for each coolant at each mixture ratio are cross-plotted in
Figures-21 and 22. Channel width is a sensitive function of Pc for RP-1 at
MR = 1. The data indicate less sensitivity of channel width to both MR and
Pc at highér mixture ratios.

The broader feasibility range for oxygen cooling, as
shown in Figure 22, indicates a similar but somewhat lower sensitivity of
channel width to Pc at all mixture ratios. The minimum channel width

decreases with decreasing MR ({.e., decreasing oxygen flowrate) and
increasing Pc.
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I11, B, Thermal Nesign {cont.)

. A graphic 11lustration of the relationship of fabrica-
tion technology to the regenerative cooling capabilities of oxygen is shown

- in Figure 23. The upper gane] depicts the approximate operating limftatiors

h for a conventional channe) width of 0.076 cm (0.030 ¥n.). Only at MR = §
does any cooling capability exist, and this only at the maximum thrust and at
l Tow Pc.

Design feasibility is greatﬂy enhanced if the channel
minimum width 1imit 1s reduced to 0.025 cm (0.010 in.), assumed achievable
with a relatively modest.investment in technology development. At MR = 5,
operation at a thrust of 4448N {1000 1bf) is practical at all chamber pres-
sures. At 1779N (400 1bF), the upper Pc limit is about.5515 kPa (800 psia),
while a thrust of 445N (100 1bF) can be obtained at Pc's near 689 kPa {100
psia). As the mixture ratio is reduced, the operating map becomes more
restricted but sti11 encompasses a broad range at the lowest MR.

A T T

For a minimum channel width of 0.013 cm {0.005 in.),
considered the lowest constraint on size based on filtration limitations, the
operating map covers most of the study range. The minimum thrust designs
become progressively less feasible with decreasing mixture ratio. The
. obvious Vimitation for this expanded capability map 1s the increased difff-

. culty anticipated in fabricating reproducible channels to this dimension.

T TR T T RS s

]

. The equivalent {1lustration for RP-1 coolant channels

; is given in Figure 24, Increased.cooling capability is predicted as minimum —
channel width s successively decreased from 0.076 to 0.025 to 0.013 cm

J (0.030 to 0.010 to 0.005 in.). However, this improvement is limited tq

. MR = 1, with only 1imited capability shown at higher mixture ratios for the
) 0.013-cm (0.005-in.) minimum channel width.

4. Dual-Propellant Regenerative Cooling Results (Fuel and
) Oxygen)
|

Selected input data and calculated results for dual-
r- regenerative cooling are presented in Table VII. RP-1 cools the nozzle from
the radfation attach point area ratio to € = 6:1, assumed to be a practical

location for manifolding. Oxygen serves as the coolant from this point to
the discharge manifold at the injector.

Of the six dual-regen cases studied, three analyses included
both RP-1 and oxygen in terms of all system parameters (AP, channel width,
- discharge temperature, etc.). For the remaining cases, a complete analysfs
. . was performed only for the oxygen-cooled section which sustains both the max-
fmum heat flux near the throat and the greatest total heat load in
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Figure 23, Sensitivity of Required Minimum Coolant Channel
Width to Chamber Pressure, Mixture Ratio, and Thrust
for Oxygen Regenerative Cooling of LO0,/RP~1 Engines

54



==—— F = 4448 {100) 1bF)

== —F » 1779N (400 1bF)

— === F = 445N {100 1oF)

MR = 2 MR - 3 MR = 4 MR =%
0.1 k.
0.1 >§
0,01 ¢ | i
- 0.0]\_—-
0.1
F |
F 0.1
L
=
Y
b
p.o1 . * _
- %
g &
- &
s - 0.0l
2 [
=
T
[=
=
Soa_
3 X
0.01
S [~ -
e N —
N . | — alia] —r L L
4000 1000 4000 1000 4000 1000 4000
Chamber Pressure, kPa
., . el " N | M |
1000 1004 1000 1000

Figure 24,

Chamber Pressure, psia

Sensitivity of Required Minimum Coolant Channel Width
to Chamber Pressure, Mixture Ratio and Thrust for RP-1
Regenerative Cooling of L02/RP-1 Engines

Min. Channel
Width

0,0762 cn
(0.€30 in.)

0.0254 cm
(0.010 fn.)

0.0127 ¢cn
(0.005 in.)

55




TABLE VII

(Dual Regen) -

Channel
¢ " Aspect \ . Dimensions
wa Ratio hroat Barrel '
Code MR F Pc Coolant P, PsnlPe s CR T Cp lsp dfuns wid wrd L
= N kP - kPa - {n,t,bl* - °K - sec - cm/em _tmfem m_
2-1-4/F0 2 445 2758 F 6205 2.25 0.76 - 3266 1.853 315.8 - " - -
0 65205 2.25 0.76 13,10 3266 1.853 315.5 20 0.0081/0.163  0.0152/0.163 8.05
2-1-5/F0 3447 F 6791 1.97 0.76 - 3282 1.862 315.7 - - - -
0 6791 1.97 0.76 16.75 3282 1.862 31%,7 20 0.0C79/0.157  0.0155/0.157 8.66
2-10-10/F0 4448 6894 F 9652 1.40 0.063% - 3327 1.8711 332.9 8. - - -
0 9652 1.40 0.0635 8.00 3327 1.811 332.9 20.,30. 0.0201/0.602 0.0284/0,526 17.92
4-4-10/F0 4 1779 6894 F 9652 1.40 - - 3634 2.109 323.9 - - - -
1] 9652 1.40 0.0635 9,32 3634 2.109 323.9 20,  0.0203/0.406 0.0229/0.483 14.55
s 5-1-10/F0 & 445 6894 F 9652 1.40 - - 3514 2.124 299.6 - ) - - -
- 0 9652 1.40 0.0635 37.54 3534 2.124 299.6 20, (.0302/0.203 0.0254/0.485 6.48
- 5-4-10/F0 1279 6894 Fr 9652  1.40 - - BN - - - - - -
- 0 6952 1.40 0.0635 9.40 13514 2,127 305.9 20.  0.0229/0.462 0.0305/0.617 12.14
-
! *n -~ nozzle
T t - throat
n b - barrel
' *#When two numbers are given, the first refers to throat dfw,
vhile the second to barrel d/w.
3
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" TABLE VII
=\METERS CHARACTERIZING ENGINE -

—AENERATIVE COOLING .

~ (Dual Regen)

. “Barrel
" wid
- cmiem

. 52/0.163

55/0.157

84/0.526

29/0.483

54/0.485

S/0.617

——

0.526
0.526

0.470
0.470

1.046
1.046

0.625
0.625

0.310
0.310

0.622

1.905
1,905

1.923
1.923

2.961
2,91

1.905
1.905

1.805
1.905

1.905

6.00

6.00

ST Units
hq, max Q_, max Qc' max No. of Liner
P Tb.in Tb.out _,'.Tb kw/mé °K rw/me va)'rn2 Channels t/k
_kPa —2x °K °K sec °F sec sec - in? sec®F/Btu
3 —
x 10
- 289 307 27 . . - - .
603 9.5 396 558 6207 15705 2173 13 X
. 289 an 278 . . - - -
673 94.5 397 558 73833 18646 2533 108 .
710 289- 356 322 253 6292 5377 83 .
1358 a7.1 37 532 18032 48307 4903 84 R
1302 97.1 240 399 12619 39465 5622 52 600
1730 97.1 195 354 11884 35625 8710 32 600
1702 97.1 257 as 137137 40822 5050 50 .

[

EULDOUT, Jran

— e,
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II1I, B, Thermal Design (cont.)

the barrel. An energy balance was sufficient to determine the RP-1 discharge
temperature.

The results of the dual-regen analyses are included in
Figures 9 through 20. Typical results are displayed for Case Code 2-10-10/F0
(MR = 2, F = 4448N (1000 1bF), Pc = 6894 kPa {1000 psfa)). 1If the data from
the single-regen oxygen cooling are compared with the oxygen portion of the
dual-regen system, the following results are obtained. With the dual-
cooling, the oxygen & (Figure 9) is decreased from 1595 to 1358 kPa (231.3
to 197 psia); L' (Figure 15) 1s significantly increased from 12.32 to 17,98
cm (4,85 to 7.08 1n.); as.a result of the increased L' which can be cooled,
the outlet temperature (Figure 17) 1s increased from 333 to 373% {140.2 to
212°F); and minimum channel width (Figure 18) is. increased from 0.0185 to

0.0201 cm (0.0073 to 0.0079 in.). In addition, the temperature of the RP-1__

to the injector is increased from 289 to 356°K (60 to 180°F), improving
atomization and vaporization. These results should be reflected in.an
increased Isp and in decreased pump power requirements.

5. Thermal Conclusions for LOX/RP-1 Cooling

The primary conclusfon to be drawn from this analytical
study is that the narrow, high aspect ratio Zr-Cu cooling channels have far
more favorable cooling capabilities than those achievable with current con-
ventional channel designs for engines of relatively low thrust and chamber
pressure. At thrust levels between 445 and 4448N {100. and 1000 1bF), chamber
pressures from 689 to 6894 kPa (100 to 1000 psia), and mixture ratios from 1
through 5, the fuel RP-1 has been demonstrated to have some cooling capabil-
ity (though 1imited) on the F-Pc-MR operating map. In contrast, use of
Oxygen.as a coolant provides a much broader range of parameters. For the
LOX/RP-1 propellant combination, regenerative cooling (RP-1, LO», or RP-1
and LOp) has been shown to be adequate at pressures below 3447 EP& (500
psia).. Thermal liners become necessary in some F-Pc-MR ranges above 3447 kPa
{500 psia) and at low thrust. For the remaining regions on the lower-thrust
Pc-MR maps, cooling augmentation such as film cooting 1s needed.

The analysis matrices for the three thrust levels studied
are given in Figures 25, 26, and 27. The design points are coded to indicate
results, and boundary 1ines have been sketched to show the approximate extent

ofdcoo11ng concept applicability. Regions are defined by the design point
codes.

The data of Figure 25 at F = 4448N (1000 1bF) for single-
regen RP-1 indicate a Tow MR region where regen cooling is practical. An
extension to higher MR's at Tow Pc's 1s possible at reduced L' values. Since
the L' reduction 1s a result of the fue) c0oling becoming bulk-temperature-
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111, B, Thermal Design (cont.)

limited, a thermal liner in the barrel can be used to lengthen L' for a part

of this region. . However, a zero or negative cylindrical section length was
determined for some points, obviating any liner usage.

Oxygen as a sing1e-re?en cootant can be satisfactor{ly used
over the entire Pc-MR map at F= 4448N (1000 1bF). Dual-regen cooling is
applicable to reduce oxygen pressure drop and to raise the RP-1 temperature
to the injector.

At 1779N (400 1bF), the single-regen RP-1 results, shown in
Figure 26, are similar to those of Figure 25 for F = 4448N {1000 1bF}. Oxy-_
gen single-regen cooling 1s adequate at all MR's at Pc's of 400 and helow,
but is marginal at 6894 kPa (1000 psia) at MR = 5 and inadequate at 6894 kPa
(1000 psia) at MR = 4. However, dual-regen cooling achieves cooling feasi-_
bitity for these points. C-_.iing capability could not be demonstrated at_
lower MR's at high Pc's.

The trends initiated in Figure 26 at 1779N (400 1bF) are
intensified .t F = 4448N (100 1bF), as shown in Figure 27. The feasible
single-regen RP-1 region is somewhat smaller, as is the single-regen oxygen
cooling region. As before, the use of dual-regen cooling increases the Pc
Tevel for which cooling can be achieved.

Design calculations at the points indicated by an “X" were
not achievable due to numerical problems where very large pressure or temp-
erature gradients were computed or where channel widths below 0.005 cm (0.002
in.) were required. For these points, calculational failure is equivaleat to
concept failure as no design feasibility exists.

In summation, the net results of the Task III study are
shown in Figure 28 which provides F-Pc-MR operating maps delineating cooling
concr :t areas. Some form of regenerative cooling is shown to be applicable

ove st of the study range; however, cooling augmentation is required over
a 1ia.ted region.

6. Additional Remarks Pertaining to Chamber Gas-Side Wall
Thickness and Channel Geometry at Low TRTUS

The preliminary Task III studies had shown a significant
improvement in heat-flux transformation at Yow Pc's with increasing wall
thickness. These analyses considered a gas-side wall thickness of 0.76 cm
(0.3 in.) at Pc's through 2758 kPa (400 psia). At the higher gas-side flux
levels assocfated with high Pc operation, the wall thickness was generally
reduced to as Jow as 0,064 ¢m (0,025 1n,) for these smaller engines.
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111, B, Thermal Design {cont.)

The effect of increasing wall thickness 1s {1lustrated in Figure 29, Figure
30 {for the throat of an.L0p/RP-1 thruster operating at a mixture ratio of
2.0) shows the wall thickness required to maintafn a 222°K {400°F) tempera-
ture differential across the wall as a function of Pc while maintaining a
maximum surface temperature of 811°K (1000°F). Curves are given for various
thrust levels. For practical considerations, these curves cannot be used
directly, but they do provide rough guidelines for estimating wall thick-
nesses required for this study.

In general, a channel aspect ratio {depth/width) of 8:1 was
utilized at the lower Pc's where flux levels were lower and transformation
requirements were iess, thus reducing the demand on fabrication technology.
At the higher Pc values and where pressure drops were unacceptable, an aspect
ratic of 20:1 was normally considered. The criteria used to select the mini-
mum land size of 0.064 cm (0.025 in.) are shown in Figure 31.

C.- PERFORMANCE SENSITIVITY

A parametric performance analysis was conducted to determine the

delivered performance of engines using oxidizer, fuel, and oxidizer + fuel
(dual-propellant) regenerative cooling.

The parametric operating points investigated are as follows:

Thrust (Fj, N (1bF) 445,1779,4448
(100, 400, 1000)

Chamber Pressure (Pc), kPa {psia) 689,2758,6894
(100, 400, 1000)

Mixture Racio {MR) 1, 2, 3, 4,5

The propellants were LOX/RP-1, and the area expansion ratio was.fixed at
400:1 for ail cases. Attainable combustion chamber Jengths (L'), based on
cooling 1imits, propellant temperatures, and contraction ratios (ec), were
predetermired from thermal analyses. The chamber length and contraction
ratio data and the results of the parametric performance.analyses are listed
in Table VIII. Figures 32 to 40 are cross-plots showing the influence of
mixture ratio, thrust, and chamber pressure on predict~d Isp. The peak per-
formance and cooling schemes for varfous F/Pc combinat:sas are identified in
Table IX. The data contained fn Figures 32, 33, and 34 .how the delivered
specific impulse as a function of mixture ratio coo1in3 scheme and chamber
pressure for thrust levels of 445, 1779, 4448N (100, 400, and 1000 1bF),
respectively. These data show the following:

° With LOX/RP-1, performance of al) cocling concepts decreases
rapidly below a mixture ratio of 2.C.
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Thrust, N (i1bF)

TABLE IX

MAX, PERFORMANCE STINGLE-REGEN COOLING

MR = 3.0 MR = 3.0 MR = 3.5
4448 (1000) Fuel Regen 0x Regen Ox Regen
Isp = 337 Isp = 354 Isp = 351
MR = 2.0 MR = 3.0 MR = 1.0
1779 (400) Fuel. Regen 0x Regen Fuel Regen
Isp = 330 Isp = 346 Isp = 260*
MR = 2.0 MR =30 |* MR=1.00*
445 (100) Ox Regen 0x Regen Fuel Regen
Isp = 31% Isp = 330 Isp = 259
689 (100) 2758 (400) 6894 (1000}
Chamber Pressure, kPa (psia)
*Only MR considered where cooling solution was found
**Pc at max Isp = 4653 kPa (675 psia), Isp = 336, MR = 3.0
with Ox-regen cooling
80
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111, C, Performance Sensitivity {cont.)

¢ Performance also decreases at mixture ratios greater-than

3.0, except for the 4448N/6894 kPa (1000 1bF/1000 psia)
(F/Pc) case.

Fuel-regenerative cooling is only attractive from a perform-
ance standpoint at low chamber pressure 689 kPa (100 psia)
and mid [1779N (400 ibF)] to high [4448N {1000 1bF)] thrust
levels, with attainable peak Isp values of 330-340 seconds.
At other. conditions, the chamber L' that is dictated by

cooling requirements {s too shert for reasonable combustion
efficiency.

Oxidizer regeneratively cooled engines can be designed for
use in an 0/F range from 2 to 5 and a thrust range from
445-4448N (100-1000 1bF) at chamber pressures from 689-2758

kPa (100-400 psia), with attainable peak Isp values of 315
to_354 seconds.

®  High (6894 kPa (1000 psfa)] chamber pressure operation is
possible with oxidizer or dual-regenerative cooling, but
onty at higher thrust levels (24448N/1000 10F), The attain-
able Isp for this case is 360 seconds.

Further improvaments in performance are attainable throu?h
ent

injector designs which provide either more or more effic
elements.—

1. Performance Mode!}

The predicted deljvered specific impulse (Isp L) was
obtained by calculating the influence of the known mechanisms %Eat

degrade
the idea) (Ispope) performance. These effictencies/1oss mechanisms were

divided into f?ve major categories: energy release efficfency (nERE), reac-
tion kinetics efficiency (ng), two-dimensional divergence efficiency

(n2p}, 1oss due to the thrust decrement within the boundary layer, and loss
due to film cooling.

A computer program had previously been developed to help

facilitate parametric analysis by representing each 1oss mechanism in a sub~
routine with the appropriate data base.

During Task I, a Priem vaporization mode) and an empirica)
mixing loss correlation for LOX/RP-1 were incorporated into a subroutine

which enabled the ERE to be internally calculated. The vaporization model
was calibrated usfng data from the NASA-LeRC OF0 triplet engines (NASA TM
79319). lspppe and Ispopk data were obtained through the Two-Dimensional
Kinetics Program (YDK), Beference 4, and were tabulated over a range of con-
ditions that would encompass those desired for this program.

]1
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III, C, Performance Sensitivity (cont.)

The kinetic e ficiency was obtained by comparing the one-
dimensional kinetic specific fmpulse (1spopg) to the IspODE (ny =
Ispgpy/1spopg ). The two-dimensional efficiency was obtained from charts
which gave tﬁe n2D for optimum Rao nozzles, as described in Reference 5,
These charts were then tabulated to facilitate their use in the performance
program. The performance loss due to boundary layer development was obtained
by implementing the turbulent boundary layer chart procedures also given in
Reference 5. These procedures were modified to incorporate the results of
the BLIMP analysis performed in Task I. The boundary layer efficiency was
calculated by assuming an adiabatic wall and propellants at the tank
enthalpy. Past analyses had shown this approach to be quicker, and to result
in the same efficiency as the more rigorous method of calculating the

enthalpy loss to the regen coolant, than finding a new Ispgpp by using the
increased.propellant enthalpy.

The performance model used also included a subroutine to
calculate film-cocoling efficiency, if required. The film-cooling efficiency
was calculated by ratioing the mass-weighted performance for the core and
coolant stream tubes by the performance at the injector mixture ratio. The
performance mathematical modeling {loss accounting), shown in Figure 41, is
consistent with the JANNAF simplified procedures specified in CPIA 246.

Design and operating guidelines were based on previous task investigations
and are shown in Figure 42.

2.  Attainable Isp for RP-1 Regenerativr Cooling

Fuel-regenerative cooling can be successtully applied to
most operating pofnts involving low chamber pressure and mid to high thrust.
At Tow mixture ratio (MR = 1), fuel-regenerative cooling may be used over the
entire chamber pressure and thrust range: however, the attainable delivered

specific 1mpulse is low (247 to 260 sec).

When using fuel-regenerative cooling at low chamber pressure
and mixture ratios greater than 1, short combustion chamber lengths (L') are
required to 1imit the propellant heat pickup in order to prevent coking in
the cooling channels. These short chamber lengths 1imit performance by
restricting the time for fuel vaporization, even when consideration is given
to the effect of not RP-1 (450°K/350°F) supplied to the injector. The allow-
able regeneratively cooled length, and hence engine L', tend to increase with
fncreasing thrust. As can be seen in Figure 35, this results in improved
performance at higher thrust. At a mixture ratio of 2, increasing thrust
from 445 to 4448N (100 to 1000 1bF} improved performance by 10%; ?ncreasing
thrust from 445 to 4448M (100 to 1000 1bF) increased performance 3.5% and
1.7% at mixture ratios of 3 to 5, respectively. At a mixture ratio of 1,
fuel-regenerative coolant proved to be the on Yy viable cooling scheme.
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I1I, €, Performance Sensitivity (cont.)

At this mixture ratio, performance was effectively constant over the entire

thrust range but averaged 20-25% Tower than that of the higher-mixture-ratio,
oxidizer-cooled cases.

As seen in Figures 35, 36, and 37, fuel-regenerative cooling
at mixture ratios of 2 and above does not offer any significant performance
advantage over oxidizer-regenerative cooling and is on Y viable over 1imited
ranges of low chamber pressure, high thrust, and mixture ratio. This same
conciusion is evident from the Cross-plotted_data of Figures 38 through 40,

Use of a thermal liner in the cylindrical chamber allows for
increases in the chamber length.for the same total fuel. heat pickup and
thereby provides some performance improvement at low thrust. Performance
data_for chambers with and without a thermal 1iner are presented in Table X.

Inclusion of a chamber thermal 1iner improved performance
from 7% for the low-thrust case to less than 0.3% at high thrust. The 1inep
impacts performance less at high thrust because the original L' is in the
asymptotic region of the ERE-versus-L' curve. Task I parametrics indicated

the "knee* of the ERE-versus-L' curve to be at approximately 10.16 cm (4
in.), as shown in Figure 43,

3. Attainable Isp for Oxygen Regenerative Cooling

The therma} analyses determined that oxidizer regeneratively
cooled engines are feasible éxcept in the highest-Pc, Jow- to mid-thrust
range. Generally, the c00ling properties of oxygen allowed longer and Targer
cooling channels than attainable with the use of RP-1, resulting in tonger
chamber lengths and increased residence time for propellant vaporization.
However, the Tack of fuel preheating with oxidizer-only cooling slows the
fuel vaporization and reduces the delivered performance. For the tow-Pc, mid-
to high~-thrust operating points, the performance attained in using oxidizer-

regenerative cooling was within 1% of that fer fuel-regenerative cooling {see
Figures 33 and 34),

The oxidizer cooling results, shown in Figure 35, indicate
that, at low Pc, performance will increase 5 to 7% as thrust is increased
from 445 to 4448N (100 to 1000 1bF). A 7 to 11% performance increase is
indicated for the mid-Pc condition (2758 kPa/400 psia) as can be seen from
Figure 36. This increase in performance with increasing thrust {s again due
to increases in engine chamber L'. The 1imi ted applicability of regenera-
tively cooled concepts at high Pc (6894 kPa/1000 psia) is 11lustrated by the
data contatned in Figure 37.” These data show that oxidizer-regenerative

co0ling can only be used in the 3568-4448N (800-1000 16F) thrust range at
Pc = 6894 kPa (1000 psia).
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TABLE X
THERMAL LINER INFLUENCE ON PERFORMANCE

Without Liner With Liner

F Pc LT Isp L' Isp A Isp

N (1bF) kPa (psia) MR cm {in,) cm Sin.) %
445 (100) 689 (100) 2.0 4.06 (1.60) 303.4 10.80 (4.25) 326.2 7.2%
1779 (400) 2758 (400) 2.0  6.04 (2.38) 33L.3 10.80 (4.25) 342.3 3.3%
689 (100) 2.0 10.77 (4.24) 330.1 14.83 (5.84) 331.3 0.4%

3.0 .7.49 (2.95) 325.7 14.83 (5.84) 333.9 2.5%

4.0 7.44 (2.93) 315.1  14.83 (5.84) 320.4 1.7%

5.0 7.42 (2.92) 303.5 14.83 (5.84) 307.5 1.3%

4448 (1000) 689 (100) 3.0 14.30 (5.63) 337.1 18.31 (7.21)  337.5 0.1%
4.0 12.22 (4.81) 322.3 18.3 (7.21) 323.2 0.3%

5.0 11.71 (4.61) 308.8 18.31 (7.21) 309.6 0.3%
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111, C, Performance Sensitivity (cont.)

The wider applicability range of oxidizer as opposed to fuel
regeneratively cooled engines is evident in the data presented in Figures 35
through 40. 1In general, the performance of an oxidizer regeneratively cooled
engine tends to increase with increasing chamber pressure and thrust level.
As shown in Figure 40, an exception to this trend fs at the highest thrust
Tevel (4448N/1000 1bF) where the peak performance, for some mixture ratios,
is achieved at chamber pressures of 2758-4136 kPa (400-600 psia). This peak
performance for the high-thrust case occurs at less than the maximum chamber
pressure due to the mixing and vaporization influences on the energy release

efficiency which evolve from the element density and contraction ratio design
criteria selected. —

As Pc increases, the throat area decreases and, since a
constant contraction ratio (8.0) is used, chamber diameter and the number of
injector elements also decrease. The chamber diameter ranges from 17.8 cm (7
in.) at Pc = 689 kPa (100 psia) to 5.08 cm {2 in.) at Pc = 6894 kPa (1000
psia). At these small chamber diameters, fringe effects with their detrf-
mental influence on mixing efficiency become more predominant. Thus, the ERE
decceases, resulting in lower performance at high Pc. This trend is also
evident in the data of Figure 34. In future analyses, an alternate approach
could be to increase contraction ratio with chamber pressure.

4, Attainable Isp for Dual-Propellant Regenerative Cooling

At several operating points, regenerative cooling with a
single coolant (either oxidizer or fuel) was not practical, or the allowable
chamber L' was too short. To operate efficiently at these conditions, both
propellaats {dual-regenerative cooling) are needed to cool the engine. Per-
formance was predicted for the three dual-regenerative cases given in Table
VIII. As can be-seen, dual-regenerative as o?posed to oxidizer-regenerative
cooling fncreases performance by 2% for the low-thrust, mid-Pc case and by 3%
for the high-thrust, high-Pc case. These increases in performance result
from increases 1n allowable engine L' and fuel injection temperature; both
effects increase fuel vaporization efficiency.

The above results fndicate that performance will benefit
from heating the fuel when oxidizer-regenerative cooling is used. Additfonal
studies were performed to determine how much the performance could be
improved by heating the fuel for selected maximally-performing oxidizer-
regenerative cases. Table XI 1ists the results of this analyses. For the
Tow-thrust cases, performance improved 5 to 6%, depending on mixture ratio,

over the oxidizer-only cooling cases. At high thrust, the perforiance
fmproved 1% to 2%.



TABLE XI

PERFORMANCE COMPARISON BETWEEN OXYGEN-

REGENERATIVE AND DUAL-REGENERATIVE COOLING. ..ot

F Pc MR Isp Isp Al
N (1bF)  kPa (psia) 0x Regen Dual Regen* ;p
445-(100) 2758 (400) 2 1.2 -326.9 5%
3 329.5. 344.8 5%
4 316.9 336.0 6%
1779 (400) 2758 (400) 2 338.9 344 .2 2%
3 345.8 355.6 3%
4 333.1 344.8 4%
4448 (1000) 2758 (400) 2 345.2 347.0 12
3. 353.8 360.5 2%
4 340.4 —347.4 2%
5 325.4 331.4 2%
4448 (1000)6894. (1000) 2 334.8 340.9 2%
3 348.9 354.8 2%
4 347.5 352.6 12
5 330.1 334.7 1%

*Assumed Fuel Temperature Equaled 422°K (300°F)
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I1I, C, Performance Sensitivity (cont.)

For these cases, the fuel temperature was assumed to be
422°K (300°F). Heat required to raise the fuel temperature was assumed to be
obtainable by running the fuel through the rozzle skirt which would ordinar-
1ly be radiation-cooled. Further analyses need to be donc on the thermal
feasibi1ity of this approach and on the weight penalties which may be
incurred.

5.  Performance Summary for LOX/RP-1

Significant performance advantages have been identified as
being attainable when oxygen regenerative cooting is considered. The oxygen
cooling eliminates the need for extensive fuel film-cooling and the associ-
ated 1oss in performance identified in previous studies. In past cases, the
film-cooling requirements were dictated by the cold [561°K (550°F)] chamber
walls needed to prevent coking.

Further improvements in attainable Isp {(up to 5%) have been
1de?fif1ed for the dual-regenerative cooling concept over oxidizer-only
cooling.

The above conclusions are unique to low-thrust, high-
pressure engines. The results are heavily influenced by the design criteria
selected for chamber contraction ratio, element size, and density.

The resulting unusually large contraction ratios (ec = 8
to 30), and the known but not fully predictable interaction of & on mixing
efficiency, gas-side soot deposition, and the gas-side heat transfer coeffi-
cient, make experimental verification of these analyses mandatory.
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IV, RESULTS OF PARAMETRIC STUDIES FOR LOX/HYDROGEN
A.  SUMMARY

This section documents the LOX/hydrogen portion of the Task IV
analyses to determine the extent of applinability of regenerative cooling for
LOs/LHp engines at thrust levels ranging from 445 to 4448N (100 to 1000
1bE). chamber pressures from 689 to 6894 kPa (100 to 1000 psia), and mixture
ratios from 2 to 8. The primary effort considered NBP propellants. A lim-
jted eviluation was also made of the effect of added enthalpy from a source
externa, to the engine system for LO2/LHy.

Delivered specific impulse values were computed for ¢ = 400:1
using simplified JANNAF techiques and included the effects on energy release
efficiency of ?ropellant vaporization and mixing defined in Appendix A. All
performance values were based upon specific engine designs and configurations
which were found to be viable on the basis of. the above thermal analyses.

As in Task IlI, either single-propellant or dual-propeliant
cooling could be utilized, anc channel fabrication technology was not limited
by current capabilities.

The study results of the LOp/LHy propellant system show that
hydrogen cooling is feasible over the complete thrust/chamber pressure regfon
of interest. For the most part, channel design parameters require only
modest advancements in fabrication technology.

Enthalpy addition of the LO2/LH» results in an additional but
manageable thermal load to the hydrogen regenerative coolant. The additional
energy results in a need for narrower cooling channels but improves the spe-
cific impulse up to 2.3% at an MR of 8 and 16.5% at an MR of 2.

B. THERMAL.DESIGN

1. Scope and Analytical Basis

The analytical design methndology employed-in Task III for
the L0O/RP-1 system (documented in Appendix A) was utilized in continuing
the destgn studies for LO2/LHz.

The study envelope for the LOp/LHy analyses was as
follows:

Engine Thrust, F - 445N (100 1bF) < F < 4448N
(1000 TbF) -

9
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IV, B, Thermal Design (cont.)

Chamber Pressure, Pc

689 kPa (100 psia) < Pc < 6894 kPa
(1000 psia)

Mixture Ratio, O/F ~ 4 < MR < 8 NBP Propellants
2 < MR < 8 Heated Propellants .
Chamber Materia) = Zirconium-Copper Alloy

Performance parameters, desfgn guidelines, and thermochemi -
cal/gas dynamic parameters were the same as discussed in Section 111.8.1,

except for design guidelines specific to hydragen.

Coolant Pressure Drop
LO02 and LHp AP < 1724 kPa (250 psia)
Maximum Bulk Temperature

L0z  Tp < 394°K (250°F)
LHy Eonzp?irectly (outlet temperature 11mited only
y -

Maximum Gas-Side Wall Temperature
LOz and LHp ng £ 811°K (1000°F)
Maximum Coolant-Side Wall Temperature

L0z T, 2< 589°K (600°F)
LH2 None directiy

The pressure drop Timitation was based on power-balance
considerations for typical engine cycles. The coolant bulk temperature limit
for oxygen was based on the reaction rates for copper oxidation. Hydrogen
was not assfgned a bulk temperature 1imit as a coolant. The gas-side copper
wall temperature was limited to values consistent with a cycle 1ife of 20
cycles and long hold-times at operating temperature. Copper oxidation was
the sole cons:iraining factor on coolant-side wall temperature.

2. Analysis Methodology

For the L02/LH5 coolant combination, 1t was anticipated
that couling with hydrogen would be feasible over the entire F-Pc range of
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IV, B, Thermal Design (cont.)

interest and that no recourse to oxygen cooling would be necessary. This
pre-assessment of. cooling capabilities led to the following logic for the
performance of the thermal analysis:

a. The LOo/LHy system was analyzed at three values of
thrust [445, 1779, and 4448\ (108, 400 and 1000 1bF)] for each of three mix-
ture ratios (4, 6, and 8) and each of three chamber pressures (689, 2758, and
6894 kPa (100, 400, and 1000 psia)l. These analyses were performed for
"single-regen” cooling with hydrogen_as the coolant. The chamber was assumed
to be regeneratively cooled from the point at which a radiation-cooled nozzle
extension can be attached (or from an area ratio of 6:1 if the attach point

ratio is less than 6:1) to the injector in a single-pass counterflow config-
uration.

- In the event hydrogen could not be demonstrated as a
feasible regenerative coolant at any design point noted above, analyses with
OXxygen as the coolant would be performed. "Dual-regen" cooling, defined as
using both propellants as coolants in seriers, was to be utilized only if
cooling with a single propellant proved to be unfeasible.

3. Hydrogen Regenerative Cooling Results

As anticipated, hydrogen was shown to be a feasible coolant
over the complete F-Pc range of interest, thus no analyses for oxygen cooling
were performed. Selected input data and calculated results for <0011ng with
hydrogen are given in Table XII. (Table homenciature is defined in Table
VI.} Significant resutts are displayed in Figures 44 through 55. Data
points rat shown in complete detail in this thermal section had been found to
be completely feasible in prior studies (Ref. 1) with the use of existing
technology. For example, in Figure 44, the two lower operating pressures
have low AP values and utitize standard channe) sizes. The highest AP

répresents u dasign point which has been made possible by the use of a larger
contraction ratio and smaller Channels,

a. Coolant Pressure Drop

Cooling channel Pressure drops for NBP hydrogen as a
single-regen coolant are shown in Figures 44 through 46 as a function of
mixture ratio for thrusts of 4448, 1779, and 445N 1000, 400, and 100 1bF},
respectively. Pressure drop 1s low, even at the highest pressure and low
thrust, and is relatively insensitive to thrust. The maximum AP occurs at a
mixture ratio of 6; however, all values calculated are acceptable.
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Code

1-VF 4
a-1-4/F
4-1-10/F

4-4-4/F
4-4-10/F

4-10-10/F

6-1-1/F 6
6-1-4/F
6-1-4/F

6-1-10/F

6-4-4/F
6-4-10/F

6-10-10/F

8-1-1/F 8
8-1-4/F
8-1-10/F
8-4-8¢
8-4-10/F
8-10-10/F

445

17

4448
445

17719

4443

445

1773

4448

689
2758
6894

2758
6894

6894

689
2158
2758

6894

2758
6894

6894

689
2758
6894

2158
6894

6894

m ™| T T M M M T

T T M m ™M

2068
3894
9419

3894
9479

9479

2068
3894
3894

94719

3894
9479

479

2068
3gs4
9479

3894
3894

3894

Pianc

teall

C %&

CR F Isp**

- cm - sec
3.000 0.76 8.00 11,8223 440.7
1.412 0.076 12.90 1.8268 444.3
1.37% 0.0635 33.28 1.8673 455.2
1.412 0.76 8.00 1.8536 450.8
1.375 0.0635 8.32 .,8792 4581
1.375 0.0635 8.00 1.8813 458.6
3.000 0.76 8.0 1.9494 439.4
1.412 0.76 14.06  1.9504 446.4
1.412 0.76 14.06 1.9504 446.4
1.375 0.0635 35.15 1,98971 4591
1.412 0.76 8.00 1.9783 452.8
1.37% 0.0635 9.00 2.0012 461.9
1.375 0.0635 8.00 2.0034 462.4
3.000 0.76 8.00 1,993 416.2
1.412 0.76 14.20  2.0085 427.0
1,375 0.0635 36.51 2.0663 4431.9
1.412 2.76 8.00 2.0377 433.2
1.375 0.0635 9.00 2.0784 445.5
1.375 0.0635 B8.00 2.0802 446.9

Lo
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TASLE XII

SELECTED PARAMETERS CHARACTERIZING EN
COOLING WITH NBP HYDROGEN WITH L02ﬁ

(Single Regen)

Lt ™ Ten 6 aP s, 4n
Lm_ . _em _om kPa K
17.98 1.062 3.002  6.00 0.69 22.3
12.08  0.531 1.905 18.26 27.6 23.3
10.59 0.332 1.912  45.99 58.5 28.6
17.98  1.052 2.977 11.32 7.58 23.3
14.55 0.660 1.908  33.50 45.5 28.6
17.98  1.04% 2.954  46.86 68.9 28.6
17.98 1.026 2.903  6.00 2.07 22.3
13.08  0.513 1.923  26.30 8.27 23.3
13.08 0.513 1.923  26.30 14.5 23.3
10.59 0.322 1.905  65.42 173.7 28.6
12.78  1.019 2.883  16.72 8.27 23.3
14.55 0.540 1.923  45.43 90.3 28.6
17.7% 1,013 2.863  59.80 72.4 28.6
17.78  1.016 2.870  6.00 0 22.3
13.08  0.505 1.905  23.97 8.96 23.3
10.59 0.315 1.905  61.68 159.9 28.6
17.78  1.003 2.880  15.28 5.51 23.3
14.55 0.629 1.887  42.69 72.4 23.6
17.78  0.993 2.803 463 48.9 28.6

*When two numbers are given, the first refers to throat d/w. while the second refers to barrel d/w

**Employed for propellant flowrate determination of throat sizing
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TABLE XII

CHARACTERIZING ENGINE REGENERATIVE
~—{YDROGEN WITH L02/LH2 PROPELLANTS

(Single Regen)

T — —

Page 1 of 2
Metric Units

Throat
* wid
cofem
0.2654/0.737
0.049370.295
0.1562/0.625

0.203770.815
0.140/0.559
0.2029/0.798

0.1140/0.137
0.0970/0.582
0.1013/0.406

€.1016/0.406

0.1527/0.510
0.1005/0.401

0.1491/0.597

0.2068/0.828
0.0980/0.394
0.0955/0.381

0.1529/0.612
0.0953/0.381
0.1448/0.579

No. of
Channels_
55
s
23

72
30

42

63
-1}
82

26

80
33

a4

62
80
26

17
34
4

AOLLOUT pRAME

hg. max 'lh
2 Q ¢ Aspect roat
op T, tn To,out . 4Tp ufml” K g max €, max Ratio w/d
kPa °K °K e § x 10 __kn/m kw /o d/w co/em

0.69 22.3 256 233 2924 5965 1030 0.1438/0,575
21.6 23.3 287 263 8148 20,362 4559 0.0439/0.264
58.6 28.6 276 245 19,503 41,819 19,823 0.0424/0.169
7.58 23.3 202 178 6854 14,446 5393 0.794070.376
45.5 28.6 247 216 14,884 32,014 11,848 0.0876/0.351-
68.9 28.6 225 195 28,004 59,877 27,046 0.1013/0.405
2.07 22.3 236 3 2492 6128 1030 0.1138/0.455
8.27 23.2 402 379 8707 22,437 4788 0.0323/0.193

14.5 23.3 402 379 8707 22,437 5867 0.343/0.137
173.7 28.6 403 373 18,061 48,470 26,147 0.0299/0.120

8.27 23.3 281 258 6236 16,064 4461 0.762/0.305
90.3 28.6 345 315 12,943 34,841 20,052 0.0688/0.276
72.4 28.6 310 280 20,209 53,880 21,212 0.0849/0. 356
0 22.3 349 327 2112 5180 850 0.1163/0.465
8.96 3.3 a2 a04 7442 19,757 5066 0.0366/0. 1466
159.2 28.6 432 402 15,973 44,548 25,265 0.0284/0.1212
5.51 23.3 299 276 5413 14,397 4151 0.0813/0,325
72.4 28.6 373 343 11,413 31,899 17,421 0.0660/0.2644
8.9 28.6 263 297 16,444 45,529 16,832 0.0899/0.360

R : e -
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TABLE XII (cont.)

SELECTED PARAMETERS CHARACTERIZING EN
COOLING WITH NBP.HYDROGEN WITH L02/:‘

(Single Regen)

Code F Pc Coolant .Fin P/ Lo @ CE™  eper a0 M Teh ‘) AP Ty, in Ty

_ MR 1bF  psia psia - in. - sec in. in. in. - _pst °F !
4&-1-/F 4 100 100 P 300 3.000 0.3 8.00 11,8223 440.7 4,2 7.08 0.418 1.182  6.00 0.1 -419.8 -

4-1-4/F 400 F 564.8  1.412 0.3 12.90 1.8268 444.3 6,3 5.15 0.209 0.750 18.26 4.0  -418.0 56
4-1-10/F 1000 F 1375 1.375 0,025 33.28 1.873 455.2 4 4.7 0.131 0.753 45.99 8.5  -405.6 3

- 4-4-4/F 40 400 F 564.8  1.412 0.3 8.00 1.8536 450.8 4  7.08 0.414 1.172  11.32 1.1 -418.0 -
- 4-4-10/F 1000 F 1375 1.37%6 0.025 8.3 1.8792 458.0) 4  5.73 0.260 0,751 33.50 6.6  -405.6 -]
4-10-10/F 1000 1000 3 1375 1.375 0.025 8,00 1.8813 458.6 4  7.08 O0.411 1,163 46.86 10.0  -405.6 -

6-1-1/F 6 100 100 F 300 3.000 0,3 8.0 1.9494 439.4 4,2 7.08 0.404 1.143  6.00 0.3 -419.8 1

6-1-4/7F 400 F 564.8  1.412 0.3  14.06 1.9504 446.4 6  5.15 0.202 0.757  26.30 1.2 -418.0 2%

6-1-4/F 400 F 564.8  1.412 0.3  14.06 1.9504 446.4 6  5.15 0.200 0.757  26.30 2.1 -418.0 2

- 6-1-10/F 1000 F 1375 1.275 0.025 35.15 1.9891 459.1 4  4.17 0.127 0.750  §5.42 25,2 -405.6 2
- 6-4-8/F 400 400 F 564.8  1.412 0.3 8.00 1.9783 452.8 4  7.08 040 1.135 16.72 1.2 -418.0 4
6-4-10/F 1000 £ 1375 1.375 0.025 9.00 2.0012 461.9 &  5.73 0.252 0.757 45.43 13.1  -405.6 1

- 6-10-10/F 1000 1000 F 1375 1.375 0.025 8.00 2,0034 462.4 4  7.08 0.399 1.127 50.80 10.5  -405.6 96
81-1/F 8 100 100 F 300 3.000 0.3 8,00 1.993 416.2 4  7.08 0.400 1.130  6.00 0.0  -419.8 1€

. 8-1-4/F 400 F 564,8 1.412 0.3  14.20 2.0085 427.0 4  5.15 0.199 0.750 23.97 1.3 -418.0 X
. 8-1-10/F 1000 F 1375 1.375 0,025 36.51 2.0663 443.9 4 4.17 0128 0.750 g1.68 23,2 -405.6 3
. 8-4-4/F 400 400 F 564.8  1.412 0.3 8.00 2.0377 4332 4  7.08 0,395 1.118 15.28 0.8 -418.0 %
- 8-4-10/F 1000 F 1375 1.375 0.025 6,00 2.0784 446.5 4  5.73 .248 0.743  42.65 10.5  -405,5 21
8-10-10/F 1000 1000 F 1375 1.375 0.025 8.00 2.0802 4469 4  7.08 0.3 1.106 54.63 7.1 -405.6 ¥

*When two numbers are given, the first refers to throat d/w, while the second refers to barrel diw
- *tmployed for propeliant flowrate determination and throat sizing
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=BLE XII (cont.)

—HARACTERIZING ENGINE REGENERATIVE
"~ DROGEN WITH LOZ!LHZ PROPELLANTS

" Single Regen)

AP TI:.*in Tb.out
_psi °F °F
0.1 -419.8 -0.1
4.0 -418.0. 56.2
8.5 -405.6 35.%
1.1 -418.0 -96.9
6.6 -405.6 -16.3
10.0 -405.6 -55.3
0.3 -419.8 145.1
1.2 -418.0 263.8
2.1 -418.0 263.8
25.2 -405.6 266.1
1.2 -418.0 46.5
13.1 -405.6 161.7
10.5 -405.6 98.2
0.0 -419.8 168.0
1.3 -418.0 306.0
23,2 -405.6 318.0
0.8 -418.0 78.1
10.5 -405.6 211.3
7.1 -405.6 129.8

hg-mﬂx

ATb Btu/in.z-sec-“F
°F x 1073
419.7 0.994
474.2 2.7
441.5 6.63
3211 2.3
389.3 5.06
350.3 g.52
564.9 0.847
681.8 2.9
681.8 2.9
671.1 6.14
464.5 2.12
567.3 4.40
503.8 6.87
588.8 0.718
727.0 2.53
721.6 5.43
496.1 1.84
616.9 3.88
535.4 5.59

Qg,max l]::.max
BtuQn.z-sec Btuﬁn.z-sec
3.65 0.63
12.46 2.79
25.59 12.13
8.84 3.03
19.59 7.25
36.64 16.55
3.75 0.63
13.73 2.93
13.73 3.59
29.66 16,40
9.83 2.73
21.32 12.27
32.97 12.98
3.17 0.52
12.09 3.10
27.26 15.46
8.81 2,54
19.52 10.66
27.86 10,30

Page 2 of 2
English Units

Throat Throat

w/d w/d No. of

in./in, in./in. Channels
0.0566/0.2263 0.1045/0.290. 55
0.0173/0.1040 0.0194/0.116 75
0.0167/0.0667 0.0615/0.246 23
0.0370/0.1482 0.0802/0.321 72
0.0345/0.1380 0.0550/0.220 30
0.0399/0.1585 0.0799/0.314 42
0.0448/0.1792 (0,0449/0.054 63
0.0127/0.0761 0.0382/0.22% 84
0.0135/0.0540 0.039%/0.160 82
0.0118/0.0473 0,0400/0.160 26

. 0.0300/0.1201  0.0601/0.240 B0

£.0271/0.1086 0.0396/0.158 33
0.0350/0.1401 0.0587/0.235 44
0.0458/0,1831 —0.0814/0.326 62
0.0144/0.0577 0.0286/0.155 80
0.0112/0.0477 0.0376/0.150 26
0.0320/0.1279  0.0602/0.24) 77
0.0260/0.1041 0.0375/0.150 k1|
0.0354/0.1417 0.0570/0.228 43

EOLDOUL FrAME L
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I¥, B, Thermal Design (cont.)

The data shown in Figure 46 illustrate the sensitivity
of. AP to channel aspect ratio (d/w) options for Pc = 2758 kPa (400 psia).
Although the channel surface area (at the throat) increases by 31% if_the
aspect ratio is increased from 4:1 to 6:1, the total. channel pressure drop
decreases by 43%, largely as a result of lower coolant velocity 27.7 vs 36.1
m/s_{90.8 vs 118.3 ft/sec) required at the higher aspect ratio. Since the
coolant pressure drop was very small, no further attempts were made to mini-
mize pressure loss. However, the trend is applicable to high-pressure
systems where pressure drop becomes a 1imiting parameter.

b. Coolant Outlet Temperature

The temperature of the hydrogen discharged from the
cooling jacket is displayed in Figures 47 through 49. This parameter is
significant in that the energy level of the hydrogen is critical to those
engine cycles using heated hydrogen as a turbine drive fluid. 1In this
respect, the lower-thrust engines provide a higher outlet temperature fluid.
In all cases, dischar?e temperature increased with chamber pressure.. Since
pressure drop is not limiting, the coolant temperature could be jncreased by
adding chamber length to ensure a power-balanced expander engine cycle.

¢. Chamber L'

Chamber L' requirements to meet minimum performance
criteria are shown in Figures 50 through 52 for the three thrust_levels
studied. The required L' values decrease with increasing Pc and decreasing
thrust and show no sensitivity to mixture ratio. The chambers are relatively
long compared to those of the LO,/RP-1 combination. Since bulk tempera-
tures do not constrain L', even ?onger L' values may be advantageous to pro-
vide higher performance and higher temperature hydrogen as a turbine drive
fluid. Detailed cooling analyses were not repeated where previous studies
had already demonstrated cooling feasibility; instead, emphasis was placed on
the high-pressure, low-thrust operating range where previous studies had
failed to provide design solutions.

d. Channel Width

The results of earlier analyses, reported in References
1 through 3, showed that cooiing with hydrogen was 1imited when convention-
ally sized chamber contraction ratios (. = 3.3) and channels (minimum
width of 0.083 cm [0.032 in.]) were specified. Only the following design
points showed coo?in% feastbility: (1) F = 4448N (1000 1bF) at Pc's of 689,
2758, and 6894 kPa (100, 400, and 1000 psia) at Pc's of 689 and 2758 kPa {100
and 400 psfa). Figures 53 through 55 show that minimum channel width
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IV, B, Thermal Design {cont.)

fncreases as Pe decreases and thus substantiates the conclusions reached in
the previous studies.

The minimum channe! width, usually found at the maximum
heat-flux point {at or near the throat station), is plotted in Flgure 56 as a
function of thrust for constant values of chamber pressure. The cross-plot
in Figure 57 shows the coolable thrust. and P¢ design points possible for var-
fous channel widths greater than 0.025 cm {0.010 in.). The figure also shows
the minimum_channel widths at a mixture ratio of 6 for. the study range of
fnterest.

4. Effect of Added Enthalpy

The effect of added enthalpy from a "free" source was
examined for the LO,/LH, propeljant system.. Two cases were considered:
first, it was assumed tﬁat energy was added to hydrogen alone; secondly, that
éneérgy was added to both hydrogen and oxygen to raise injector inlet tempera-
ture(s) to 922°K (1200°F) after the hydrogen supplied to the engine at NBP
energy levels had cooled the chamber regeneratively. The design point for F
= 1779N (400 1bF) and Pc = 2758 kPa (400 psia) at a mixture ratio of 4 was
selected for this analysis. Based on the results of the performance analy-
ses, this mixture ratio was chosen to maximize the effect of enthalpy addi-
tion to hydrogan. The conclusions obtained are beTieved to be applicable to
all other F, Pc, and MR combinations.

The results of these calculations are presented in Tables
XIIT and XIV. External heating of the hydrogen results in a 340°k {622°R)
increase in the combustion temperature. Heatfng of the oxygen adds an add{-
tional 83°K {148°R) to the combustion temperature. Consequently, less than
hal f the ene:gy increase appears tn temperature rise, The balance is
absorbed in the dissociation to the fonic concentrations noted in_Table XIII.

The increased energy level of the combustion gases results
in a greater thermal load to the regeneratijve coolant, as shown in Table X1V,
Prassure drop, though negligible, increases, as does the bulk temperature
rise of the Rydrogen. The flux levels increase, and the minimum channel
widths required for proper cooling decrease.

5. Thermal Conclusions for Hydrogen Cooling

The following conclusions can be drawn from this analysis:
(1) Hydrogen-regenerative cooling is feasible for the com-

plete thrust and chamber pressure region of interest. Oxidizer cooling 1s
not required.
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Ter °K (°R)

H* cal/g (Btu/1bm)

%

Isp, _sec
[H]*
[o]*
[OH]*

*In Chamber

104

TABLE XIII

EFFECT OF ENTHALPY ADDITION TO L02/LH2 PRORELLANTS ON
ONE-DIMENSIONAL EQUILIBRTUM PARAMETERS

(Pc = 2758 kPa [400 psia), MR = 4)

H, and 02 @ NBP

H2 @ 922.2°K {1200°F)

02@ NBP

H
0

2
2

@ 922.2°K (1200°F)
@ 922,2°K (1200°F)

2924 (5263)

-291.2 (-524.2)

1.5533

477.9
0.01649
0.00011
0.00525

3269 (5885)

. —. 357 (643.4)

2.2762

527.6

0.04417
0.00102
0.01788

3352 (6033)

549 (988.2)
2.5339

541.6

0.05403
0.00160
0.02282




TABLE X1V
) EFFECT OF ENTHALPY ADDITION TO PROPELLANT(S)
FOR -LOX/HYDROGEN SYSTEM
PROPELLANTS Dlez Ozlﬂz
NOMINAL Pc/F 4007400 400/400
CASE Mo. 1 H
[ Hy @ 922 *x (1200 °F)
o, nep 0, ¢ N8P
Thrust, N (1bF) 1779 {400) 1719 {400)
Pc, kPa {psia} 2758 (400) 2758 (400)
Throat-Radfus, cm {ia.) 1.062 {0.414) 1.029 (0,405)
Contraction Ratio 8.0 8.00
MR . 4 4

i“. k9/sac (lbm/sec)
,t'if. kg/sec (1bm/sec)

0.323 (0.7112)
0.081 (0.178)

A?“. kPa (psi1) 1.58 (1.1)
Pﬁf‘“' k2a (psfalk 3894 (564.8)
ch-cut. kPa {psta) 3886 (563.7)
ch-in. ¥ (*F} 23 (-418.0})
T“-out. *k (*F) 02 (-96.9)
Regen ¢ 11.32

hg. max, ke/n® *x (Btu/in.z-m °F)
by, max, kw/me °K (Btusin.Zsu. *F)
QIAg max, kn/n’ (Btultn.z-sec)

QIA] nax, lmllla2 (Btulin.z-sec)
Quoeq1r i (Btu/sec)

T,s *K {*F}

6.854 (0.00233)
8.237 (0.00280)
14447 (B.84)
4952 (3.0}
232,31 (220.3)
2024 (4801.1)

0.287 {0,6318)
0.072 {0.1579)
17.92 (2.6)
3894 (564.8)
3876 {562.2)
23 (-418.0)
250 (-9.6)

7.28
7.442 (0.00263)

10.149 (0.00245)
18320.{11.21)
5965 (1.65)
261.9 (248.4)
3275 {5425.3)

762 (0.3)
32.9 (107.8)

0.051

89
0.124 {0.049)

Ty

0.251/.064
(0.099/0.025)

0.610/0.155
{0.240/0.061)

0,/
400/400
3
H .
2 922 *K
o,]' ? (1200 *F)
1774 (400)
2758 {#00)
1.024 (0.403)
8,00

4
0.27% {0.6158)

0.070 {0.1539)
29,30 (2.8)
3394 (564.8)
3874 (562.0)
23 (-418.0)
264 {14.6)

8.2
7.354 (0.00250)

10,560 (0.00359)
18679 (11.43)
£079 (3.72)
269.6 (295.7).
3352 (5572.3)

762 (0.3)
35,1 {115.3)

0.054
89

0.137 {0.054)

Twg

0.248/0.061
{0.098/0.024)

0.582/0.147
(0.229/0.058)

Liquid-Side Wall Temperature

Gas-Side Heat Transfer Coeffictent
Liquid-5ide Heat Transfer Coefficient

Wall Thickness, em (in.) 162 {0,3)
V“.m“. o/sec (ft/sec) .5 (80.3)
Fl“ oax, ° 0.039
No, Chamnats ”
Min. Channel Depth, em (in.) 0.142 {0.056)
Limiting Criterion ng
Cooling Channel Geometry
Depth/Width @ Max Flux Point, om (fn.} 0.376/0.094
(0.148/0.037)
Depth/Width § Max 8ulk Temperature, 0.815/0, 203
e (in.)  (0.321/0.080)
LECEHD
i“ = Tots! Weight Flow Dnygen
%, v Total Weight Flow Fuel
t'r“ = Coolant Meight Flow \
‘ch = Cooling Jacket inlet Pressure Drop QlAg
ch = Cooling Jacket Inlet Pressure QIAl
aT“ * Cooling Jacket Temperature Rise Tr
'l’u & Cooling Jacket Inlet Temperature 'C.I
i'“ = Fuel Fl1m<Coolfng Welght Flow
I’" " Gay-Side Will Temperature

Gas-5ide Heat Flux
Liquid-Side Heat Flux
Recovery Temperaturs

Maximun Coolant Jacket Velocity

Maximum Coolant Jacket Mach Number
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I¥, B, Thermal Design_(cont.) . . _

(2) Minimum channel widths are within the realm of current
fabrication technology or require only moderate advances in the state of- the
art.. No channel widths less than 0.025 cm (0.010 in.) were required for NBP
propeltants, as compared to the widths for_RP-1 and oxygen, which, in some
cases, were below 0.013 cm {0.005 in.).

(3) Hydrogen channel aspect ratios of 4:1 gave satisfactory
results.

(4) Coolant pressure loss was sufficlently low, relative to
operating pressure, to make the additfonal pumping power a negligible design
parameter,

C. PERFORMANCE SENSITIVITY.

Parametric performance analyses were conducted to determine the
advantages of using LOX/hydrogen propellants instead of LOX/RP-1. The poten-
tial for improved performance by adding enthalpy to the propellants from
"free" energy sources {i.e., waste heat or solar_heat) was also investigated.

The parametric operating points investigated in the_performance
analyses are as follows:

Thrust, F 445, 1779, 4448N
(100, 400, 1000 1bF)

Chamber Pressure, Pc 689, 2758, 6894 kPa
(100, 400, 1000 psia)

Mixture Ratio, O/F

NE&P 4, 6, 8
Heated 2, 4, 6, 8
Expansion Ratto 400:1

1. Performance Mode)

The vaporization model was calibrated for oxygen-hydrogen
using 11ke doublet element data from the Extended Temperature Range Thruster

Program (Ref. 6). The mixing 1imitations are representative of all oxygen-
hydrogen class injectors, including those with coaxial elements.
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IV, C, Performance Sensitivity {cont.)

The performance computer Program was further modified to
calcutate the change in Isp resulting from enthalpy addition. Incorporated
in the performance computer program was a subroutine containing data tables
relating the ratio of change in Isp to change in enthalpy as a function of
mixture ratio, chamber pressure, and expansion ratio. These data tables were
compiled from a series of ODE and ODK runs for different propellant
enthalpies.

2,  Attainable Isp for NBP LOX/Hydrogen

Table XV summarizes the design point conditions and attain-
able Isp for LOX/hydrogen propellants. The delivered specific 1mpulse is
predicted to decrease with increasing mixture ratio for a constant thrust and
chamber pressure, as shown in Figure 58. The peak delivered performance
(455~ 468 sec) occurs at a mixture ratio equal to 4,

Another interesting result which evolved from the selected
design guidelines is that, for thrusts of both 4448 and 1779N (1000 and 400
1bF), performance increases between chamber pressures of 689 to 2758 kPa (100
to 400 psfa) and then decreases between 2758 to 6894 kPa (400 to 1000 psia),
This trend may be seen in Figures 58 through 60. At a mixture ratio of 4,
performance will increase approximately 1.3% from Pc = 689 kPa (1000 psia} to
Pc = 2758 kPa (400 psia) and will decrease slightly (¥ 0.3%) between Pc =
2758 kPa (400 Rsia) to Pc = 6894 kPa (1000 psia). ~The variation becomes more
pronounced with increasing mixture ratio. At a MR of 8, performance
increases approximately 2.5% between Pc's of 689 and 2758 kPa (100 and 400

psia) and decreases up to 2.8% between Pc's of 2758 and 6894 kPa (400 and
1000 psia).

This trend occurs because of a decrease in energy release
efficiency (ERE) with increasing chamber pressure for a constant thrust. ..
From Pc-= 689 kPa (100 psia) to Pc = 2758 kPa (400 psia), an fncrease in
kinetic efficiency (ngiy) offsets the decrease in ERE, However, from P¢ =
2758 kPa (400 psia) to Pc = 6894 kPa (1000 psia), the increase in ngpy is
less than the decrease in ERE. The net effect is an increase in predicted
performance from Pc = 689 kPa (100 psia) to Pc = 2758 kPa (400 psfa) and a
decrease from Pc = 2758 kPa (400 psia) to Pc = 6894 kPa (1000 psia).

The reason ERE decreases with increasing chamber pressure is
primarily due to a decrease in element mixing efficiency which resglts from
the interaction of selected injector face element density [0.93/cm
{6/1n.2)] and chamber contraction ratios of 8 minfmum but not less than 3.8
cm (1.5 in.) diameter. As Pc increases, the throat area decreases and, since
a constant contraction ratio (8.0) is used, chamber diameter and number of
injector elements also decrease (NEL, Table XV). At these smal) chamber
diameters, fringe effects with their detrimental influence on mixing
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Iv, C, Performance Sensitivity (cont.)

efficiency are predicied to become more predominant. Also, having fewer ele-
ments inhibits interelement mtxing and propellant vapordization.

At F = 445N (100 1bF), the minimum chamber diameter and num-
ber of elements had been reached for both Pc = 2758 kPa (400 psia) and Pc =
6894 kPa (1000 psia); therefore, increasing Pc from 2758 to 6894 kPa (400 to
1000 psia) does not significantly reduce ERE. The low-thrust, high-pressure
designs result in contraction ratios of up to 37.

¢
)
;

For the 445N (100 1bF) thrust case (Figure 61), the increase
Tn nggy 1s greater than the decrease in ERE from Pc = 2758 kPa (400 psia)
= to Pc = 6894 kPa (1000 psia)}. TYhese trends indicate that further improve-
ments in Isp are attainable at high thrust if either a finer injector element
pattern, or contraction ratios greater than efght, or both are utilized.

i

—y

- Figures 62 through 64 are cross-plots of predicted perform-

: ance as a function of thrust and mixture ratio for constant chamber pres- )
sures. For Pc = 689 kPa (100 psia) and Pc = 2758 kPa {400 psia), performance ' :
will increase with increasing thrust. This occurs because the throat area
increases with increasing thrust, resulting in both nKIN and ERE {mproving

. with thrust. Kinetic efficiency improves because the engine gets larger, i

) providing longer residence times and thus more potential for recombination.

Energy release efficiency improves because larger throat areas mean targer

chamber diameters and a greater number of elements, thus improving mixing

efficiency. For Pc = 6894 kPa (1000 psia), the minimum chamber diameter and

minimum number of elements occur at both 445 and 1779N (100 and 400 1bF)

thrust. Although the number of elements at both thrust levels is the same,

the element orifice diameter increases from 445 to 1779N (100 to 400 IbF).

This increase in orifice size decreases interelement mixing and vaporization,

thus lowering ERE.. At thrusts from 1779 to 4448N (400 to 1000 15F), chamber

diameter and element number increases result in improved mixing and ERE.

3. Effect of Added Enthalpy

The potential for perfcrmance improvement by adding heat
_ from a “free" source was investigated using LOX/hydrogen for the following
Ef operating points:
: Thrust, F 17798 (400 1bF)
) Chamber Pressure, Pc 2758 kPa (400 psia)
§ Mixture Ratio, O/F 2, 4, 6, 8

{ . Expansion Ratio 400:1
’n
]
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IV, C, Performance Sensitivity (cont.)

Table XVI 11sts the results of this analysis. Performance will improve from
2.3% {at MR = 8) to 16.5% (at MR = 2) {f the hydrogen is heated 922.2°%
(1200°F) after 1t has been used in regenerative cooling. Another 2% to 3%

performance improvement may be realized by also heating the oxygen to 922,2°K
(1200°F).

Without enthalpy addition, the peak performance occurred at
a mixture. ratio of 4. With enthalpy addition, the max{mum performance

occurred at a mixture ratio of 2 and increased further as the mixture. ratio
was lowered.

Although the heating of hydrogen results in significant per-
formance improvements, the same-may not be true of hydrocarbons. At these
high temperatures, coking may occur in the propellant iines which has a
detrimental effect on engine operation.

4. Performance Conclusions for LOX/Hydrogen

The following general conclusions may be drawn from this
analysis:

The maximum Isp for LOX/hydrogen {s approximately 25 to_
30% higher than that for LOX/methane and 30 to 35%
higher than that for LOX/RP-1.

The peak performance generally occurs at a mixture

ratio of 4 + 1 for the thrust and chamber pressure
ranges analyzed.

¢ When real injector effects for a fixed element type and
density are considered, maximum spectfic impulse 1s
obtained at a?proximate1y the intermediate chamber
pressure levels [42758 kPa (A400 psia)l. However, when
allowance {s made for the development of improved
injectors or the use of larger element quantities, sig-
nificant improvements in attainable Isp are possible at
pressures higher than 2758 kPa (400 psia). While the
higher attainable performance is not expected to alter

the cooling conclusfons, it could result in slightly
smaller channel sizes.

In all cases, maxfmum specific fmpulse 1s obtained at
the maxfmum thrust level [4448N (1000 1bF)] analyzed in
this study.,

13




YABLE XVl

ADDED ENTHALPY RESULTS FOR
LOX/LH,, PROPELLANTS

Pc = 2758 kPa (400 psfa)

Ispp

433.8
466.4
464.9
441.6

o =
w F ] nol =

IspR
Isp
4y
nTF
Isp,
Hy

ATOK

% AIspl

% ﬂlspz

114

&Tp

778 {1400)

720 (1296.9)
641 (1153.5)
623 (1121.9)

F = 17794 (400 15F)

1spyy

505.5
496.9
479.9
451.6

AI§91

16.5
6.5
3.2
2.3

- Reference-Case - 1 NBP

ATox

832 (1297)
832 (1497)
832 (1497)
832 (1497)

- Only hydrogen is heated by “free" source

- Temperature rise by "free" source

- Both hydrogen and oxygen are heated

- Temperature rise from tank condition

- Sp
M o« 100
Iseg
- Isp,
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Isp alsp
H2 H 2
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459.9 4.1
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V. RESULTS OF PARAMETRIC STUDIES FOR LOX/METHANE
A.  SUMMARY

The LOX/LCHa propellant combination presents the most chal-
lenging design task for optimization as both propellants are reasonably good
coolants of almost equal capability. However, unlike hydrogen, neither ?s
completely satisfactory for the-entire operating range. Oxygen cooling was
found to be more difficult than with the LOX/RP-1 system due to a combination
of higher gas-side heat flux and l1cwer total propetlant flows available for
the higher-performing LOX/methane propellants.

For the oxygen-methane system, methane cooling is limited to
Tower Pc's, low MR, and higher thrusts. Oxygen cooling is favored at nominal
and high MR's and higher thrusts. The attainable specific impulse §s maximum
at a m?xture ratio between 3.0 and 3.5. The present. study shows that fuel
should be the primary coolant at an MR of 3.0 while oxygen is preferred at an
MR of 3.5. At optimum mixture ratio, a large region at low thrust and high
Pc requires cooling augmentation; this region shrinks as the thrust level
increases. The use of dual-regen cooling provides a good solution to design
points which are limited by bulk temperature rises. The second coolant
allows the added chamber length required for high performance to be attained
without requiring use of film cooling.

B.  THERMAL DESIGN

1.  Scope and Analytical Basis

The study envelope for the LO /LCHy analyses of Task IV
was fdentical to that given in Section IV.B.1 %or LO2/LH2, except that

the mixture ratio range was from 2 to 5. 1In this study, no credit was taken
for possible gas-stde heat-flux reduction resulting from carbon deposition
from oxygen-methane combustion. The maximum bulk temperature for methane {s
limited primarily by pressure drop. The decomposition temperature of methane
is above the allowable wall temperature and thus is not a 1imiting factor.

2. Analysis Methodology

The cooling capability trends for the LO2/LCHy system
resemble those previously determined for the LO5/RP-1 propellant combina-
tion. Methanc cooling was evaluated at mixture ratios of 2, 3, and 3.5, in
that order, while oxygen cooling was studied starting at MR = 5 and pro-
ceeding to MR = 3.5. Selected input data and calculated results for cooling
with methane and with oxygen are presented in Tables XVII and XVIII, respec-
tively. Significant results are shown graphically in Figures 65 through 83,
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Code MR F
_— - &
2-1-4/F 2 445
2-4-4/F 1779
2-10-4/F 4448
2-10-10/F
3-4-1/F 3 11
3-4-4/F
3-10-4/F 4448
3.5-4-1/F 3.5 171719
3.5-4-4/F
3.5-10-1/F 4448
3.5-10-4/F

oR - ‘rl'm.usfE N

**Yalues employed to calculate propellant flow and throat size

Pe
kPa

2758

2758

2758
6894

689
2758

2758

685
689

2758
2758

689
2758

Pc, kPa

il

no;.ggmm FRAMIS

Coolant .. Pin P|n/Pc Lwall CR
- kPa - cm
F 7583 2.75 0.76 13.05
F 7583 2.75 0.76 13.05
F 17235 6.25 0.76 13.05
F 7583 2.75 0.76 8.00
F 7583 2.75% 0.76 R.00
F 9652 1.40 0.0635 8.00
F 5515 8,00 0.7 8.00
F 7583 2.7% 0.76 8.00
F 7583 2.7% 0.76 &.00
F 5515 8.00 0.76 8.00
F 5515 8.00 0.76 8.00
F 7583 2.75 0.7 8.00
F 7583 2.75 0.7 8.00
F 6515 a.no 0.7 8.00
F 1583 2.15 0.76 8.00

/ Coolant

8465
. 8465
.B46s
1.8557

8563
8534

.9853
2.0047

2.00%6

2.0000
2.0000

"t —

—

—

£.0490
2.0490

2.0204
2.0574

TABLE XV11

SELECTED PARAMETERS CHARACTERIZING
COOLING WITH NBP METHANE WITH.LO

(Single Regen

Channel
Dimensions
- Aspect Throat Barrel

Isp - Ratio wid w/d L'

sec dfw em/cm cm/em tm

Na 10 0.0301/0.308 0.0301/0.109 13.21
zia 5 0.0338/0.169  0.0338/0.0N 13.21
a 10 0,0335/0.336 0.0335/0.056 13.21
227 20 0.0663/1.325 0.0663/0.163 17.98
322.8 20 0.0442/0.881  0.0803/1.54% 22.10
322.3 20 0.037370.747  0,0%%4/0.904 18.03
358.2 20 0.0963/1.923  0,0963/1.090 24.64
367.0 20 0.0427/0.853 0.0421/0.089 15.11
367.9 20 0.0564/1.128 0.0564/0.831 22.10
352.7 20 0.0919/1.841  0.0925/1.328 24 .64
362.7 ? 0.1016/0.710  0.1016/0.406 24.64
367.4 20 0.0442/0.886 0,0442/0.07% 14.48
367.4 20 0.04171/0.825 0.0414/0.066 15.16
356.3 5 0.2169/1.084 0.217270.218 30.45
368.9 20 0.0569/1.137  0.0569/0.457 2z2.10



_.._‘..
|

-

TABLE XVII !

= CHARACTERIZING ENGINE REGENERATIVE '
METHANE WITH L02/LCH4 PROPELLANTS

ST Units
(Single Regen)
.
M ons
Barrel €A AP Tb.in TI:n.out ATb hg. max Qg. max Qt:. max No. of
w/d L 't Feh - kPa oK K % kwaf K K/ kw/nl Channels
cm/cm 5] om cm _— . o x 10'3 _ o
il . 0301/0.109 13.21 0.528 1.905 13.82 103 114.3 557 442 7589 16881 1879 B6
=, 0338/0.01 13.21 0.528 1.905 13.82 (1 114.3 557 442 71589 16981 3072 83
e, 0335/0.056 13.21 0.528 1.905 13.82 153 114.3 572 458 7589 6881 1634 83
M, 0663/0.163 17.98 1.052 2.9 9.27 142 114.3 398 283 5501 11350 2762 88
i, O803/1.54y 22.10 1.664 4,704 15.54 15 114,3 347.4 233 10149 22132 6896 142
. 055470904 18.03 1.082 2.977 42.54 105 114.3 437 322 23621 5316 10132 10
= 0963/1.080 24.64 2.03% 5.753 6,00 2.8 114.3 435 320 1665 4216 670 1o
e (042770,089 15.11 1.on 2.863 13.09 396 114.3 497 383 4942 13563 5229 105
== . 0564/0.821 22.10 1.598 4.521 13.55 14 114.3 447 332 4648 13123 189 124
pk  0925/1.328 24 .64 2.027 5.733 6.00 2.8 114.3 458 344 1524 4020 654 mnm
7, 101670, 406 24 .64 2.027 5.732 6.00 9.0 114.3 458 344 15714 4020 801 106
.. 0442/0,079 14.48 1,001 2.832 6.00 481 114.3 496 382 4707 13041 3840 103
L O41470.066 15.16 1.001 2.832 12.76 631 114.3 5¢5 411 4707 13025 4167 106
" 2117170.218 30.48 3.188 9.017 6.00 13 114.3 33 217 1253 3203 899 89
. 0569/0.457 22.10 1.580 4,468 12.96 24 114.3 472 357 4224 172387 2402 122
. EUDOUT R Ay Z
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Code MR F Pc oolant  Pin PiafPe tag
1bf psia - psia - in. _
2-1-4/F 2 100 400 F 1100 2.7% 0.3
F 1100 2.75 0.3
F 2500 6.25 0.3
2-4-4/F 400 400 F 1100 2.75 0.3
2-10-4/F 1000 400 F 1Nnao 2.75 0.3
2-10-10/F 1000 F 1400 1.40 0.025
3-4-1/F 3 a0 100 F 80O 8.00 0.3
3-4-4/F 400 F 1100 2.75 0.3
3-10-4/F 1000 400 F 1100 2.75 0.2
3.5-4-/F 3.5 400 100 F 800 8.00 0.3
100 F 800 8.00 0.3
3.5-4-4/F 400 F 1100 2.75 0.3
400 F 1100 2.75 0.3
3.5-10-1/F 1000 100 F 800 8.00 0.3
3.5-10-4/F 400 F 100 2.75 0.3
‘"R - Thl"usti 1bf . Pc siﬂ , Coolant

**¥alues employed to calculate propetlant flow and throat size

-

EOLDOUT FRAM?

TABLE XVII {Con

SELECTED PARAMETERS CHARACTERIZI
COOLING WITH NBP METHANE_WITH.L

(Single Reger

Channel
Dimensfons
c*t . Aspect Throat Barrel
F Isp Ratio w/d w/d L'

- sec d/w in./in, n.fin_ in._
1.84686 3211 10 0.0121/0.1213  0,0121/0.043 5.20
1.8465  321.1 5 0.0133/0.0666  ©.0133/0.028 5.20
1.8465  321.1 10 0.0132/0.1320  0.0132/0.027 5,20
1,857  322.7 20 0.0261/0.5217  0.0261/0.064 7.08
1.8563  322.8 20 0.0174/6,3470  0.0316/0.610 8.70
1.8534 322.3 20 U.0147/0.2940  0.0218/0.356 7.10
1.9853  158.2 20 0.0379/0.7520  0.0379/0.47% $.70
2.0047  367.0 20 0.0166/0.3359  0,0168/0.045 5.95
2.0096  367.9 20 0.0222/0.4442  0,0222/0.327 8.70
2.0000  352.7 20 0.0362/0.7249  0.0364/0.523 9,70
2.0000 352.7 7 0.0400/0.2797  0.0400/0.160 9.70
2.0490 37,4 20 0.0174/0,347¢  0.0174/0.071 5.70
2.04%0  367.4 20 0.0162/0.3249 0 0163/0.026 5.97
2.0204  356.3 5 0.0854/0.4265  0.0857/0.086  12.00
2.0574  368.9 20 0.0224/0,4477  G.0224/0.180 8.70




TABLE XVII (Cont.)

S CHARACTERIZING ENGINE REGENERATIVE
WP, METHANE WITH LOZ/LCH4 PROPELLANTS

(Stngle Regen)

e |
) fons
E Barrel \ r r < AP
L w/d - L t ch - .y
in.fin.__ o in. in.
- 0.0121/0.043 5,20 0.208 0.750 13.82 14,9
0.0133/0.028 5.20 0.208 0.750 13.82 8.G
- 0.0'3210.022 5.20 0.208 0,750 15.82 22.2
0.026%/0.064 7.08 0.414 1.7 9,27 20.6
 0.0316/0.610  8.70  0.655  1.852  15.54 2.2
— 7 0.0218/0:386  7.3C  0.414 1172 42,54 15.3
0.0379/0.42¢% 9.70 0.801 2.265 6.00 0.4
0.0168/0.035 5,95 0.398 1.127 13.09 57.5
) 0.0222/0.327 8.0 0.629 1.780 13.55 2.0
. 0,0364/0.523 9.70 0.798 Z2.257 6.00 0.4
- 0.0400/0.160  9.70  0.798 2,257 .00 1.3
0.0174/0.03 5,70 0.394 1,115 .00  69.8
0.0163/0.026 5,97 0,394 1.118 12.76 41.6
0,0857/0.086 12.00 1.255 3.550 6.00 1.9
0,0224/0.180 8.70  0.622 1.759 12.9 1.5

Th,in
°F

=254,
~254.
-254.
-254.

-254.
-254.

-254.
-254,

-254,

-254,
~254,

-254.2
-264.2

~No~ ~a LR At [at] [a~ R N\

-254.2
-284.2

sout
°F

542.2
542.2
570.0
255.9

165.3
325.8

322.7
434.4

344.0

364.7
3¥%4.8

433.6
485.7

135.6
389.3

ATb

°F

796.4
796.6
824.2
510.1

419.5
580.0

§76.9
688.6

598.2

618.9
619.0

687.8
739.9

389.8
643.5

English Units

hg. max Qg, max QC, max No. of
Btu/inz-sec-°F Btu/in"-sec Btulinz-sec Channels

L1073
2.58 10,23 1.15 86
2.58 10. 33 1.88 81
2.58 10.32 T 83
1.87 6 97 1.69 88
3.45 13.91 4,22 142
8.03 32.87 6.20 70
0.566 2.58 0.41 110
1.68 8.30 3.20 105 ,
1.58 8.03 1.16 124 ‘
0.535 2.46 0.40 M
0.535 2.45 0.49 106
1.60 7.98 2,35 103 !
1.60 1.97 2.55 106
0,426 1.96 0.55 89
1.47 7.58 1.47 122

FO. 2
. 11139115_1-‘ ERaMy
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Code*
3.5-1-1/0

3.5-1.400
354170
3.5-4-470
3.5-10-1/0
3.5-10-4/0
3.5-10-5/0
3.5.10-8/0
4-1-1/0
4-1-4/0
1-4-1/0
-4-4/0
4-10-1/0
4-10-4/0
4-10-6/0

4-10-8/0

5-1-1/0
§-1-4/0
5-1-1070
5-4-1/0
5-4.4/0
S-4-10/0
5-10-1/0
5-10-4/0

5-10-10/0

‘MR - Thrust, K -
JLIEN I

L Ih.r“m“l._‘._b.": - PTh‘- %ﬁfkoolam

**¥alues employed to calculate propeilant flow and throat size.

1.5

EOLDOUL ERAMA

F

L} kPa
(16§} {psia)

%5
(100}

1779
{400)

448
(1000}

s
(100)

1179
1400)

4448
(1000)

445
(100}

1179
(4%}

444
{1000)

Pe

8%
(100)

2158
(400)

689
(100)
2758
(400)

689
(100}

2758
(400)

4136
{600)

5615
(800)

689
{100}
2758
{400)

689
(100}
2758
{400)

683
(100)
1758

{400)

4136
{600)

5515
(800)

639
(100)
2758

(400)

6694
{1000}
689
{100)
2758
(400)

6894
(1000)

689
(100)
2758
(400)

5894
{1000)

%g}?’-lcool ant

T ek

Coolant

0
0

Pin
kPa

Apsia)

6205
(900)

10
(1030}

6205
(900)

7101
(1039)

6205
(%a0)

1101
(1030)

9307
(1350)

15,167

(2200)
6205
{%00)

7101
(1030)

6205
(200)

7101
(1030)

6205
{500)

nol
(1030}

2307
(1350)
18,167
(2200)
6205
(900)
7101
{1030}
15,167
(2200)
6205
{900)

7101
{1030)

15,167
(2200)

5204
(900}

710
{1030)

15,167
(2200)

Pinll'c

9.0
2.575
9.0
2.575

9.0

4.0
2.575
9.0
2.575
9.0
2.575
2.25

2.75

9.0
2.57%
2.2
9.0
2.525

2.2

9.0
2.575

2.2

bty
o

fm.)
0.76
(0.3)

0.6
{0.3}

0.76
(0.3}

0.76
(0.3)

0.76
{0.3)

0.76
{0.3)

0.0635
{0.025)

0.0635

(0.025)
0.76
(0.3)

0.76
(0.3)

0.%
{0.3)

0.76
(0.3)

0.76
{0.3)

0.76
(0.3}

0.0635
{0.025)

0.063-.

(0.025)
0.7
(0.3)

0.76
[0.1)

0.0635

{0.025)
0.76
{0.3)

Q.76
(.3

0.0635
(0.025)

0.76
(0.3}

0.76
(0.3)

0.0635
(0.025)

8.00

14,33

8.00

8.00

2.00

4.00

8.00

8.00

8.00

14035

8.00

£.00

8.00

8.00

8.00

8.00

8.00

14.30

36.20

8.00

8.00

9.12

8.00

B.00

Cpe
1.9654
2.0273
2.0000
2.0490— —.
2.0204
2.05M
2.0602

2.0616

2.0304
1.9968
2.0544
2.019%
2,066
2.0715

2.0754

1.95%84
2,0236
2.0540
1.9945
2,0464

2.0641

2.0164
2,0554

2.0653

[spre
iec

6.6
361.5
Is2.7
3674
356.3
368.9
371.5

313.¢

3.4
359.3
M3
360.9
364.7

366.9

120.6
336.8
35,7
326.5
0,6

ra

330.1
.1

Mie

Ll
a
Ain,).
13.21
(5.20)

6.1
(2.55)

24.64
{9.70)
17.42
{6.86}

30.48
[12.00)

22,.0
(8.70)

20.19
(2.95)

14.68
{5.78)
14.81
(5.83)

9.19
(3.62)

24.64
(9.70;}

18.02
{7.10)

30.48
(12.00)

22.10
[8.1¢)

20.1%
{2.95)
16,97
(6.68)
17.65
(6.95}

11.84
(4.66)

4.8
{3.50)
24.64
{9.70)

18.03
7.1

13.28
{5.23)

30.48
(12.00)
22.10
(8.70)

18.03
{7.10)

r
(%]

_{in.).

1.021
{0.402)

0.503
{0.1%8)

2.027
{0.798)

1.001
{0.394)

J.188
[1.255)

t.
(0.622)
.288
(.507)
1.115
(0.439)
1.024
(0.403)
0.503
(0.158)
2.029
{0.799)
1
(0

.00y
.39

3.188
. 255)

2577
621}

N
1
(0
1.285
{0. 505)
1.113
(0.438)
1.0
(0.403)

0,503
(0.198)

0.315
{0.124}

2.9:7
(0. 719}

1.00}
(0. 394}
0.630
{0.248)
1,190
(1.2%6)
1.580
{0.622)
0.998
{0.393)

TABLE XVII1
SELECTED PARAMETERS CHARACTERIZING ENGINE REGE

(Single Regen)

Teh

o
{n)

£.891
(1.138)

905
{0.750)
5.3
(2.257)

2.832
{1.115)

e.017
{3.550)

4.468
{1.75%)

3.645
{1.435)

3,157
{1.243)
2.89%
{1.140)

1.905
(0.750)

.738
(2.259)
2.827
{1.113)

9.019
{3.551)

460
{1.756}
3.635
(1.431)
3.145
(t.238)
2,896
{1.140)

1.90%
{0.750)

1.905
(0, 750)
5.740

{2.260)

2.835
(1.116}

1.905
{0.750)

9.027
(3.554)

4.470
{1, 760)
2.819
(t.110)

‘A

6.00
20.31
6.00
12.76
5.00
12.96
28.77

46.03

6.00
19.12
6.00
12.01
6.00
12.64
'8.53

14,64

6.00

17.21

46.87

39.84

6.00
1.9

50.62

AP
kPa
{psi)

154
{22.3)
1131

{251.9)
47

{6.8)

529
{75.8)

k]|

(4.5}

219
(34.6)
1194

(173.2)
2729

{395.8)
13

(4.8)
929

(134.8)
16

(2.3

325
(42.2)

1.6
{1.1)

185

(26.8)

655

(95.0)
1916
{212.$)

27
(3.9}
297
(43.1)
1721
{249.5)
7.6
(1.1}
261
(37.3)
BIS
(118.2)
3.4
{0.%)
104
(15.1)

381
(55.3)

COOLING WITH L02/LCH4 PROPELLANTS

s, in

4
B
94.5
(-289.9)
97.0
(-285.3)
94.5
(-289.9)

97.0
{-285.3)

94.5
{-289.9)

97.0

(-285.3)

96.8
(-285.7)

{11
{-278.2)
94.5

(-289.%)

95.8
(-285.7)

9.5
(-289.9)

§5.8
{-285.7)
94.5

(-289.9}

96.8
(-285.7)

36.8
(-285.7)
101
{~278.2)
94.5
(-289.9)

95.2
(-288.7)

10t
{-278.2)

.5
(-289.9)

95.2
{.men

101
(-278.2)

9.5
(-289.9)

95.2
(-288.7)

101
{-278.2)

L™

ATFY
394
(250,
39
{2501
309
(96.5

3% -
(250.1

217
(-68.1

292
{65.9]

89
{240.¢

£
{250.¢

394
(250.¢

39
1250.6

215
{35.4
364
{195,
198
{-103.0
262
(10.9

351
{173.2

kLol
[250.0

194
{250.0
354
(250.0,
194
[250.0,
232
{-42.9)
280
(44 )
194
{250.0)
180
[-135.2}
218
{-68.4)

kYH
{218.8)



Tt

[ ]
{dn.).
1.021

(0.402)

0.503
(0.1%)

2.0
(0.78)

1.001
(0.234)

3,188
(1.255)
1.580
{0.622)
1.288
{.507)
1.115
(0439
1.024
(0.403)
0.3
(0.138)
2.029
(0.799)

1.00%
(0.34)

3.188
{1.255)

1.577
{0.621)

1.285
(0.506}
1.13
(0.438)
1.024
(0.403)

0.503
(0.198)
0.35
(0.124)
2.029
(0.798;}

1.001
(0.394)
0.630
(0.248)

3.19%
{1.25)

1.580
{0.622)
0.998
(0.393)

TABLE XVIII

s METERS CHARACTERIZING ENGINE REGENERATIVE
=OLING I.le.Itl_LOZ/LCH4 PROPELLANTS

(Single Regen)

"eh

[= ]
n.)
2,891
{1.138)

1.505
{0.750)

5.733
(2.257)

2.832
(1.15)
2.017
(4.550)

4.468
{1.759)

3.645
{1.435)

3.157

(1.242)
2.39%6

{1.140})

1.905
{0.750)

5.238
(2.259)
2.8¢7
{1.113)

9.019
{3.551)

4.450
(1.258)

3.635
(1.431)
3.145
(1.238)

2.8%
{1.140)

1.905
(0.750%
1.905
(0. 750)
6.740

(2.260)

2.835
(1.115)

1.905
{0.750)
9.0

{3.554)
4.470
{1.760)
2.819
{t.110)

A
6.00
0.3
6,00
12.16
£.00
12.96
.77
46.02
6.00
19.12
6.00
12.01
6.00
12.64
18.51

4,64

6.00

17.21

46.87

33.84

6.00
.99

50.62

AP
kPa

Apst)
154
(22.3)
113
(251.9)
a7
{6.8)
529
(76.8)
1n
(4.5}
239
(34.6)
1194
{173.2)
2129
{395.8)
3
(4.8)
929
{134.8)
16
(2.3)
125
{41.2)
7.6
1.1)
185
(26.8)
655
(95.0)
1918
{277.9)
27
(3.9)
297
(42.1)
1721
{249.6)
7.6
.1
261
(37.9)
815
1.2}
34
{0.5)
104
(15.1)

181
(55.3)

Tb.in
bt 3
*F)

.5
(-289.8)

97.0
(-285.3)

9.5
{-289.9)

97.0
(-285.3}

94.5
(-289.9)

97.0

(-285.3)

96.8
(-285.7)

10t
(-278.2)
94.5

(-289.9)

96.8
{-285.7)

9.5
(-269.9)

96.8
(-285.7)

94.5
{-284.9)

96.8
(-285.7)

96.5
(-285.7)

101
(-278.2)

24.5
(-289.9)

95.2
(-288.7)

101
{-278.2)
9.5
(-289.9)
95.2
t.388. 7
104
(-278.2)
9.5
(-289.9)
95.2
(-288.7)

101
(-278.2)

Tb.out
oK
oF)
94
{250.0)
394
(250.0)
09
{96.5)
394
(250.0)
RV
{-68.9)
292
(65.9)
189
(240.0)

194
{250.0)

394

(250.0)
394

(250.0)

215
(35.4)

364
(195.2)

158
{-103.0)

262

{10.9)

351
(173.2}

3%
(250.0)

394
(250.0)

394
(250.0)

194
(250.0}
232
(-42.9)
280
{44 7}
94
(250.0)

180
(-135.2)

Z18
(-68.4)

11
{218.8)

Ty
oK
Ry
300
{539.9)
297
{535.3)
215
{386.4)
297
(535.3)
122
(221.0)
195
{351.2)
242
(525.7)

293
{528.2)

300
(539.9)
298
(535.7)
181
(325.3)
267
{480.9)
104
{186.9)
164
(296.6)
255
(458.9)
293
(528.2)
300
(539.9)
2%
(538.7)
293
(528.2)
137
{247.0)
185
1333.4)
293
(528.2)
86
(154.7)
122
(220.3)

216
(497.0)

Py, max

kufn® *K
(Btnlln.z-sec-'F)
x0?

1903
{0.647)

6648
(2.26)

1514
{0.535)

4707
{1.60)

1253
{0.426)

92
{1.47)

9266
(3.15)
15,032
{5.11)

1830
{0.622)

6324
(2.15)

1497
(0,509)

4501

(1.53)
1194

{0.406)

4265
{1.45}
9237

{3.14}

14,443
(4.91)

1750
(0.595)
6119
(2.08)
12,619
{4.29)
1456
{0.495)
4354
(1.48)
10,354
(3.6

1162

(0.395)
A3

(1.47)

16,914
{5.7%)

Q

g, Bax C, MAX
[ kv’
]Btu[ﬁn.z-sec) ‘Itu[ln.z-secl
442 1079
(3.33) {0.66)
18,679 3105
{11.43) {1.90)
4298 801
{2.63) (0.49)
13,433 3268
(8.22) (2.00)
a2 1128
[2.19) {0.65)
12,976 3546
{7.94) [2.17)
29,170 1987
{17.85) {244}
45,235 2086
[27.68) (5.56)
5180 957
(3.17) {0.61)
17,829 2631
{10.91) {1.61)
4059 605
(2.49) {0.37)
12,763 2129
(7.81) (1.67)
3252 654
(1.99) {0.34}
12,14 3007
[2.78) {1.84)
28,958 310
{12.12) {2.2n
41,71 7599
{26.76) (4.65)
4134 813
[2.50) 0.51)
16,358 2153
10.01) [1.44)
31,458 8383
(18,25} (5.13)
3612 190
{2.21) {0.30)
11,603 2696
{7.10) {1.65)
30,821 4086
(18.86) {2.53)
2893 425
{1.24) (0.26}
12,289 2090
{7.52) {1.22)
47,817 6847
(29.28) 4.19)

q

10

20

?

2 3 B

¥ 8 238 8 3 38 3 8 @

5 8 8 n o

0,0147/0: 147 0.0241/0,24]
(0.0058/0.,0580) {0, 009570, 095)
0.0066/0.133  0.0152/0.305
(0.0026/0.0525) {0.0060/0.120)
0.0388/0.273  0.0711/0.498
{0.0153/0.1074){0.0280/0. 196}
0,0208/0.419  0.0239/0.348
{0.0082/0, 1648) (0.0094/0.137)

0.0846/0.423  0,1273/0.551
(0.0333/0.1664){0.0501/0.217)

0.0348/0.444  0.0460/0.919
(0.0137/0.1748){0.0181/0. 362)

0.0234/0.467  0.0391/0.358
{0.0092/0.1838){0.0154/0.141)

0.0198/0.336  0.0264/0.460
(0.0078/0.1558) (9.0104/0. 180}
001550 307 0.0267/0.338
(0.0061/0.12103(0.0105/0.133)

0.0076/0.152  0.0147/0.297
(0.0030/0.0602) (0.0058/0.117)

0.038¢/0.770  0.0699/1.388
(0.0152/0.3031)(0.0275/0.535)

0.0236/0.474  0.0271/0.551
(0.0093/0.1865)(0.0109/0.212)

0,0776/1.561  0.1133/).687
{0,0305/0,6106) {0,0445/0. 664}

0.0389/0.776  0.05{6/1.029
(0.0153/0.3054}(0.020370,405)

0.025970.517  0.0425/0.577
{0.0102/0.2034)(0.0169/0. 227)

0.0216/0.433  0.0307/0.38¢
(0.008570.1704) (0.0121/0.151)

0.0213/0.425  0.0559/1.115
{0.0084/0.1673){0.0220/0.439)

0.0107/0.212  0.0330/0.658
(0.0042/0.0835){0,0130/0. 259}

0.0102/0.206  0.0302/0.396
(0.0040/0.0810){0.0119/0, 156}
0.0526/1.051  0.1107/1.722
{0.0207/0.4137){0.0436/0. 680)
0.0315/0.632 0.0531/1.029
(0.0124/0. 24871 (0.0209/0.405)

0.025170.502  0.0345/0.658
(0.0099/0.1977)(0.0136/0.259)

0.1059/2.119  0.1646/1.217
{0.0417/0.8341)(0.0648/0.479)

0.0508/1.015 0.0833/1.207
{0.0200/0. 3995) (0.0328/0.475)

0.0292/0.5850  0.0543/0.925
(0.0115/0.203)}{(0.0216/0.364)

EOLDOUT,

118

149

89

1z
1z
172
127
176
144

95

87
132

H

32
151

117

19

147
129

7e
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F = 44488 (1000 1bF)
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Y, B, Thermal Design {cont.)

3. Single-Propellant Regenerative Coolin Results
TFE%T or Uxygen) 4

a. Coolant Pressure Drop

Channel pressure losses for NBP methane and oxygen as
single regenerative coolants in a channel ¢~ aspect ratio = 20 are shown in
Figure 65 for a thrust of 4448N (1000 1bF). Acceptable cooling with lower
aspect ratio channels was not possible at many design points. At low chamber
pressures (< 2758 kPa [400 psial), methane gives Tow pressure drops over the
mixture ratfo range investigated; data trends indicate a rapid increase in AP
as-MR fs increased. At a Pc of 6894 kPa (1000 psia), a fuel cooling solution
could be achieved only at mixture ratios of 2 or less within the limits of
practical AP values.

With oxygen cooling, the imposed pressure drop limit of
&P < 1724 kPa (250 psi) allowed a maximum Pc of aboyut 4137 kPa (600 psia) at
an MR of 3.5. For higher Pc values, operation at high mixture ratio or at
reduced L' is required if the pressure drop 1imitation criterion is not to be
exceeded. Dual-regen cooling overcomes the need for the reduced L',

These cooling data, shown cross-plotted 1n Figure 68,
define &P versus Pc for lines of constant MR. Methane cooling at the maximum
Pc and at the highest thrust can be accomplished only at a low mixture ratio
(MR = 2); oxygen cooling is practical only at a high mixture ratio (MR .= 5).
At lower pressures and at an optimum MR of 3.5, methane cooling offers the
advantage of a lower pressure drop.

Pressure drop data for a thrust of 1779N (400 1bF) are
shown in Figures 66 and 69, These Tower-thrust oxygen data exhibit the same
trends as for the high-thrust case, but with the data displaced toward higher
AP's.. The lack of adequate methane coolant flow at the lower thrust levels

leads to higher coolant temperatures, eliminating the_reduced pressure loss
advantage over oxygen.

In order to remain within the bulk temperature rise
1imit for oxygen cooling, reduced L’ engines are required for a thrust of
445N (100 1bF). A channel aspect ratio of 20 is required in order to hold
the pressure loss to the specified 1imits. The data, shown in Figure 67, are
solely for oxygen and centinye the trends established at the higher thrusts
(Figures 65 and 66). The low fuel coolant flow makes methane cooling imprac-
tical at low thrust. The cross-plot of Figure 70 gives the 1imiting Pc value
at F = 445N (100 1bF) for an oxygen coolant &P of 250 psi as follows:
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V, 8, Thermal Design {cont.)

MR Pc, kPa (psia)
3.5 2758 (400}
4.0 — 3448 (500)
5.0 6894 (1000)

The 1imited data on the effect of aspect ratio indicate
that the optimization of this parameter is a complex function which is depen-

dent on thrust, mixture ratio, pressure, cycle fatigue effects, and ccolant

properties. This can be observed by comparing the two_cases coded* 2-1-4/F
and_3.5-4-1/F taken from Table XVII:

Case 2-1-4/F Case 3.5-4-1/F
d/w_ AP, kPa (psi) d/w AP, kPa (psi)

5 55.16 (8.0) 7 8.96 (1.3)
10 102,73 (14.9) 20 2,76 (0.4}
In the first case, increasing the channel aspect ratio (d/w) increases the

pressure drop; in the second case, AP is decreased. It is apparent that a

more detailed investigation is required to establish the criteria for opti-
mization of channel aspect ratio.

b. Coolant Outlet Temperature

Figures 71 through 73 show the respective outlet bulk
temperatures of methane and oxygen as sing]e-regen coolants at the three
thrust levels specified for this study. At F = 4448N (1000 1bF), oxygen
becomes bulk-temperature-1imited at MR =—3.§ for chamber pressures above 4137
kPa (600 psfa). Increasing the mixture ratio Towers the flux and increases
the coolant flow. Oxygen is not bulk-temperature-1imited at a mixture ratio
of 5 for the highest Pc studied. Methane outlet temperatures range from 328

to 478°K (130 to 400°F) and are suitable for use as a turbine drive flufd in
an expander cycle,

*Code = MR - I%gga;‘_lhf - EC+I831340001ant
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V, B, Thermal Desiyn (cont.)

Both oxygen and methane discharge temperatures are
higher at the mid-thrust level of 1779N (400 1bF) {Figure 72) than they were
at 4448N (1000 1bF) (Figure 71). Reduced L' values are required for single-
propellant cooling at the higher chamber.pressures analyzed. At the lowest
thrust level, oxygen outlet bulk temperatures are at the upper limit at al

ressures and reduced L' values are required at every design point, as shown
n Figure 73. This limitation can be overcome by cooling with both propel-

lants or by the.use of thermal liners, discussed in subsequent sections of
this report.

¢. Chamber L'

The chamber L' values required to meet the coolant AP
and temperature rise criteria are shown in Figures 74 through 76 for the
three thrusts studied. The reduced L' values shown for oxyden result from
the maximum bulk temperature limitation. No L' reduction is required for F =
4448N (1000 1bF). Only the highest Pc requires a reduced L' at F = 1779N
(400 1bE), whereas every design point at F = 445N (100 1bF) 1s Jimited by
maximum oxygen temperature. No L' reductions are required if dual-regen
cooling is employed.

d. Channel Width

The minimum channel widths calculated for each design
point are shown in Figures 77 through 79. These data are cross~plotted in
Figures 80-82 using the coordinates thrust versus Pc for a mixture ratio of
3.5 (the optimum performance MR). The cross-plots define the minimum fuel or
oxidizer sizes required for a particular design point. The data for oxygen
are similar to those determined for oxygen in the L02/RP-1 studies
(reported in Sectfon III.B) but result in a narrower channel. For example,

at Pc = 2758 kPa (400 psia) and MR = 4, minfmum channel widths are as
follows:

Minimum Channel Widths

Thrust, F L02/LCH L02/RP41
N (1bF) ¢m (in. cm (in.)

4448 (1000) 0.0389 (0.0153) 0.0513 (0.0202)
1779 (400)  0.0236 (0.0093) 0.0333 {0.0131)
445 (100)  0.0076 (0.0030) 0,0117 (0.0046)

The smatler channels result from the higher heat fiux of LOX/methane as
compared to the LOX/RP-1 combination.




¥, B, Thermal Design {cont.)

Because of the lower fue) density, methane channel
widths are larger than those determined for RP-1. The minimum channel width
calculated for F = 1779N (400 1bF) (the lowest practical thrust level), Pc =
2758 kPa (400 psia), and MR = 2 was 0.0663 cm (0.0261 in.) for a channel
aspect ratio of 20:1. The channel width for RP-1 at the same F-Pc-MR
combinration was 0.0099 ¢m (0.0039 1n.) for a channe) aspect ratio of 8:1.

The methane data also show a lower sensitivity to mixture ratio than was
noted for RP-1, The differences in slope_for channel width vs MR at 2758 kPa
(400 psfa) for the 4448N (1000 1bF) and 1779N (400 1bF) thrust levels are
most likely due to coolant bulk temperature/flowrate interactions.

4.  Dual-Propellant Regenerative Cooling and Coating
AppTicabiTity

With single-propeliant cooling, the oxygen or methane become
heat-absorption-1imited based on the allowable coolant discharge temperature.
These 1imitations become significant at low thrust, higher Pc‘st and optimum
MR where the total heat flux is high. Operation at a reduced L provides a
simple cooling solution for many of these design points; however, the _accomp-
anying performance Toss makes this approach undesirable.

The bulk temperature rise 1imits of a single-propelilant
coolant can be overcome by (1) dual-regen cooling in which both propellants
are used in series flow, or (2) utilization of a thermal resistance 1iner in
the chamber to reduce the heat flow to the coolant.

A comparison of fuel-only (single-regen} and oxidizer-fuel
(dual-regen) cooling is given in Table XIX for operation at F = 1779N (400
1bF), Pc = 2758 kPa (400 psia), and MR = 3.5. The use of oxygen to cool from
the skirt attachment point area ratio (¢ = 12.76) to the cog¥ant change pofnt
area ratfo (e = 6) results in a small oxygen pressure drop and temperature
rise but provides a 7% decrease in AT for the methane which cools the

throat and chamber. Thus dual-regen Cooling for this case results in a lower_

fuel coolant temperature which can be converted to a longer chamber L',
which, in turn, results in higher performance.

A reduction in coolant discharge temperature from the cham-
ber by efther (a) dual-regen cooling which distributes the total heat load to
both propellants, or (b) use of chamber coatings or liners which reduce the
total heat flow to the coolant, increases the region of regeneratfve cooling
feasibilfty of the F-Pc-MR maps {shown in Figura 83).
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TABLE XIX

COMPARISON OF SELECTED PARAMETERS FOR SINGLE-REGEN (FUiL)
AND DUAL-REGEM {OXYGEN-FUEL SERIES) CHAMBER COOLING

PROPELLANTS 0,/CHy 0,/CH,
NOM]NAL Pc/F 2758/1779 (400/400) 2758/1779 (400/400)
Single

CASE NO. Regen CH, 0, CHy
*  Thrust, N (1bF) 1779 (400) 1779 (400)
* P, kPa [psia) 2758 (400) 2758 (400)
¢ Isp, sec 367.4 367.4
®  Throat Radius, cm (¥n,) 1.001 {0.394) 1.001 (0.394)
*  (Contraction Ratio 8:1 8:1
s L', em (in.) 15.16 (5.97) 14.48 (5.70)
° MR 3.5 3.5
¢ Wy, kgfsec (1bm/sec) 0.386 (0.85) 0.386 (0,85)
°  wg, kg/sec (1br/sec) 8.109 (0.24) 0.109 (0.24)
° 6P 4 JkPa (psi) 631 (91.6) 3.45 (0.5) 481 (69.8)
° PBgj,-1n. kPa (psia) 7583 (1100) 7101 (1030) 7583 (1100)
®  Pg.y.~out, kPa (psta) 6952 (1008.4) 7097 (1029,5) 7102 {1030, 2)
S AT g K (%F) an (739.9) 6.7 {12.4} 382 (687.8)
* T g0in %K (F) 114 (-254.2) 97.0 (-285.3) 114 (-254.2)
* T g.0m0uts °K {°F) 525 (485.7) 104 (-272.8) 496 (433.6)
°  Ragen ¢ 12.76:1 12.76:6 6:1
° Tegemaxs K (°F) 816 (1008) 233 (-40) B1& (1009)
© T omax, K (°F) 747 (884) 222 {-60) 492 (885)

hg.max kw/m2 °K (Btufinz-sec °F)

h,umax, kw/n? °K (Btu/in-sec °F)

4.707 (0.00160)
13.943 (0.00474)

0.6236 (0.000212)
6.295 {0.00214)

4.707 (0.00160)
17,179 (0.00584)

Limiting Criterfon

Gas-$ide
Wall Temp,

Channel Aspact
Ratio of 20

Q/A, max, kw/m® (Btu/in’-sec) 13025 {7.97) 1945 (1.19) 13041 (7.98)

° QIAR max, lm/m2 (Btu/inz-sec) 4167 (2.55) 343 (0.21) 3857 (2.36)
@ Qtotal’ watt (Btu/sec) 162264 {153.9) 4428 (4.2) 151405 (143.6)
e Tr' °K (°F} 3569 (5964.3) 3477 (5498) 3314 (5964.3)
®  Wal) Thickness, cm (in.) 0.762 (0.300) 0.762 {0.300)
® Vo4 -max» M/sec (ft/sec) 86.9 (285) 1.65 (5.4} 111.6 (366)
© M gmax " 0.154 0.002 0.19
®  HKo. Channels 106 131 103

-° Min, Chan. Depth, em {in.) 0,066 (0.026) 0.612 (0.241) 0,079 (0.031})
° APC.J./PC’ - 0.229 0.00125 0.1724%

Gas=51de
Walt Temp.
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¥, B, Thermal Design (cont.)

5. Thermal Conclusions for NBP LO2/LCHy Cooling

The analyses of the oxygen/methane propellant system further
substantiate the conclusion drawn from the LO2/RP-1 and LO02/LHp studies
that TCA cooling channel widths are highly sensitive to thrust, chamber pres-
sure, mixture ratio, and channel aspect ratio. The analysis of methane and
oxygen as coolants has shown that regenerative cooling feasibility depends
largely on. selecting proper channel widths and aspect ratios. The use of
smaller, high- aspect-ratio channels provides an effective method of
extending the range of regenerative cooling which, in turn, means higher
performance due to elimination of losses associated with the use of tess
efficient cooling methods. It must be emphasized, however, that these
results are applicable only for a high thermal conductivity alloy such as

copper which allows for very effective fin heat transfer and, thus, excellent
flux transformation.

The analysis matrices for the three thrust levels studied
are given in Figures 80 through 82. Each design point analyzed is coded to
indicate design feasibil{ty status; approximations for boundaries have been
sketched to delineate regions of differing feasibility.

The use of methane as a single-regen coolant provides desfgn
feasibility at Pc's of roughly 3448 kPa (500 psia) or less at MR's from 2 to
3.5 -~ the most likely range for use of methane. As shown in Figure 65,
pressure drop become: very large at higher Pc's and mixture ratios above 2.

The use of oxygen as a single-regen coolant is feasible at
high mixture ratios at Pc's between 4137 and 6894 kPa (600 and 1000 1bF).
Oxygen cooling s marginal at higher Pc's at the lower mixture ratio and does
not appear feasible at 6894 kPa ?1000 psia) for MR's of 3.5 and 4. . Again the

data of Figure 65 show that very high pressure drops and narrow channels are
required to approach_this region on the F-Pc-MR map.

At 1779N (400 1bF), the feasible design region has decreased
while the marginal and nonfeasible areas haye increased (Figure 81).

The analyses performed at F = 445N (100 1bF) showed even
less cooling capability for oxygen; this is evident in Figure 82, In al)
cases, the bulk temperature 1imitation of single-prugallant cooling results
in a reduced chamber L' and reduced Isp.

One detafled dual-regen analysis was performed for F = 1779N
(400 1bF), Pc = 2758 kPa (400 psia), and MR = 3.5. Oxygen was selected to
regeneratively cool the divergent nozzle from ¢ = 12,76 to ¢ = 6. Pressure
drop and temperature rise were found to be minimal, i.e., 1.4 kPa (0.2 psia)
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V, B, Thermal Design (cont.)

and 6.9°€ (12.4°F). Methane was then selected to cool the balance of the
regeneratively cooled chamber. In comparing these results to singie-regen
¢ooling with methane, the AP was reduced from 332 kPa (91.6 psia) to 481 kPa
(69.8 psfa) and the outlet bulk temperature from 525.4°K (485.7°F) to 496.4°K
{433.6°F). Channel minimum widths increased slightiy from 0,041 cm (0.016
in.) to 0.044 cm (0.017 in.).

The net results for the Task IV study of the oxygen-methane
propellant combination are displayed in Figure 83 which provides F-Pc-MR
operating maps delineating approximate cooling concept areas. At the highest
thrust, regenerative cooling must be augmented by other performance-degrading
concepts only at the highest Pc's near the optimum mixture ratio. This
augmented regfon increases as thrust is decreased,

C. PERFORMANCE_SENSITIVITY.

1. Performance Model

The performance model used was essentially the same as in
the previous sections for LOX/RP-1 and LOX/hydrogen. Calibration for

oxygen-methane used OF0 triplet element data from the NASA-LeRC Hydrocarbon
Fuel Engine Injector Zvaluation (Ref. 7).

2. Attainable Isp for NBP LOX/LCHg

Uniike the oxygen-hydrogen engines which can successfully
use fuel-regenerative cooling at all operating points, only a 1imited number
of aperating ?oints are possible with methane or oxygen cooling. As can be
seen from Table XX and Figure 84, fuel-regen cooling {s feasible for mixture
ratios less than 3.5 at a Pc of 2758 kPa ?400 psia) and thrusts of 4448 and
17798 (1000 and 400 1bF). By increasing the mixture ratio from 2 to 3.5 at
the two thrust levels, performance increased 12.3% and 9.9%, respectively.

Table XXI documents the results of the oxygen regen-cooled
cases. Oxygen regen-cooling can be used for mixture ratios greater than 3.5
(Pc = 2758 kPa (400 psia)] ir the mid-Pc design range. By varying the mix-
ture ratio from 3.5 to 5, performance decreased by 4.3% at 445N (100 1bF)
thrust and 6.8% at 4448N (100 1bF) thrust., With MR = 3.5, either oxygen or
fuel regen-c20ling could be used at Pc = 2758 kPa (400 psia).

The benefits of dual-regen cooling in improving performance
are iabulated in Table XXII. As can be seen in Figure 84, the most signifi-
cant performance improvements occur at the lowest thrust level. Figures 85
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V, C, Performance Sensitivity (cont.)

through 87 show that when real injector ERE is considered, tne peak perform-
ance generally occurs at Pc = 2758 kPa {400 psia) for a constant thrust. The
general trend 1s that performance increases from Pc = 689 kPa (100 psia) to
Pc = 2758 kPa (400 psfa) and then decreases from Pc = 2758 kPa ({400 psia) to
Pc = 6894 kPa (1000 psia). At high Pc, chamber diameter, element quantity,
and ERE decrease as indicated in Tables XXI and XXII, resulting in lower per-
formance.

The potential Isp improvements attainable by utilizing more
efficient injectors are indicated.by the dotted curves. More efficient
injectors can be achieved. by improved element design or by use of a larger
quantity of smaller elements per unit area of injector face. The real injec-
tor prediction lines are based on 0.93 elements/cm2 (6 elements/ in.?2)

] surface face. Another approach to improving the injector efficiency by
adding elements would be to keep the element density fixed and increase the
chamber contraction ratio to allow more elements to_be packaged.

The respective maximum LOX/LCHq Isp for real and ideal
injectors for coolable chambers are compared in the following table:

Thrust, F Chamber Pressure, Pc Isp,
N (1bF)  Injector MR kPa (psia) sec  Cooling
4448N (1000) 1deal 3.5 to 4 5515N (800} 383 --
Real 3.5 2758N (400) 375 Fuel or Oxygen
1779N (400) Ideal 3.5 2758N (400) 380 -~
Real 3.5 2758N (400) 371 Duatl-Regen
445N (100) Ideal 3.5 2758N (400) 377 -
Real 3.5 2758N (400) 362 Dual-Regen
Real 3.5 2758N (400) 356 Oxygen
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¥, G, Performance Sensitivity (cont.)

made:

Performance Conclusions for LOX/Methane

From these data, the following general conclusions may be

The peak gerfonnance-genera11y occurs at a mixture
ratio of 3.5 + 0.5 for LOX/methane,

When real injector effects are considered, maximum spe-
cific impulse is obtained at the intermediate chamber
pressure levels [2768 kPa {4400 psia)] except for the
Tow-thrust [445N (%100 1bF)] high chamber pressure
condition. In all cases, maximum specific fmpulse is
obtained at the maximum steady thrust level [6894N
(1000 1bF}1.

When higher-efficiency injectors become available, the
maximum Isp will occur at the highest coolable chamber
pressure.
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I. INTRODUCTION

The primary objective of the Task I thermal analysis effort was to
identify candidate cooling concepts and to develop a simplified thermal
design process. The resulting design model for regeneratively cooled cham-
bers is capable of providing preliminary designs for a wide range of design
variables with a simplified input and at lower computational cost per case.
Cooling analyses utilizing any of the three candidate fuels, oxygen, or com-
bined fuel and oxygen cooling are possible.

The objectives of Task II were to evaluate the thermal model and the
selected desfgn criteria by performing preliminary regenerative cooiing chan-
nel design studies on the LOp/RP-1 system. Thrusts of 667, 1779, and 3114N
(150, 400 and 700 1bF), Pc's of 689, 2758 and 5515 kPa {100, 400, and 800
psia) were studied at mixture ratios of 2 and 4 as specified in the contrac-
tual statement of work. These calculations resulted in chamber geometric
proportioning criteria, such as contraction ratio €c, and other specifica-
tions used to compiete the balance of the study.
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I1. THERMAL DESIGN MODEL AND_INPUTS

(-]

This methodology was then evaluated in the Task ]I preliminary studies of the
LO2/RP-1 propeilant combination.

This program modification and its more
significant features and input variables are discussed below.

L.  Modified Channel_[ggpmai Design Program { SCALEF)

A generalized heat transfer model for regeneratively and
radiation-cooled Chambers {s depicted in Figure A-1. In this study, lower-

performing mass transfer cooling, such as film and transpiration cooling, was

advised only when a regenerative cooling configuration meeting thermal cpi-
teria could not be develope

« The gas-side fiim resistance accounted for
boundary layepr laminarization effects. Soot resistance (hot-wali carbon
deposition) was not Tncluded in the model; a clean chamber wal)} conditfon was
assumed. A manufactured thermal Yiner with a specified resistance was
employed to reduce the chamber heat flux in those cases where the total heat
Toad to the coolant was excessive. Such liners were applied only to the
¢ylindrical chamber region where the heat flux was Tow. The fin model of the
Chamber wall includes a simplified two-dim ]

A-2.  The coolant film resistance was based on appropriate design correla-
tions for single-phase fluid +n forced con

The need for a more flexible and rapid design feasibility
Program to facilitate param thermal a

etric nalysis was recognized from the on-
set of this study effort. The ALRC SCALER th

ermal desfgn code Program was
modified to provide greater internal coeling channel optimizatior para-

» and to accept some loss in station
design detail, The resulting compyter program, SCALEF

(documented in Ref,
A-1), provides the following features:

(1} The hot-gas heat transfer coefficient is calculated
directly from

hg = Cq B (T¢) [y Fyp (Ta/T§)70-8 p-1.8

*



TEMFERATURE

FREE-STREAM COMBUSTION

Z0NE OR FILM COOLANT

S00T . SURFACE

LINER SURFACE . _

LINER BACK
METAL WALL SURFACE

RADIATION TeMp

FOR RADIATION-COOLED DESIGNS

COOLANT-SIDE WALL

COOLANT BULK
REGENERATIVELY COOLED
DESIGNS :

Figure A-1,

RESISTANCE

e

& HIXIH!] MODE L

T5—w

3007 RESISTANCE
qu--

= LINER RESISTANCE

WALL RESISTANCE &
FIK EFFECTIVENESS

TwL =

~EOULANT F LM

! GAS-SI0E AREA
WR " TOOLANT TOE ARTR_

Generalized Heat Transfer Model
and Radiation-Cooled Chambers

MASS TRANSIIR CNTRAINMENT

1/hg

/K

17K

T/K

——— DATA SQURCE

ALRC ANALYTICAL MODELS &
TEST DATA

LAMIRAR TURBULENT MODEL
WITH VARIABLE cg

EMPIRICAL DATA FUNCTION OF
CARBON CONTENT & MASS
FLUX

HATERIAL PROPERTIES
& GEOMETRY

MATERIAL PROPERTIES &
GEOMEYRY (FIN MODEL)

CHPIRICAL DATA, DOILING &
CONVECTIVE DATA CORRELAT TONS.

for Regeneratively

153



Ti' Taw
® ®
QAD2
]
} hg ? hg
QAO3 '
T™WG3 | wez| &
kL $ %kt | $ 2%
fL
t, g | : .
@ VvV V—8——ijiALL FIN ———oi— ™ m
T T
1 2
' § km" ? ka
t < -
T3} 9 'n T conn tn L2 L
QAIC
! LAND FIN > hia QA12
; ¢
P ) d,
L L,
s ¢—AN—FAN—eT, T
|
] l ' h, |
. | Y
]
}
TINT :.__... EXTERNAL FIN S |t
|
- /2 e W/2 - T

Figure A-2. Schematic of SCALER and SCALEF Wall Conduction Model

154




!
Rl

RN 2 00 ISUSNI R L

I T

ki

L B L

I, Summary (cont.)

with the f1Im temperature defined as 0.5 {Tp + Tyq) and DB being the
temperature-dependent Dittus-Boelter properties ?gctor.* The C4's are

input both as a function of area ratio (convergent section) and as station-
specified values. (nozzle). This parameter reflects the combined effect of
combustion and nozzle pressure gradients. Laminarization criteria and syn-
thesis of the reverse transition regime are identical to previous analyses
employed in Contract NAS 321940 (documented in Ref. A-2). These criteria are
based on a fixed cenvergenca angle of 30 degrees and were not altered for
this program even though a slightly larger angle of 40 degrees was used.

(2) Simplified chamber contour and station definition per-
mits input of the contraction ratio through use of dimensionless contour
parameters. Chamber cylindrical and convergent section geometrics are gen-
erated internally based on the specified contraction ratio, convergence
angle, and three dimensionless radii of curvature (cylindrical to conical,
throat upstream, and throat downstream). The number of subdivisions in the
barrel, in the curve at the start of convergence, and at the conical section

are specified input. The divergent nozzle is a scaled Rao contour for a 90%
bell nozzle.

(3) Addition of the two-point design option provides an
iterative solution to optimum channel size and quantity for minimum pressure
drop fn a relatively inexpensive fashion. This option requires the following
fnput<: (a) the nozzle channel width, {b) the nozzle tand width at the {ni-
tial (coolant inlet) station, and (c) the land width in the throat region
(normally the maximum heat lux point). The throat channel width and the
land and channel widths in the cylindrical barrel section are calculated. A
single-pass counterflow cooling system is assumed, with the first point

ulk temperature location). The coolant bulk temperature at each station 1s
calculated by an energy balance method based on the difference between the
known gas temperature and the desfred wall temperature, the gas-side heat
transfer coefficient, and the coolant flowrate and properties. This is
accom.lished without concern for the cooling channel geometry at statfons
other than at the two critical design points. At Point No. 1, the program
accounts for the radius change across the gas-side wall in calculating the

*The "DB factor," as used herein, consfsts of the fluid properties and cor-
relation consgangs of the Dittus-Boelter equation. It {s catculated as
0.026 (4/1)0.8 0.2 Cp Pr-0+6 (evaluated at the bulk temperature),
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II, Summary {cont.)

channel width and the corresponding number of channels to satisfy wall
temperature criteria. At Point No. 2, a similar calculation of the Jand
width and corresponding channel width is performed by usfng the number of
channels defined for Point No. 1.

In these calculations, the channel depth is related to the
channel width at each point by a specified constraint. Three options are
provided for this constraint:

(1) Channel Aspect Ratio {Depth/Width)

(2) Coolant Mass Velocity

{3) Friction Pressure Gradient

In this study, the first option (specified d/w) was selected as the design
constraint.

2. Cas-Side Heat Transfer

Boundary layer laminarization, specification of the experi-
mental C, profile employed to characterize the gas-side coefficient, and
considergtion of carbon deposition from hydrocarbon propellants were
addressed in modifying the SCALER program.

a. CGas-Side Boundary Layer

Throat Reynolds numbers in the present low-thrust study
cover a range which yields three distinct boundary layer flow regimes as a
result of flow acceleration in the convergent section. At high Reynolds
numbers, the flow remains turbulent and, as shown in Figure A-3, heat trans-
fer coefficients are calculated from a standard pipe-flow correlation. The
dip shown in the turbulent correlation coefficient accounts for the effects
of flow acceleration. At low Reynolds numbers, acceleratfon effects are
strong enough that the boundary layer undergoes a reverse transition to lami-
nar flow. At moderate Reynolds numbers, the reverse transition process is
started but not completed, and the throat boundary layer is in a transition
state. These regimes are shown in Figure A-4, in which the solid curve gives
the throat Stanton number as a function of the diameter-based Reynolds
number. The reverse transition regime spans the Reynolds number range of
6-13 x 10% This range, as well as the coefficient of the jaminarized

thracteri:tics and the shape of the transition curve, is based on References
-3 and A-4.
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11, Summary (cont.)

Figure A-4 also illustrates the calculation procedure
used upstream of the throat when reverse transition, or complete laminariza-
tion, occurs at the throat. Consider first the laminarized case with the
throat at Point No. 1. A laminar boundary layer analysis {Ref. A-5) is used
to predict the Stanton number upstream of the throat. This analysis employs
a length-based Reynolds number, with the effective starting point of the
laminar boundary layer calculated such that the predicted throat Stanton
number equals the empirical value from the solid curve of Figure A-4, 1.e.,

0.5 0.5

CX Rext- = 0-4 REft—

t
This boundary layer analysis applies downstream of the peoint in the conver-
gent section where the local turbulent and laminar Stanton numbers are equal,
j.e.,

0.2 0.5

Cg REf- = Cx REX- .

The Cg employed is the local turbulent correlation shown in Figure A-3.

When the throat Reynolds number is in the reverse tran-
sition region, as illustrated by the vertical dashed lines in Figure A-4 at
Reg ™ 10 x 105, a fictitious laminar boundary layer analysis, based on
an extension of the laminarized throat characteristics, 1s used. In this
case, the boundary layer analysis is forced to match the fictitious Stanton
number at Point No. 2 in Figure A-4. Local heat transfer coefficients are
then calculated by weighting the lamirar and turbulent coefficients as
follows:

ST - S
hg = h +

in wrich S is the actual throat Stanton number, while St and S are the
throat values obtained by extension of the turbulent anz laminar characteris-
tics, respectively. These three Stanton numbers are identified in Figure
A-4,

The reverse transition region 1imits, defined in Figure
A-4, divide the F-Pc box of interest herein into three regions, as shown in
Figure A-5., It {s apparent that only a very small region at high thrust and
high chamber pressure results in turbulent flow in the throat boundary layer
for hydrocarbons and even less for hydrogen. Furthermore, much of the oper-
ating box of interest is in the fully laminarized regime.
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I1, Summary (cont.)

b. Gas-S5ide Carbhon Deposition

Carbon deposition on the gas-side walls of rocket
thrust chambers 1s not well-characterized, with experimental data fndicating
a high degree of dependency on injector design and hardware and operating
conditions. In this study, no credit for reduction in heat load to the cool-
ant was taken ¢n the basis of this mechanism. However, 1t was postulated
that a thermal resistance liner could be used in the cylindrical section when
high barrel heat loads result in an unacceptable coolant bulk temperature
rise.

3.  Attachment Area Ratio for a Radfation-Cooled Nozzle _
Extension

The area ratio at which a radiation-cooled nozzle extension
can be attached was calculated by assuming 1786°K (2755°F) as the operating
temperature for the skirt material. Predicted wall temperatures were based
on the simple energy halance:

hg (Taw = Twg) = ge (1 + f1) (Tyg)?
in which —

€ = coating emissivity (typical value = 0.85)

fi = 1internal view factor to end planes from an axisymmetric view
factor program

The proper attachment area ratio is calculated separately
for each propellant combination and operating point. Model checkout calcu-
lations for LOo/RP-1 at mixture ratios ¢f 2 and 4 showed the attachment
area ratio to Ee primarily 2 function of Pc (i.e., heat flux) and to be
insensitive to MR and thrust, as shown in Figure A-6. At chamber pressures
below about 689 kPa (100 psia), temperatures were below 1756°K (2700°F),
permit¢ing full wall chamber cooling by radiation alone. At the maximum Pc,
ggelattachment area ratios for a radiation-cooled skirt are in the 40:1 to

:1 range.

4. Engine .ontour
a. Chamber Contour Selection
The basic nondimensional chamber contours used in this
study are shown in Figure A-7. The convergent section contours were selected
to minimize boundary layer turbulence within the limits of standard design

practice. This goal dictatas the use of a large convergence angle with a
confcal sectfon of sufficient length. Therefore, a 40° convergence angle,
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11, Summary (cont.)

along with a radius of curvature at the siart of convergence large enough to
prevent flow separation and-local perturbations in the Yocal heat-transfer
coefficient, was selected,

b. Nozzle Contour Selection

A standard nondimensional contour for a 400:1 area
ratio, 85% L211 nczzle was selected. The cooled surface area, length, and
Tocal diameter are proportioned to the throat diameter calculated for the
specific thrust, sressure, and mixture ratio, using preliminary Isp and Cp
values.

¢. Minimum Contraction Ratio

The sensitivity of attainable specific fmpulse, chamber
L', and chamber heat flux was assessed for the L02/RP-1 propellant combina-
tion at & mixture ratio of 2 and a chamber pressure of 6894 kPa (1000 psfa).
The resuits of this anatysis are shown in Figure A-8, Al1 three parameters
benefit as the contraction ratio is increased from the 3.3:1 value utilized
in the earlier study {documented in Ref. A-2). Practical considerations
regarcing engine size and injector/igniter design and fabrication resulted in
a recommendation of a minimum contraction ravio of 8:1.

d. Minimum Chamber Diameter

At low thrusts, increasing the chamber pressure results
in smaller throat diameters. For exampnle, for L02/RP-1 oropellants at
F = 445N (100 1bF) and Pc = 6894 kPa (1000 psia), a throat diameter of 0.62
cm {0.244 in.) is calculated. For a contraction ratio of 8, the resulting
chamber dfameter would be only 1.75 cm (0.690 in.). This is not considered
realistic for the following reasons.

Injector design requires a centrally located igniter
for the non-hypergolic propellants and, for combustion efficiency, two con-
centric rows of injector elements. The fgniter requires a flow area encom-
passing 2% of the throat area, but with a diameter not less than 0.152 cm
(0.06 in.). A thrust per element ranging from 26.7N (6 1bF) to 44.5N (10
1bF) was considered along with a minimum element density of 0.93/cm2
(6/in.2), Packaging and manifolding of this minimum-size injector resulted
fn an injector diameter of 3.81 cm (1.50 1n.) which dictated the contraction
ratfo at many design points.

Consequently, the study philosophy was to design cham-
bers with a contractfon ratio of 8:1 until the minimum chamber diameter of

e in e e — lmimannital]



340 -
4448N (1000 1bF)
8 330} SPECIFIC IMPULSE ATTAINABLE
& 445N (100 1bF)
~ 320L
310 I ] L ] —_ —_
3.3 5 10 20 30
10 95 MR =2 . .
Pc = 6894 kPa L
gk 20 L (1000 psia) 4448N (1000 1bF) e
o
6F 15}
K g MAXIMUM L' FOR COMBINED OX
= o 445N (100 1bF) AND FUEL COOLING
- 4k w0}
2t 5t [ 1 | |
3.3 5 10 20 30
o~ 20 | %c ORIG
£ 30K STUDY STUDY MINIMUM e
o 10 by 20K
] <ok LF= 1779N F = 445N (100 1bF) LOCAL CHAMBER
S k- (800 1bF) - HEAT FLUX
B 0 1 1 i
3.3 5 10 20 30

CHAMBER CONTRACTION RATIO, €o
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I1, Summary (cont.}

3.81 cm (1.50 in.) was reached. This, then, became the 1imiting constraint
with increasing Pc and as the contraction ratio was increased as required.
For the case noted above, the resulting contraction ratio was over 37:1,

5. Channel Design Constraints

A basic coolant channel configuration currently employed for
regeneratively-cooled designs utilizes rectangular coolant passages milled in
a. zirconfum-copper 1iner with an electroformed nickel closeout. This type of
construction minimizes cooling problems at higher chamber pressures and maxi-
mizes fin effectiveness in high-conductivity metals in transforming the gas-
side heat flux to a lower coolant-side flux. These channel-walled chambers.
normally extend to the area (gp) at which a radiation-cooled nozzle can be
utilized. At the lower chamber pressures, however, 4 approaches the
throat (Figure A-6). In order to eliminate a flange near the throat station
for these cases, the nozzle cooling channels are extended to an area ratfo of
6:1, at which point fabricability methods for joining the nozzle extension to
the cooled chambers are straightforward.

a. Creep and Cycle Life Considerations

The designs considered are based on a service life of
five full thermal cycles times a safety factor of four. The maximum chamber
wall temperature is limited to 811°K (1000°F) and the temperature differen-
tial between the Zr-Cu ga:~side and Ni closeout is 700°K (800°F). This
results in a maximum strain of not over 1.6% for each cycle. The equations
built into the program allow slightly higher strain levels if the gas-side
temperature is less than 811°K {1000°F).

b. Channel Dimensions and Geometry

Conventional fabrication technology limits assumed in
past studies restricted the minimum channel widths and depths and the minimum
1and width to about 0.076 cm (0.030 in.). The maximum channel aspect ratfo
(deptia/width) is typically 4 or 5, again based on machining Yimitations.

With these restrictions, as reported in Reference A-2, only iimited regions
of the F-Pc map could be shown to have cooling feasibility. No limits based
on fabrication considerations were specified for these variables in the
present study. However, minimum channel dimension of around 0,013 to 0.025
cm (0.005 to 0.010 in.), depending on the coolant, are suggested due to a
plugging potential and the limits of coolant filtration.

The allowable gas-side channel width-to-wall thickness
ratio requirements for Zr-Cu are shown in Figure A-9. The design program
utilizes the input wall thickness unless the gas-side wall temperature
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11, Summary (cont.)}

requires use of a thicker wall for structural reasons, based on a wall-
thickness-to~channel-width ratio for the respective pressure and temperature.
Actual pressure differentials across the hot wall and hot gas-side wall temp-
erature material strengths are used in the program to determine wall thick-
ness at each station.

The calculations of Task II indicated that the required
cooling channel width at the throat with either RP-1 or oxygen as coolant
would be significantly less than the conventional minimum width of 0.076 cm
(0.030 in.). In addition, high-aspect-ratio channels are required for oxy-
gen. The high cooling surface attained by high aspect ratio channels more
than compensates for the reduced heat transfer coefficient as velocity is
decreased, particularly at high chamber pressures. These trends are illus-—
trated in Figures A-10 and A-11.

Figure A-11 also illustrates the effect of increased
wall thickness on the flux transformation for low-thrust, high-Pc engines.

The coolant-side flux is appreciably reduced by the radial dimension effect
on these small engines.

Also evaluated was the effect of varying land width
over a range from 0.030 to 0.089 cm {0.012 to 0.035 in.) with RP-1 as the
coolant. As throat land width was increased, the rumber of coolant channels
decreased and pressure drop increased. Fabrication and structural considera-
tions led to the selection of a minimum land width of 0.063 c¢m (0.025 in.)
for this study (Figure A-12).

¢. Coolant Flow Arrangement

A single-pass, counterflow regenerative-coolin¥ config-
uration was selected as the preferred cooling concept. Both the fuel and the
oxidizer were evaluated with the coolant iniet located at the radiation-
cooled extension attachment point. This type of cooling arrangement, termed
"single-regen" cooling, can become bulk-temperature or pressure-drop-11imited
as th: fluxes increase with increasing Pc and as the flow decreases with
reduced thrust. Cooling with both propellants in series, termed “dual-
regen" cooling, provides an increased heat load capability. For the LOX/RP-1
propellant combination, fuel cooling was considered from the attachment point
to an area ratio of 6:1 (hased on manifolding requirements). Oxidizer cooling
was utilized from this point through the high~flux throat region to the
injector in order to avoid coolant-side fouling possible with RP-1. In some
cases, a thermal barrier or liner in the barrel was utilized to reduce the
bulk temperature rise of the coolant.
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II, Summary (cont.)

d. Coolant State

Fluid in the coolant channels is single-phase at ali
times. The oxygen is in a supercritical state, as are the hydrogen and
methane analyzed in Task IV.

e. Coolant-Side Wall Temperature

Two of the four coolants studied required a 1imit to
the ailowable coolant-side wall temperature. Both hydrocarbon fuels, RP-1
and methane, thermally decompose or "coke." The threshold for carbonaceous
deposit formation with RP-1 is approximately 561°K (550°F), based on Jet Fuel
Thermal Oxidation Test {ASTM D 3241-73T) data for the similar Jet A-] fuel.
Coking of methane does not 1imit channel design as the thermal decomposition
range is estimated to be 1033-1367°K (1400-2000°F), well above the wall
temperatures allowed by life cycle and creep considerations.

Studies on copper oxidation, reported in Reference A-5,
show. no evidence of oxidation helow about 533°K (500°F) whereas the reaction

rate becomes pronounced at a temperature of 755°K {900°F). In this study, it

was assumed that 589°K (600°F) was the maximum allowable temperature for
copper surfaces in contact with oxygen,

f.  Coolant Qutlet Temperature

The maximum allowable cootant bulk temperature is
directly relaied to the allowable coolant-side wall temperature discussed
above. With wall temperatures Timited to 561 and 589°K (550 and 600°F ),
respectively, for RP-1 and oxygen, rule-of-thumb allowances for the wall-to-
bulk temperature differentials and density changes determined 450 and 394°K
{350 and 250°F), respectively, to be reasonable maximum allowable butk temp-
eratures for the two coolants. While methane is not reaction-iimited at 1ow
pressures, the rapid decrease in density with increasing temperature indi-
cates that 478-533°K (400-500°F) {s a practical limit. However, the pressure

effect 1s strong; thus each methane cooling case was analyzed without con-
sfdering a 1imiting bulk temperature.

9. Coolant Velocity

For supercritical hydrogen, oxygen, and methane, the
maximum acceptable fluid velocity was not permitted to exceed a local Mach

number of 0.3. For subcooled liquid RP-1, th maximum liquid velocity was
taken to be 61 m/s (200 ft/sec).




11, Summary (cont.)

h. Channel Pressure Drop

The acceptability of the magnitude of the cooling
channel pressure drop is largely a function of system considerations which,
as such, are beyond the scope of this -~tudy. However, since coolant pressure
drop is a primary factor in assessment .’ any design, it was necessary to
specify a qimitfng value for pressure 10ss for each coclant in order to
arrive at a reasonable acceptability bound for each. The minimum channe!
outlet pressure was preac;lbed by the allowable pressure drop across the
injector, defined as PcY+/3, Coolant channel pressure drops were specified
as follows:

°  L0p/RP-1

System power balance studies for oxygen cooling of
turboalternator expander cycle engines led to a specification for AP, for
oxygen of 1722 kPa (250 psi). Since RP-1 became bu1k-temperature-11m?ted in
most cases, a maximum AP criterion was not necessary.

°  LOy/LHp

A preliminary selection of 1722 kPa (250 .-1) for
the allowable maximum pressure drop for efther hydrogen or oxygen became

unnecessary as hydrogen AP's were much lower and oxygen is not indicated as a
coolant for this propellant combination.

°  L0p/LCHy

With either or both propellants as coolants, the
allowable pressure drops were based on a preliminary power balance analysis
of a mixed expander/turboalternator cycle. Cooling channel outlet pressures
were maintained supercritical. Minimum coolant channel pressure drops were
functions of Pc as shown in Figure A-13.

6. Coolant Properties

The thermal coolant channel design analysis program requi-es
both coolant thermodynamic data (density, enthalpy, specific heat, and sonic
velocity) and transport data (thermal conductivity and viscosity) as well as
saturation pressures and temperatures. Standard NBS propertfes were employed
for oxygen, hydrogen, and methane. Property data for RP-1 were fntensively
reviewed, and the results are reported in Reference A-7.

7. Coolant Correlations

Coolant heat transfer correlations for singte-phase fluids
in forced convection are semi-empirical; consequently the usual uncertatntfes
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I1, Summary (cont.)

regarding their use beyond the range of supporting test data must be con-

sfdered. The critical points, normal hoiling points, and typical tempera-
tures for the four coolants of interest are presented below:

Oxygen RP-1 Methane  Hydrogen

Crit. Press., kPa (psia) 5102 (740) 2172 (315) 4598 (667) 1296 (188)

Crit. Temp, °K (°F) 154 (-182) 677 (758) 191 (-117) 33 (-400)

NBP, °K (°F) 90 (-298) 490 (422) 112 (-259) 21 (-423)

I{pgsg} Inlet Temp., 90 (-298) 289 (60) 112 (-259) 21 (-423)
a. Oxygen

The results of a recently conc)uded heated-tube test
program over a reduced pressure ratio range of 0.39 to 6.76 and a heat flux

range of 1961 to 89,881 kw/m (1.2 to 55 Btu/in.2-sec), together with
earlier data, led to the following correlation:
-0.5 0.5 0.67 0.2

- P k €
o) ®) (@) G
Pu W Py crit

where Nuper = 0.0025 Re, Pry0-4
Over 95% of the data used fits this equation within +30% (Ref. A-8).

bo RP"l

The forced convection characteristics of RP-1 as devel-

oped .or water, RP-1, and diethylcyclohexane (DECH) were predicted by the
Hines equation (Ref. 9):

Nup = 0.0055 Re,0:95 pp 0.4

c. Methane

Heat transfer to methane at supercritical pressures was
assumed to be characterized by the recently developed egation for its homo-
Togous propane (Ref, A-10):
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0.90 0.4 0.11 0.27
Nu, = 0.00545 Re Pr 29 EE
b : b b p kw

W
0.53 0.23
(.E :)
C

&) ("
Py P ¢/D

d. Hydregen
Hydrogen as a coolant in the supercritical pressure
range is characterized by the Hess.and Kunz correlation of Reference A-11:

. 0.8 0.4 _
_ ee Yy
Nug = 0.0208 | LD Pr (1 + 0.01457

The correction factor below for tube curvature effects, as developed in
Reference A-12, was applied to a1l of the above correlations:

D 2 .05
h = h Re 2]
C s em——

2 Rc

where:

v

)

<
o

)

he = coefficient corrected for curvature effects
hg = straight-tube coefficient

Re = Reynolds number

De = Channel equivalent diameter

Re = Radius of curvature

8. Coolant Limitations

Of the four coolants studied, only hydrogen does not possess

an innate chracteristic which 1imits its use in regenerative cooling.

a. Oxygen

As discussed in Section 1I.5.e, copper is subject to a

significant rate of oxidation at wall temperatures estimated at 589°K
(600°F).
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11, Summary (cont.)

b. RP-1

Thermal decomposition of RP-1 }imits this coolant to
wall and bulk temperatures of 561 and 450°K (550 and 350°F), respectively, as
discussed in Sectfon 11.5.e and f. In context with the narrow channels
determined in this study, the problem of contamination by bfological and
chemical reactions must also be considered.

¢, Methane

Although the coking temperature of around 978°K
(1300°F) is above copper metal temperature limitations, the Tack of any
appreciable subcooling, along with the sensitivity of bulk density to
relatively small pressure decreases and temperature increases, constrains the

channel design ProcesSa. .. ... ..o

-—v,..-.‘..,..—.._

o L T

i
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I. INTRODUCTION

This agpendix documents the performance modeling conducted during
Tasks I and II of the study program. Included in this appendix is a brief
description of the performance prediction methodology, calibration techniques
relating to the energy release and boundary layer losses, and a presentation
of the results of sensitivity analyses relating to the impact of chamber

pressure, thrust, and mixture and area ratio on predicted delivered specific
impulse.

The overall objectives of the Task I and Il performance studies were:

Task I - Caljbrate simplified analysis techniques and select
chamber geometry criteria

Contraction Ratio
e Length

Task II - Define area ratio and mixture ratio influences on the

attainable specific impulse of LOX/RP-1 and the recom-
mended study ranges for Task III
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I1.  SUMMARY
A.  PERFORMANCE MODEL DESCRIPTION

The performance model was based on simplified JANNAF techniques,
then calibrated to existing engines and/or ..ore rigorous analytical tech-
niques. This model yields reasonable performance trends and is inexpensive
to rune-. ... .

The predicted delivered specific impulse (Isppg )} was obtained
by calculating the influence of known mechanisms that degrade the ideal
(Ispgpg) performance. These efficiencies/1oss mechanisms were divided into
five major categories: energy release efficiency (nERE}, reaction kinetics
efficiency (ng), two-dimensional divergence efficiency (npp), 10ss due to
the thrust decrement within the boundary layer, and loss ﬁue to film cooling.

A computer program had previously been developed to help facili-
tate parametric analysis by representing each loss mechanism in a subroutine
with the appropriate data base.

During Task I, a Priem vaporization model (Ref., B-1) and empir-
ical mixing loss correlation for LOX/RP-1 were incorporated into a subroutine
which enabled the ERE to be internally calculated. The vaporization model
was calibrated using data from the NASA-LeRC OFQ triplet engines {NASA TM
79319). Ispopr and Ispgpk data were obtained using the Two-Dimensional
Kinetics Program (TDK), Reference B-2, and tabulated over a range of condi-
tions that would encompass those desired for this analysis,

The kinetic efficiency was obtained by comparing the one-
dimensional kinetics specific impulse (Ispopk) to the Ispope (ng =
Ispopk/Ispgpe). The two-dimensional efficiency was obtained from charts
which gave the npp for optimum Rao nozzles as described in Reference B-3.
These charts were tabulated to facilitate their use in the performance pro-
gram. The performance loss due to boundary layer development was obtained by
implementing the turbulent boundary layer chart procedures also given in
Reference B-3. These procedures were modified to incorporate the results of
the BLIMP analysis conducted during Task I (Ref. B-4). The boundary layer
efficiency was calculated b{ assuming an adiabatic wall! chamber and propel-
lants at the tank enthalpy levels. Past analyses have shown this approach to
be quicker and to result in the same efficiency pradictions as the more
rigorous method of calculating the enthalpy 1oss to the regen coolant, then
finding a new Ispgpg by using the increased propellant enthaipy.

The performance model also includes a subroutine to calculate
film-cooling efficiency, if required. Film-cooling efficiency is calculated
by ratioing the mass weighted performance for the core and coolant stream
tubes by the performance at the injector mixture ratio. The performance
mathematical modeling (1oss accounting) fs consistent with the JANNAF simpli-
fied procedures specified in CPIA 246. '
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11, Sumniary (cont.)

B, CALIBRATION AND SENSITIVITY STUDY RESULTS

The energy release efficiency was calibrateg to the NASA-LeRC OFO
triplet LOX/RP-1 engine. The measured performance (% C”) of this engine
was 99.1%; the parametric model prediction was 99.0%. The boundary layer
loss used in the model was calibrated to BLIMP analyses and resulted in
thrust 10ss correction factors from 0.4 to 1.2, depending on engine throat
Reynolds number. The range ¢f ODE specific impulse and various performance
losses for LOX/RP-1 and area ratios of 10 to 1000, chamber pressures of 276
to 5515 kPa (40 to 800 psia), and thrusts of 667 to 890N (150 to 200 1bF) at
mixture ratios of 2 and 4 are shown in the foliowing table:

RANGE OF COMPONENT PERFORMANCE LOSSES

RANGE
ODE Specific Impulse (300 ~ 380 1bF-sec/1bm)
Kinetic Loss 2 - 15%
Divergence Loss 0.1 - 1.5%
Boundary Layer Loss 0.3 - 4.0%
Energy Release Loss 0.2 - 12%
Film-Cooling Loss 0 -10%

As can be seen, the kinetic loss represents the largest potential performance
decrement. However, both the energy release loss (vaporization and mixing)
and the cooling loss are also potentially large losses. These can be con-
trolled (to some extent) by engine/injector design.

During the Task 1 study, the chamber contraction ratio (CR),
length (L'), and propellant temperature were evaluated. The results of these
studies, based on element packaging and performance considerations, indicated
that a minimum contraction ratio of 8 or minimum chamber diameter of 3.81 cm
(1.5 in.) 1s necessary for good performance (ERE > 95%). Also, it was con-
cluded that this performance level was compatible with the recommended.
{regenerative) cooling schemes. Further, heated fuel {RP-1) was predicted to
yield significant performance improvements. Based on these analyses, an
injection element density of 0.93 cm (6/in.2) (OF0 triplets) was selected
as both ylelding good performance and being im the current range of state-
of-the art design practice.

During the Task Il study, three engines with thrust/chamber pres-
sure ratios of 667/276, 2669/2068, and 3113/5515N/kPa (150/40, 600/30C, and
700/800 1bF/psia) were evaluated at mixture ratios of 2 and 4 over an area
ratio range of 10 to 1000. This study resulted in chamber lengths of 14.73,
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11, B, Calibration and Sensitivity Study Results (cont.}

12,7, and 10.41 cm (5.8, 5.0, and 4.1 in.), respectively, for the three
engines. These lengths were within the regenerative conling capability enve-
lope (with LOX or LOX + RP-1) and resulted in predicted energy release effi-
ciencies of 97.4 to 100%.

In addition tc regenerative cooling, radiation and thermal bar-
rier (0/F control) cooling were investigated. These cooling techniques
result in lower performance than the regeneratively cooled cases at equiva-
lent lengths, but performance could be improved by using longer lengths. The
area ratio survey indicated approximately a 1% Isp increase with each
doubling of £ above £ = 200:1. Since good experimental data exist at a 400:1
area ratio (Ref. B-5), this area ratio (¢ = 400:1} was recommended for Task
II11 analysis. The mixture ratio survey indicated the mixture ratio for max-
{mum delivered specific impulse to be between 2.0_and 3.0.
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IIT.  TECHNICAL DISCUSSION
A. TASK I - ANALYSES
1. Model Formulation and Calibration

The simplified performance model formulated for this phase
of the study was structured to fulfill the foliowing four requirements:

° Represent state-of-the-art technology with regard to
computer codes and modeling assumptions.

Be sufficiently detailed to allow realistic trends of
performance with both engine design and operating vari-
ables.,

° Be amenable to parametric analysis ({i.e., easy to input
and fast to run?.
Be capable of being calibrated to known data or more
rigorous analysis in those areas where current state-
of-the-art simplified techniques were deemed inade-
quate.

The performance mode! uses the one-dimensional equilibrium
specific impulse as the reference performance. From this reference perform-
ance, the various performance losses are subtracted to yield the predicted
specific impulse. The performance 1osses considered and the codes used are
shown in Figure B-1, The mathematical modeling (loss accounting) is shown on
Figure B-2. This loss accounting is consistent with the JANNAF recommended
techniques of Reference B-6. The two performance losses requiring specisl
consideration in order to provide sufficient accuracy for meaningful perform-
ance trends were the energy release loss and the boundary layer loss.

a. Energy Release Loss Model

The energy release loss model can consider both
varporization-limited and mixing-1inited performance. The vaporization-
timited combustion model uses the work of Priem (Ref. 8-1) to model the
impact on engine performance due to incomplete propellant vaporization. This
toss accounts for both the effects of a total mass flow rate defect and the
significant increase (shifts) in combustion mixture ratio compared to overal)
tnjector mixture ratio as a result of the vaporization limitation. A mathe-
matical representation ¢f the vaporization loss is given in F1?ure B-3. For
LOX/RP-1 propellants, the vaporization model uses an empirically derived
reduction in atomization efficfency by applying a 1.5 factor to the propel-
lant droplet size. The mixing efficiency component of the energy release
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NOTE:

Ispop %
0/F

by film cooling)

) (SDODh x M vz) (“poux" ”Bv)
0/F,

Ispona X
0/F,,

(ISpODE
0/F

v]) Ispope % M ) TsPope x Mgy
by LN orRg,

x “vQ* Ispgog % My }+ [spgpe MBV)
0/F,, 0/F g

Ispgpe x M |

ISPODE X M? +{ Ispgpp X MB
0/F, 0/F, 0/F g

1 -

B

MT IsPope

O/Fan

IsPype

HL Q/F

inj

IsPope
O/F i

”ST W/FC

A1l efficiencies

account for 0/F shift caused

(O/F, O/F, &,, M, does not

=lﬁ~£ 0/F | 0/F 0/,

)

IspODE X ML) + IspODE X Mz 7
0/F, 0/F,

are thrust ratios; losses are (1 - efficiencies)

M = Mass Flowrate Mp = My + M, + Mg
SUBSCRIPTS
1,2 = Strean Tubes 1 and 2 (Core)
B =Barrier Stream Tube
V = Vaporized Pronarty
T = Total Property
Figure B-3. Performance Efficiency Definitions
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111, A, Task I -~ Analyses {cont.)

mode] considers the influence of element size, element spacing, and engine
size by using ALRC-developed empirical correlations derived from engine test
data. The influence of element size is modeled within the code as the impact
of hole size tolerance on interelement mixture ratio distribution. For a
fixed orifice tolerance, the magnitude of possible element-to-element injec-
tion mixture ratio maldistribution increases with decreasing orifice size.
The influence of element spacing on propellant core mixing efficiency is pro-
portional to the ratio of chamber length to the product of contraction ratio
and thrust per element raised to a power. Thus long chambers with small,
densely packed injection elements result in predicted high interelement mix-
ing efficiencies within the core. The engine size modeling considered the
ratio of active injector core area to total injector area. Thus large injec-
tors with a high ratio of active pattern-to-total-injector area yield a
higher potential mixing efficiency than smaller injectors due to reduction of
barrier or fringe mixing inefficiences. Mixing loss is generally a small
decrement to energy release efficiency, and the approach used herein has been
found in previous programs to be conservative, i.e., to overpredict the mix-
ing component of the energy release loss. The energy release model also con-
siders the impact of the vaporization and mixing losses on the kinetfc spe-
cific impulse. The operating and design parameters which influence the
energy release 10ss and which may be evaluated with the model incluue the

following:

Chamber Length Element Type Propellant Temperatiure
Chamber Contraction Ratio Element Size Injection Velocity
Nozzle Expansion Ratio Propellant Type Chasber Pressure

Mixture Ratio

Basfically, the performance program input is the desired
chamber pressure, mixture ratio, propellant combination, eiement type,
element density, expansion and contraction ratios, chamber and nozzle
1rngths, and reference engine vaporization data. The program {terates to
determine engine size (throat radius) and performance, using a 0.2% energy
release closure criterion. The following guidelines for the LOX/RP-1 engine
resulted from preliminary investigations:

Q

Geometry

Minimum Chamber Diameter - 3.81 cm (1.5 in.})

Minimum Injector Orifice Diameter 0.025 cm
(0.010 in.)

Injection Element Density 0.93/cm? (6/in.2)
Element Type OFC Triplets, or Equivalent

3,23 cmZ {0.5 1n.2) Igniter Area in Center of
Injector

B85% Bell Nozzle
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111, A, Task 1 ~ Analysis (cont.)

Operating Parameters

Injector Pressure Orop = pc0.75

Vaporization-1imited and Mixing-Limited Com-
bustion Efficiency

0.2% Closure on Performance Iteration Loops

Cooling Loss Model Consistent with Heat Trans-
fer Assumptions Using Mass-Weighted Fiim Cooling
and Core Stream Tubes

A1l Other Losses as Defined in Simplified
Procedure of CPIA 246

The energy release 1oss model was calibrated to the
NASA-LeRC LOX/RP-1 OF0 triplet engine described in Reference B-7. The per-
tinent engine parameters and calibration results are shown on Table B-I.
These data show excellent agreement of the predicted parametric model per-
formance {%C* = 99.0) to the measured value (99.1%).

b. Boundary Layer Loss Model

The purpose of this work was to qualify the simplified
procedure {TBL chart) used for predicting performance loss due to boundary
layer development. This was accomplished by comparing TBL {turbulent bound-
ary layer) chart predictions to losses calculated by the more rigorous JANNAF
procedure used for the BLIMP program. Twenty-five operating points were
simulated with the BLIMP program. Thrust, chamber pressure, combustion cham-
ber length to throat dfameter ratio, wall temperature to gas-side stagnation
temperature ratio, and flow transition (laminar to turbulent) criteria were
varied during these simulations. Table B-II 1lists the cases simulated and the
resulting thrust loss; all cases were for ar area ratio of 100:1.

The first seven BLIMP runs were used to determine the
fnfiuence of using laminar or turbulent boundary layers when solving for
thrust Toss. These runs indicated that the thrust loss with turbulent flow
was approximately twice the loss experienced with laminar flow for the same
operating point.* Since the type of flow significantly influences the calcu-
lated thrust loss, these runs were also used to determine a transition cri--
terion based on momentum thickness Reynolds number (Ree) that is consistent
with the criterion used in the thermal analysis.

*#Spbsequent analyses showed that the relationship of laminar to turbulent
boundary layer thrust loss varies as a functtfon of Reynolds number.
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I1I, A, Task I - Analysis (cont.}

The BLIMP User's Manual suggests a transition Reg of
360 as a nominal guess. The manual notes that this value is for a zero. pres-
sure gradient flat surface (not contoured) and that for accelerating fiows,
as in a rocket nozzle, the transition value will increase. A transition Reg
of 443 was found to result in a transition criterion consistent with that of
the_thermal analysis.

Having established a transition criterion, reference
cases to be simulated were chosen to be at the corners of the study para-
metric box. These cases (No. 8-19 in Table B-II) assumed wall-temperature to
gas-stagnation temperature ratios of 0.2, 0.5, and adiabatic wall (1.0) and
were run at the operating points listed below:

Pc, kPa {psia) 138 (20} 138 (20) 6894 (1000) 6894 {1000)
Thrust, N (1bF}  445(100) 4448(1000) 445(100) 4448(1000)

Six additional cases were run to provide a better-definition of data trends.
The three operating points listed below were run for a wall temperature ratio
of 0.2 and an adiabatic wall (Cases 19-25:}):

Pc, kPa (psia) 1034 (150) 10341 (1500) 13788 {2000)
Thrust, N (1bF) 2,224 (0.5) 8896 (2000) 88960 (20,000}

Figure B-4 shows the percentage of thrust loss as a
function of chamber pressure, thrust, and wall temperature. In general, as
thrust, chamber pressure, and/or wall temperature ratio increase, the per-
centage of thrust loss decreases with either laminar or turbulent flow.

Figure B-5 shows the correlation between the BLIMP and
TBL chart predictions as a function of throat Reynolds number calculated by
TBL chart. This shows that the majority of operating points at low-thrust
are in the laminar and transition region. For the low-thrust sensitivity
study, the correlation shown in Figure B-5 was used to anchor the TBL chart
estimate to the BLIMP prediction.

The data shown on Figure B-5 indicate that wall-to-
free-stream temperature ratio differences have a negligible influence on the
correlation below a throat Reynolds number of about 4 x 105, At throat
Reynolds numbers above this valué to about Re = 1.1 x 106, the boundary
layer 1s in the transition region, and large differences in the correlation
are evident dependent on the assumed wall-to-free=stream temperature ratio.
However, in this region, the total boundary layer loss is small (1 to 2%) and
the resuiting performance uncertainty introduced by using the recommended
correlation is less than 0.5%.
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111, A, Task 1 - Analysis (cont.)

A question still remains about the validity of applying
the correlation shown in Figure B-5 to high-P¢, high-thrust engines. Using
the transition criteria of Ree = 443, the BLIMP soution shows the flow to be
laminar at the start and becoming turbulent as it nears or enters the throat.
This mix-flow situation results in a predicted performance 1oss less than
that shown on the TBL chart which considers the flow to be fully turbulent.
However, 1f injector influences are considered to promote free-stream turbu-
lence, the boundary layer is probably turbulent from very near the starting
point. In this case, a lower transition Reynolds number may be appropriate
to ensure a fully turbulent boundary layer. Table B-III shows that for the
fully turbulent cases, the BLIMP (using the recommended Cebeci-Smith corre-
lation) and TBL chart predictions agree very well. Therefore, in the turbu-
lent flow region {from Re = 1.1 x 106 to Re = 2 x 106), the correlation
indicated by the dashed l1ine on Figure B-5 is recommended in order to avoid a
df scontinuity between the transition and fully turbulent regions. For
Reynolds numbers greater than 2 x 106, a BLIMP-to-TBL-chart &F ratio of 1.0
is recommended.

Based on the BLIMP,TBL chart comparisons shown in Table
B-1I1, the impact of differences in isentropic exponent (gamma) on the bound-
ary layer 1oss appears to be well modeled. Also, comparing the data for the
turbulent cases, the influence of viscosity on the boundary layer loss is
adequately modeied for a variety of propellants and mixture ratios. The cor-
relation for the laminar and transition cases, shown in Figure B-5, was
obtained by using a constant BLIMP/TBL chart reference viscosity. The influ-
ence of viscosity changes on the boundary layer loss is a Reynolds number
ef fect which should be accounted for {n the correlation of Figure B-5, How-
ever, cases which would allow a dir:ct assessment of the combined influence
of gamma and viscosity on the boundary layer correction in the laminar flow

region have not been run. The thrust loss correction factor in the laminar
region follows the theoretical trenc, which is based on the tocal skin fric-
tion being a function of Reynclds number to the 1/5 and 1/2 power for the
turbulent and laminar conditfons, respectively. The trends of thrust loss
with throat Reynolds number and wall temperature ratio are shown in Figure
B-6. The value of viscosity used to compute the Reynolds number and the value

of gamma are functions of engine operating conditions and are computed within
the boundary layer routine.

2. Task I Results

a. Influence of Contraction Ratio on 1sp

The influence of chamber contraction ratic on attain-
able specific impulse {s shown in Figure B-7. This figure shows the
predicted Isp as a function of contraction ratio for both 445 and 4448N
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III, A, Task I - Analysis (cont.)

(100 and 1000 1bF) thrusg engines assuming 0.93/¢m2 (6/1n.2) OFOQ element
density over the injector surface. For the 445N (100 1bF) thrust case, the
isp decreases significantly with contraction ratic due to the reduction in
the fnjector area available for elements. For the larger 4448N (1000 1bF)
engine, the chamber diameter is sufficiently large [(D. = 4.01 cm (1.58

in.)] at the small contraction ratios that the, Isp reﬁuction caused by a
reduction in the number of elements s only about 2%. The influence of
thrust/chamber pressure ratio on the number of injection elements 1s shown in
Figure B-8 for an element density of 6 and 12 and contraction ratios equal to
or greater than 8,

b. Influence of Chamber Length and Fuel Temperature on
Energy Release Efficiency

The influences of chamber tength and fuel temperature
on energy release efficiency are shown in Figure B-9. These data show that
the use of heated fuel allows shorter chambers for a given performance level.
This increcse in performance results from improved fuel vaporization effi-
ctency at the higher fuel temperatures.

C. Predicted Performance Trends with Area Ratio

Predicted performance trends as a function of area
ratio are shown for a 1ow-thrust/1ow-chamber-pressure engine and a high-
thrust/high-chamber-pressure engine in Figures B-10 and B-11, respectively.
Included in the figures are the ODE Isp and the predicted losses. As would
be expected, the Tow-thrust/Yow-Pc case has significantly higher kinetfc and
boundary Tayer losses. The energy release loss for both cases is seen to
decrease with increasing area ratio. This reduction in energy release loss
fs caused by a shift in the maximum ODE Isp to hfgher mixture ratios as area
ratio is fncreased. The shift in optimum mixture ratio tends to reduce the
component of energy release 1oss associated with the difference between com-

be seen from the two figures, the Isp continuously increases with area ratio,
and there is no pronounced "knee" or change in slope although the slope
decreases continuously with increasing area ratio. At an area ratio of
400:1, the attainable Isp values for the Tow- and high-thrust/Pc cases are
(318 and 342 1bF-sec/1bm}, respectively. Nearly all of this performance dff-
ference 1s due to larger kinetic and boundary laye:r iosses for the low-
thrust/Pc case,

B. TASK Il - ANALYSES

During the Task 11 sensitivity studies, evaluations were con-
ducted for three NASA-approved engine sizes:
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II1, B, Task II - Analyses (cont.)

| 2 3
Thrust, N(1br) 667(150) 2669(600) 3114(700)
Chamber Pressure, kPa(psia) 276{40} 2068(300) 5515(800)

Attainable specific impulse was evaluated for these engines as a
function of area ratio (10 to 1000) for two mixture.ratios (2.0 and 4.0) and
three cooling concepts:

1.  Dual regen (oxidizer + fuel)
2. Fuel regen plus barrier
3. Radiation

Also, the attainable Isp for the above three cooling concepts was
evaluated as a function of mixture ratio at a selected area ratio of 400:1.

A summary of the pertinent operating and design parameters for
these engines is presented on Table B-IV. For all cases, the engines could
be regeneratively cooled with either oxidizer or fuel + oxidizer. The energy
release efficiencies with the dual regenerative cooling (oxidizer + fuel)
vere calculated to range from 97.4 to 100%. With oxidizer-only regenerative
cooling, the efficiencfes would be from 1 to 5% Yower because of lower fuel
vaporization resuiting from Jower fuel_injection temperatures.

Trends of attainable specific impulse as a function of area ratio
for engines using dual-regenerative, fuel-regenerative + barrier, and radia-
tion cooling are shown on Figures B-12, -13, and -14, respectively.

The performance with all engine concepts is predicted to increase
with increasing area ratio. As mentioned previously, an area ratio of 400:1
s recommended for the Task III studies. The high- and mid-thrust/Pc engines
(3114/5515 and 2669/2068N/kPa (700/800 and 600/300 1bF/psia)] are signifi-
cantly higher performing than the low-thrust/Pc engine EGB?/Z?BN/kPa {150/40
1bF/psfa}] and are roughly of equal performance. Also, at a mixture ratio of
2.0, the three cooling concepts offer roughly equivalent perfortances at the
high and mid-range of thrust and chamber pressure, with the dual-regen case
offering the highest performance (342-350 sec) followed by the fuel-
regenerative + barrier cooling case (340-342 sec) and the radiation-cooled
case (238 sec). For both the fuel-regenerative + barrier cooling and ihe
raidation-cooled cases, the high- and mid-thrust/Pc engines show significant
performance reductions (10-30 sec) at O/F = 4.0 compared to O/F = 2.0,
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111, B, Task I1 - Analyses (cont.}

This performance reduction for the fuel regenerative + barrier cooling case
is caused by the injector core mixture ratio of 5.9 at an overall O/F = 4,0
{Figure B-13) which is significantly lower-performing than the core mixture
ratio of 2.2 at an overall O/F = 2.0. For the radiatfon-cooled case, the
high mixture ratio results in l1ower performance because the fuel vaporization
1imitation of the unheated fuel causes a significant increase in the
combustion mixture ratio compared to the overall injector mixture ratio. In
turn, this resuits in an increase in the energy release l0ss. The lower
performance predicted for the lowest-thrust/Pc cases is due primarily to the
increase in kinetic loss.

Trends of attainable specific impulse as a function of mixture
ratio for engines using dual-regenerative, fuel-regenerative + barrier, and
radiation cooling are shown in Figures B-15, -16, and ~17, respectively, at
an area ratio of 400:1, These data show that the optimum performance for atl
engines occurs within an 0/F range of 2.0 to 3.0. The trends of performance
as a function of thrust and chamber pressure are, of course, the same as dis-
cussed during the evaluation of the specific impulse versus area ratio data.
Of particular interest is a comparison of the data from Figures B-15 and B-16
which show the marked decrease in Isp for the barrier ccoling case over the
dual-regen case at the higher mixture ratios. This reduction in Isp at the
higher mixture ratios for the barrier cooling case is caused by the extremely
high and nonoptimum core mixture ratios. The data contained on Figure B-17
{13ustrate the potential benefit of heating the fuel for the radiation-cooled
cases. With heated fuel, the performance of the low~thrust/low-P¢
radiation-cooled engine {s approximately equal to that of the dual-regen
cooled engine. The same performance improvement for the radiation-cocled
engine could also be achieved by increasing the chamber length.
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