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FOREWORD

The results of the Parametric and Detailed Heat
Transfer Analyses are presented in this report.

These studies comprise Task I of Contract NAS 3-11191
conducted by Rocketdyne, a division of North American
Rockwell Corporation. Technical direction of the
effort was supplied by Jobn W. Gregory of the

NASA Lewis Research Center.

The analysis reported herein were conducted from
July through December ef 1967. The results for
other tasks of this contract will be reported

separately.






ABSTRACT

Analyses were conducted to determine the regenerative
cooling capabilites of light hydrocarben fuels when
used with FLOX and 01‘2 oxidigers over a wide range

of operating conditions. ILimits based on propellant
decomposition, pressure drop, and coolant passage
dimensions were applied. The presence or absence

of a gas-side carbon layer was found to be significante
All of the hydrocarbons were suitable coolants with
the carbon layer. Without the carbon layer only
methane was applicable for regenerative cooling
under all conditionsi the other hydrocarbons were
generally limited to low chamber pressures or high
thrust levels,
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INTRODUCTION

Propellant combinations with overlapping liquidus ranges are attractive for
extended~duration space missions because of the elimination or reduction

of interpropellant heat transfer. Both propellants may be maintainéd at

the same temperature and need to be insulated only from external heat sources,
i.e.y, payload and enviromment. Space storable propellant combinations using
FLOX or OF2 as the oxidizer and a light hydrocarbon as the fuel have the
additional advantages of high theoretical performance and good availability
of the fuel,

Because of the promising characteristics of these propellant combinations,
initial theoretical and experimental studies were conducted (e.g.,
Contracts NAS 3-4195, NAS 3-6296, NAS 3—7950) t0 select the most suitable
fuels and to determine actual combustion chamber performance and heat
transfer characteristics. These theoretical studies indicated the lighter
‘hydrocarbons to be the most attractive from a performance standpoints
however, the lighter hydrocarbons were found to be inadequate for use as
nonboiling regenerative coolants under subcritical operating conditions.
Moderate C* efficiencies were demonstrated and, most significantly, the
experimental heat flux values were found to be significantly lower than
theoretically predicted, The reduction in heat flux was found to be
approximately proportional to the carbon-~to-hydrogen atomic ratio so that
the denser hydrocarbohs became attractive as regenerative coolants, These
analytical and experimental investigations were conducted over the 100~
to 250-psia chamber pressure range at thrust levels of 5000 to 12,500
pounds,

Application of space storable propellants at higher chamber pressures and

over broader thrust ranges now appears promising. The present investigation
was therefore undertsken to extend the ranges of operating conditions considered
in the earlier studies for regeneratively cooled thrust chambers. The



chamber pressure and thrust ranges covered in the present study were

100 to 1000 psia for chamber pressure and 1000 to 20,000 pounds for thrust,
Effects of variations of thrust chamber contraction ratio from 2 to 4 and
expansion area ratio from 40 to 100 wereyievaluated. The implications

of redﬁcing propellant mixturo ratio to as low as 70 percent
of the optimum (maximum C*) value and of using various thrust chamber

construction materials were evaluated. On the basis of the earlier study
results, methane, ethane, and a blend of 55 ﬁercent methane and 45 percéht
ethane were selected for evaluation because of their high performahce;

propane and l-butene were selected because.of their sﬁperior heat transfer

characteristics with a gas-gide carbon layer,

The purpose of the present effort is to define regenerative cooling limits
over the above ranges of operating paraméters. Recognizing that a high
performance injector is essential to obtaining meaningful thrust chamber
heat transfer data, a second purpose of the present effort was the develop-
ment of an injector delivering a C* efficiency of at least 96 percent.

The heat transfer analysis was divided into two tasks: (1) Parametric
Mnalysis; and (2) Detailed Analysis. In the Parametric Analysis, the 10
propellant coimbinations (two oxidizers, five fuels) were evaluated over

the entire range of variables by comparingvheat absorption capabilities of
the rcgengrative coolant with the heat input to the entire thrust chamber,
Based updn the results of the Paramefric Analysis, three propellant
combinations were selected for Detailed Heat Transfer Analysis, Actual
thrust chamber designs were made to determine heat transfer limits resulting



from excessive coolant pressure drops, mwinimum fabrication dimensions, or
thermal decomposition of the coolant. The results of the heat transfer
analyses contained in this repoft provide regenerative cooling design
data for a wide range of potential thrust chamber operating conditions for
space storable propellant combinations and specify those conditions under

which regenerative cooling is practical,






SUMMARY

The present snalytical study was undertsken to define the operating conditions
and limits for regenerative cooling as applied to the light hydrocarbon

fuels when used with FLOX or 0F2 as oxidizers. The ranges of operating
parameters, particularly chamber pressure and thrust level, investigated
previously were extended in this study. The effort was conducted in twe
major areas, the Parametric Analysis and the Detailed Analysis,

PARAMETRIC ANALYSIS

The purpose of the Parametric Analysis was to determine regenerative cooling
limits, based upon coolant temperature limits, for a wide variety of
operating parameters, Ten propellant combinations were investigated:

FLOX and 0F2 as oxidizers with methane, ethane, propane, l-butene, and a
blend of methane and ethane as fuels., Chamber pressures ranged from

© 100 to 1000 psia, thrust levels from 1000 to 20,000 pounds, propellant mixture
ratios from 70 to 100 percent of the optimum values, and nozzle area ratios
from 40 to 100. The total heat input input to the chamber was alse varied

by varying the contraction ratio from 2 to 4vand the gas~side well temperaturs
from 1700 to 3200F. Two assumptions were made concerning the gas-side

carbon layers: l) the assumption of no gas-side carbon layer was made, and
alternately 2) the assumption was made that the heat input computed analytie
cally was reduced by the carbon layer by an amount based on existing
experimental data.

The total heat input to the chamber was first calculated without considering
carbon layer effects, Little variation in heat input with propellant
combination or propellant mixture ratio was found. The effects of other
variasbles (thrust, chamber pressure, area ratios, and gas-side wall)
temperature) were then determined. The nozzle area ratio had a comparatively

smell effect over the range investigated.



Experimental data taken at 100 psia chamber pressure and relatively low
characteristic velocity efficiency were then correlated with total heat
input determined by application of the analytical model to the experimemtal
conditions, Significant heat input reductions were found and the ratio of
experimental=to=analytical values of heat input was nearly linear with

the hydrogen~to~carbon atomic ratio of the fuel, Propellant mixture

ratio effects on the carbon layer effectiveness were found to be uncertain,
Values of heat flux reduction used in subsequent analyses were based upon
the average of experimental data obtained with solid-wall and regeneratively
cooled thrust chambers,

The heat absorption capability of the regenerative coolants was based upon
the enthalpy change of the coolant between the inlet and exit of the
coolant jacket. The inlet enthalpy was evaluated at ten degrees (F) avove
the freezing point of the fuel, The exit enthalpy depended upon the
_allowable maximum bulk temperature of the fuel which in turn, depended upon
the pressure at the coolant jacket exit.

For high chamber pressure operation, the limiting temperature was that
which resulted in decomposition of the fuel, A literature search was
conducted to determine the most accurate values of kinetic constants to
relate decomposition rates to coolant bulk temperature. Decomposition
temperatures used in the analysis were: methane, 1500F; ethane and the
methane-ethane blend, 900F,; propane, 850F; and l-butene, 800F,

For low-chamber-pressure operation the conditions in the coolant jacket
were subcritical and the restriction that bulk boiling should not occur
limited the exit temperature to the saturation value. The saturation
temperature was based’upon a pressure which was 20 percent higher than

chamber pressure to sccount for a reasonable injector pressure drop,



Removal of the saturation temperature limit at low pressures was also
investigated, However, it was then required that (1) complete vaporization
of the fuel be accomplished to avoid mixed-phase flow in the injector,

and (2) that bulk boiling be confined to the low flux ( < 1 Btu/in’-sec)
region of the nozzle, A nucleate boiling flux of 3 Btu/inz-sec was
established as a'practical naximm value,

A comparison of the heat inputs and the heat absorption capabilities was
then made to determine the conditions under which regenerative cooling
could be accomplished., Regenerative cooling was found to be applicable
to practically all combinations of parameters investigated on the basis
of propellant decomposition if the assumed gas-side carbon layer was
present., The temperature of the l-butene at the exit of the coolant
Jacket was furthest below the jecomposition temperature. The exit
temperature of the methane-ethane blend was closest to the decomposition
value, Without the carbon layer, methane could still be used as a
regenerative coolant under all conditions. For the other fuels, however,
reduction of propellant mixture ratio and/or nozzle area ratio would

be required to prevent propellant decomposition at low thrust levels

end high chamber pressures, or the gas-side wall temperature would have
to be raised to 3200F,

Combinations of parameters may be selected for the chamber pressures
which result in suberitical pressure operation (100 and 250 psia chamber
pressures were investigated) which will permit use of regenerative cooling
with all of the fuels at most thrust levels., Methane can be used as a
regenerative coolant with complete vaporization under all conditions,

The same conclusions apply to the methene-ethane blend except that the
minimum thrust level is approximately 3500 pounds at 250 psia chamber



pressure if a carbon layer does not exist., Ethane can be used as a liquid
at the higher thrust levels and completely vaporized at the low thrust
levels if a carbon layer exists., Without a carbon layer, ethane can be
vaporized at all thrust levels but is decomposition-limited to thrust
levels above 3500 pounds at 250 psia chamber pressure, Propane may be
used as a liquid at all thrust levels with a carbon layer and may be
completely vaporized without decomposition at all thrust levels above
5000 pounds without a carbon layer, Butene may be used at all thrust
levels with a carbon layer as a liquid and may be eompletely vaporized
at all thrust levels without a carbon layer at 100=-psis chamber pressure.
Regenerative cooling without a carbon layer at 250~psia chamber pressure
is limited to the 20,000 pound thrust level for l-butene (Table S-1).

DETAILED ANALYSIS

The purpose of the Detailed Analysis was to further investigate regenerative
‘ éooling limits for propellant combinations which were the most attractive
on the basis of performance and the results of the Parametric Analysis.
Detailed snalysis and designs were accomplished for FLOX/methane at
thrust levels of 1000, 5000 and 20,000 pounds for 0F2/ propane at 5000
and 20,000 pounds, and for 0F2/1-butene at 1000 pounds. Channel-type
coolant passages in nickel, stainless steel (C’RES), and Hastelloy X walls
were asgumed. The nickel and CRES operated at a meximum gas—side wall
temperature of 1700F, the Hastelloy X at 2100F, The case of a refractory
coating operating at 3200F on a nickel wall chamber was also evaluated.
Analyses were again conducted both with and without the assumption of a
gas-side carbon layer., A contraction ratio of 4, a nozzle area ratio

of 100, and optimum propellant mixture ratio were generally assumed.
Single~pass counterflow coolant circuits were found to be practieal

for most cases.
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Regenerative cooling limits were based upon coolant jacket pressure drop,
minimum channel dimensions, and coking of the coolant, The allowable
pressure drop varied linearly from 100 psi at a chamber pressure of 100 psia
to 500 psi at 1000 psia. Minimum channel dimensions occurred at the throat
where the channels were square for dimensions greater than 0,040 inches,

The configuration of smaller channels was a constant width of 0,040 inches
and a variable depth. A minimum depth of 0,025 was selected on the basis

of manufacturing tolerances and plugging considerations, Coolant-side

wall temperatures were limited to 1500F for propane asnd l-butene and to
2000F for methane to prevent coking of the cooclant,

Regenerative cooling was practical for the FLOX/methane propellant
combination with nickel walle at all chamber pressures and thrust levels
investigated whether or not a gas-side carbon layer exists, Only at the
most severe condition (1000 psia chamber pressure and 1000 pounds thrust
level with no carbon layer) were the pressure drop and minimum channel

" dimension limits slightly exceeded. The coating was approximately as

effective as the gas-side carbon layer in reducing the heat flux,

Pressure drop limits were slightly exceeded for the 0F2/propane pro-
pellant combination only at 1000 psia chamber pressure with no carbon

layer. The carbon layer was more effective in reducing the heat flux

than the 3200F coating. The 1500F decomposition temperature limit on

the coolant-side wall did not permit use of the 2100F capability of the
Hastelloy X, The gas-side wall temperatures of all materials were
established by nucleate boiling conditions for subcritical pressure operation
with a carbon layer, Minimum channel dimensions were less than 0,025 inches
at chamber pressures greater than 750 psia with no carbon layer. Pro-
pellant mixture ratio reductions (to as low as T4 percent of the optimum
value at 1000 psia chamber pressure) would be required to maintain a

10



minimum channel depth of 0.025 inches. Regenerative cooling is therefore
practical for 0F2/ propa.ﬁe at all chamber pressures and thrust levels if
the assumed gas-side carbon layer exists., Regenerative cooling is possible
without the carbon layer but operating parameters are sometimes restricted.

The OFQ/ l-butene propellant combination can be regeneratively cooled at

the 1000-pound thrust level for all chamber pressures and materials
investigated if the assumed gas-side carbon layer exists. Without the
carbon layer, pressure drops with a nickel wall were generally acceptable,
although slightly above the 500 psi limit at the highest (1000 psia)
chamber pressure analyzed., Use of €RES or Hastelloy X would result in
even higher pressure drops at the high chamber pressures. The minimm
channel dimensions were satisfactory for suberitical operation without a
carbon layer but were below the limit under supercritical operating
conditions. The exit temperature of the coolant was above the decomposition
value, 800F, for all chamber pressures without a carbon layer or refractory
coating., Application of a coating to incresse the gas-—side wall
temperature to 3200F or reduction of propellant mixture ratio would

prevent coolant decomposition,

Nickel 200 was found to be the most suitable material for thrust chamber
walls at high flux levels, i.e, high chamber pressures with no carbon
layer., Hastelloy X was slightly superior at moderate heat flux conditions,
CRES was inferior to the other two materials because of its low thermal
conductivity and operating temperature. However, under low heat flux
conditions, the differences between the three materials was not sufficient
to base a selection on the regenerative cooling characteristics.

As a general conclusion, it may be stated that regenerative cooling with

the light hydrocarbons appears practical over the ranges of chamber

pressures and thrust levels investigated in this study. Regenerative cooling
is, generally, greatly facilitated by the presence of a gas-side carbon layer,

11






CONCLUSIONS AND RECOMMENDATIONS

The following conclusions may be made based upon the results of the Parsmetric
and Detailed Analyses.

1.

2,

3

4,

5.

Regenerative cooling is feasible for all of the ten propellant
combinations investigated with respect to coolant decomposition
if the assumed gas~side carbon layer exists. Thrust levels from

1000 to 20,000 pounds and chamber pressures from 100 to 1000 psia
are included,

If a gas—side carbon layer does not exist, coolant decomposition
occurs under some conditions for most of the fuels, Conditions

which tend to cause decomposition are high chamber pressure and
low thrust.

Methane is particularly sultable for regenerative cooling inasmuch
as it is not decomposition-limited at any thrust level or chamber
pressure investigated, even without a carbon layer.

Coolant pressure drops are acceptable for methane, propane,
and l-butene for all chamber pressures and thrust levels
investigated either with or without a gas-side carbon layerif
nickel is used as the hot-gas wall material.

Use of Hastelloy=X as a wall material would result in lower
pressure drops than nickel except at high chamber pressures
without & carbon layer, Use of CRES would result in higher
pressure drops than nickel, However, for the low heat fluxes
associated with the gas-side carbon layer, all three materials
result in acceptable pressure drops.

13
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8.

Coolant channel minimum dimensions are acceptable for methane,
propane, and l-butene if the carbon layer is present., Without
the carbon layer the coolant channel dimensions at the throat
are smaller than acceptable at higher chamber pressures for
propane at 5000 pounds thrust and l-butene at 1000 pounds thrust.

Although conservative estimates were used in the present analysis,
experimental verification of coolant side heat transfer coefficients
by means of heated tube experiments in the following areas is
desirables
ae. Methane at low bulk temperatures and high pressures
b, Propane and l-butene at high coolant velocities in
the subcritical region

Further development and experimental verification of the
regenerative cooling capabilities of FLOX/hethane or 0F2/methane
is desirable because of the high specific impulse and anslytically
demonstrated cooling capability of these propellant combinations,
Experiments should be conducted in the 500 to 1000 psia chamber

pressure range with a high performance injector,



PARAMETRIC HEAT TRANSFER ANALYSIS

The purpose of this analytical effort was to specify regenerative cooling
limits for a wide variety of operating conditions on the basis of the

heat absorption capabilities of the regenerative coolant, The operating
parameter ranges are shown in Table 1, The propellants represent combing=
tions found to have attractive features on the basis of the results of
previous studies, Mission analysis and application studies have indicated
the range of thrust levels, nozzle area ratios, and chamber pressures
shown in Table 1, The contraction area ratios, propellant mixture ratios,
and gas-gide wall temperatures represent possible design compromises which
may be employed to improve regenerative cooling capabilities.

TABLE 1
RANGES OF OPERATING PARAMETERS

Fuels: Methane(CH 4)
Ethane(C,H,)

Blend of 45 percent Ethane and 55 percent Methane
Propane(c3ﬂé

Butene-1(C 4118)

Oxidizers: FLOX (optimum mixture)

0F2
Chamber Pressure, psia: 100, 250, 500, 750, 1000
Vacuum Thrust, poundss 1000, 2500, 5000, 10,000, 20,000
C* Efficiency: 96 percent of theoretical shifting equilibrium
Mixture Ratio (o/f): 70, 80, 90 and 100 percent of optimum
Contraction Ratio: 2:1, 3:1, 4:1
Chamber Characteristic Length (L*), inches: 30
Nozzle Area Ratio (Regeneratively Cooled Portion): 4031, 60:1, 100:1

Temperature of wall on gas side, F: 1700, 2100, 3200,

15



The basic approach to the parameiric phase of the analysis consisted of

the calculation and comparison of the heat rejected to the thrust chamber
walls (heat input) with the heat absorption capability of the coolant under
the various operating conditions, Nozzles and combustion chambers were
initially designed and analyzed to determine heat inputs with no gas-side
carbon layer, Experimentally determined carbon effects were superimposed
upon the analytical heat inputs. The heat absorption capabilities of the
regenerative coolant were detemined on the basis of boiling limits for
subcritical operation and coolant decomposition for the supercritical

operation,
HEAT INPUT

Determination of thrust chamber inputs was first made on the basis of
theoretical calculations including gas-gide boundary layer effects but with—
out inclusion of the carbon layer effects. Combustion chamber and nozzle
‘designs were accomplished to provide a basis for the heat transfer

calculations,

Thrust Chamber Design and Anglysis

On the basis of previous experience, a nozzle convergence angle of 15 degrees
and a ratio of throat radius of curvature to throat radius of 0,7 were
selected, The angle selected represents a compromise between minimizing

the combustion chamber surface (large angle) and providing for suitable
boundary layer growth to reduce the peak heat flux at the throat (small
angle).,

16



The analysis was eonducted by first developing a transonic input line from
point T to point A (Fig. 1). This transonic line forms an input to the
design program., Prandil-Meyer flow was assumed around the wall defined by
the downstream radius, R,, to the Point T', The flow field was calculated
by applying the method of characteristics to the right=rumming characteristiec
line from T%, The point T' was obtained by specifying the wall angle Qmo
Using the right-running characteristic line emanating from T! and designated
as line Om, a value of M*D was selected. From this value, an optimum
impulse control surface was formed using the optimization eriteria of

Ref, 1 and 2, The control surface determines the exit point, E, which,

in turn, defines the nozzle length, L, and area ratio, €, The contour

was developed by forming left-running characteristics from optimum

control surface, terminating each line by satisfying the continuity equation.
A rapid computerized, iterative procedure was used to select the values

of GM and M*_ which would result in an 80-percent-length nozzle of the

D
required area ratio,

Past Rocketdyne studies have indicated that optimum nozzle contours are
relatively insensitive to chemical kinetics of the combustion products,
chamber pressure, and mixture ratio for the cases presently under consider-
ation, Since the propellant combinations presently being investigated have
similar exhaust gas properties, the nozzle design is not expected to vary
significantly with propellant combination, and therefore the nozzle designs
were performed for the FLOX/methane propellant combination, A method-of-
characteristics analysis was then used to determine the temperature, density,
and Mach number profiles along the nozzle wall,

The nozzle contours designed for FLOX/hethane at a chamber pressure of
1000 psia are shown in Fig, 2. The contour for sn area ratio of 100 was
used to analyze the effects of propellant combination and mixture ratio

on the combustion product properties and flow characteristics along the wall,

17
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The propellant combination FLOX/butene-l was selected as the combination
most different from the reference propellants. The effect of propellant
mixture ratio was investigated by analyzing the FLOX/methane propellants
at a mixture ratio of 4.0 (70 percent of optimum),

The results of these analyses, as shown in Table 2 for the combustion chamber,
throat, and nozzle exit regions imply small effects because of mixture ratio
variations and negligible (for heat transfer calculation purposes) effects
resulting from propellant combination differences, The manner in which

the local-to=throat static temperature ratio and Mach number vary along

the nozzle are shown in Fig. 3 and 4 respectively. Similarity of results

for all cases is again evident, The data generated by these analyses

were used in the heat transfer analysis to obtain a comparison of the three
cases on the basis of the total heat rejected to the thrust chamber walls,

Hegt Transfer Analygis

Gas-side heat transfer coefficient profiles along the thrust chamber walls
were computed for the two propellant combinations, FLOX/methane and FLOX/
butene-1, and for two propellant mixture ratios, 5.7 and 4.0, for FLOX/methane,
The chamber pressure and nozzle zrea ratio were 500 psia and 100 respectively.
The total integrated heat rejection rates were then calculated. The approach
employed to obtain the heat transfer coefficient profiles was to solve the
von Karman boundary layer integral momentum equation and the integral

energy equation to describe the wall skin friction and Stanton number
behavior along the chamber length as described in Appendix A, This approach
has been found to yield results which are in better agreement with experi-
mental data than the more simplified closed-form Bartz solution (Ref. 3)

frequently used for conservative, rapid estimates,

20



00T = 9 vred QQOT = 9INESOXJ JIqUESYD
(mupgdo) ¢8°¢ = ¥N
. (aL) ®a’s/
08500°0 98L°2 69T°T | 20v*0 oe6L| 9L°0z | eLI*T | OFP8 (" 3usoxed ¥°0L) XOTL
(mwrrdo L°0) ¥ = WW
(dLL)
L8G00°0 £4L°e 68T°T | 28V°0 O0OL| 9¥°ST | GBI°T | 0%£6L ¢mo>ma jusozsd 9°28) X01d
(wnarydo) L°G = WH
vz (& LL)
$8900°0 00B°2 991°T | £2v°0 06L| 9G°6T | 691°T | oOF¥s Ho/("d 3ueoxsd 9°28) X014
- VL G QETINby #D | WD | 3 TOW | aFTTbE | ¥ “a juetredoxy
weyy ey
3TXy $BOIYY, JI9qUEYQ) UOTISNQUOD seT3aadoag
TI®M ®T22Z0N

STILYEIOUd STLONAOUI NOTISNAWOD INVTTEJO¥d

¢ WIEVL

21



ROCK ETIDYMNE

IR

UOT}BTIIB) OT}BY aungsreduel °*¢  OINST

Ya/y ‘eoumysrq TETXY

(o]
kg
o

~
.
O

o
e
o

n
.
o

«t
.
Q

0
.
o

22

gz 92 vz 2 o2 8T 9T %I e O 8 9 ¢ ¥ 0
i
4 =
I”W”W”//!
T ~——
//”/7
/ T~
. /I
NN
=

0
]
(&

¥ =un mﬁwo\G.va ¥0L = 0

*L/L oTq8y sangeiedue],

t~
hd
(&

gec =wd “go/(vOL) X0 - €

L°S=ul 'HO/(9°28) YOUL - V

Ls¢)
Ad
O

squetTedoag

o)
vted Q00T = d

N
.
o

T0T =3 L0 = ‘u/fu
1Teg }Ue0I8g-08 :eTZZON

(@]
-
()




m ROCKE'TIDY TNE .

UOTRTIB) JoquAY YOEW TIBM °§ SINSTH
pm\x 90UB}STQ TBTXY
Gz o2 ¢t ot G
y=ui THO/(9°28) YOI - O
G68°¢ = W mmf\?.os Y01 - €
L°G = Wl ¢8\G.N$ YOI - V
queoxed =
em. m.. N
T03 00T =3 LO= m\mm
TIEE ETIZZON
VISd 0001 = TUNSSHEd HAAWVHD
==
—
\
— l\“\\"‘ﬁ ]

0°T

61

0°¢c

§°¢

0°¢

¥W ‘xequmy yoBW TIEM

23



TABLE 3

VARIATION OF HEAT TRANSFER CHARACTERISTICS
WITH PROPELLANT COMBINATION AND MIXTURE RATIO

2 Total Heat
Propellants Mixture Ratio (o/f) Btu/in“-sec Input Btu/sec
FLOX/methane 4,0 9.3 1540
FLOX/butene=1 3.85 9.3 1575

The results of the analysis for the three cases are shown in Table 3 and
indicate that the total heat flux values are similar for the propellant
combinations being considered in this analysis when carbon layer effects
are not included. The effect of propellant mixture ratio on the integrated
heat flux and on the local throat heat flux is also seen to be very small,
The heat transfer analyses for theremaining variables were then conducted
for the no-carbon layer case and the experimental values of heat transfer
reduction caused by carbon layer effects were superimposed upon the results
of these analysis,

The total heat inputs calculated for the various combinations of thrust,
chamber pressure, expansion and contraction area ratios, and gas-side

wall temperature are presented in Fig, 5 through 8 in the form of influence
coefficients, These coefficients illustrate the effect of a single variable
on the heat input‘and, as such, they are useful in showing the significance
of variations of a particular parameter with respect to the heat input,
Furthermore, they provide a convenient means of approximating the total
heat input for any given set of conditions. The total heat input, Q, in

terms of the reference value, Qref' and influence coefficient, 77, iss

: =[Q refy ey x;&"-; g I77€°]+ oty 11, x%c:z?] " ]
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The subscript CZ refers to the thrust chamber region upstresm of the throat
and the subscript N refers to the region downstream. The value of

Qro fN was 649 Btu/sec and Qre fcz was 846 Btu/sec. The reference values

of total heat input were calculated for the conditions shown below:

OPERATING CONDITIONS FOR Q‘ref

Propellants FLOX (82,6)/Methane
Mixture Ratio 5.7

Thrust, pounds 5000
Chamber pressure, psia 500

Nozzle Area Ratio 60
Contraction Area Ratio 3

Gas~-gide Wall Temperature, F 2100

Carbon Layer None

The effect of thrust on the total heat input was found to differ for the
combustion zone and the nozzle. Accordingly, influence coefficients are
presented in Fig, 5 for each section of the chamber. The thrust influence
coefficient for the combustion zone depends upon the contraction ratio €c ’
because the value Ec affects the heat transfer rate to the cylindrical
portion of the chamber (all analyses were conducted for a constant L* value
of 30 inches)., These coefficient indicate that the heat input to the

'95) while the combustion

zone heat input is less than proportional to thrust (Q, OC FO-60y,

coolant flowrate is almost proportional to thrust, the %otal heat

nozzle is approximately proportional (Q‘N CCFO

Since

absorption capability=~to-heat input ratio may be expected to improve with
inecreasing thrust level.
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The chamber pressure influence coefficients shown in Fig., 6 were also
separated into combustion zone and nozzle coefficients. The coefficients
have a positive slope in the combustion zone region and a negative slope

in the nozzle although the heat transfer rates are approximstely proportional
to Péo's in both regions. This occurs because the nogzle surface area varies
approximately inversely with chamber pressure, while the wvariation eof
combustion zone surface areas with chamber pressure depends upon the

contraction ratio because of the fixed L¥* constraint,

The influence coefficients for the nozzle contraction and expansion area
ratios are shown in Fig., 7. The contraction area ratio coefficient was
found to be sensitive to the thrust level and chamber presssure, For
values of F and Pc at the extremes of the matrix under investigation,
the error in the contraction area ratio coefficient could be as much as
15 percent. In the parametric and detailéd analyses, actual computed

heat flux values were used,

The effect of nozzle expansion area ratio on the combustion zone heat
input is small over the range of area ratios investigated., This geometric
effect can be appreciated by comparing the contours shown in Fig, 2.
Because the lower area ratio optimum contours approach the axial direction
more rapidly, more of their surface (for a glven length) is exposed to
high heat flux conditions., The gas-side tube wall temperature affects

the heat inputs to the nozzle and combustion zone similarly so that the

total heat input effect may be presented as shown in Fig, 8.



Carbon Depgsition on the Hot Gas Wall

Combustion of hydroearbons in the thrust chamber results in deposition of
a layer of carbon upon the walls of the combustion chamber and nozzle,
This carbon could provide a significant contribution to the total resistance
to heat transfer and must, therefore, be considered in calculation of
heat inputs for the various operating conditions. The extent of carbon
layer formation depends upon complex chemical and mechanical equilibrium
in the boundary layer. Since asnalytical determination of the carbon

layer resistance is not possible at this time, experimental data must be
used. Ideally, the data should indicate the axial profiles of the carbon
layer resistance as functions of the variables being investigated in the
present study; i.eey chamber pressure, thrust level, contraction and
expansion area ratios, propellant combination, propellant mixture ratio,
gas~side wall temperature, and combustion efficiency, Experimental

data applicable to the light hydrocarbon fuels are those of Ref. 4 and

5 The tests were conducted with ¥FLOX and several hydrocarbons at
100~psia chamber pressure and with FLOX/methane at 250 psia, These data,
although not encompassing the complete range of operating conditiems,
were used and extrapolated to provide the best available estimates of

carbon layer resistance.

Anglysis Method and Results. The axial profiles of the measured heat
transfer coefficients were presented in Ref, 4 and 5, These were compared

with the gas-side film coefficient profiles calculated by the closed-form
Bartz equation (Ref. 3). Although this equation is simple to apply

and results in conservative values for design purposes, the use of the
integral energy equation as described in Appendix A yields values in
closer agreement with experimental results as indicated in Ref, 6 and
was the method of analysis used throughout this study. Accordingly,
these equations were applied to the experimenial conditions of Ref, 4
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and 5, and the resulting theoretical gas-side heat transfer coefficients
correlated with the experimental walues., These correlations resulted in

carbon=layer resistance profiles and overall heat transfer rate reduction

factors.,

The computerized integral energy equations were first applied to test
data taken at a chamber pressure of 100 psia in uncooled thrust chambers,
Actual thrust chamber geometrical parameters were used in the analysis,
Details of the analysis are given in Appendices A and B,

The axial profiles of the gas-side heat transfer coefficients are shown
in Fig, 9 through 12, The Bartz equation, as is typical, results in
higher values of the film coefficient than the integral energy equation
in the throat region., The experimental‘results are significantly lower
than either of the two theoretiéal curves, The maximum values of the
measured heat transfer coefficient occur approximately half an inch

" downstream of the throat for propane, pentane-blend, and butene-l tests,
Normally, the maximum heat transfer coefficient occurs slightly upstrean
of the throat.

The variation in film coefficient profiles with injector configuration

is illustrated by comparison of Fig. 13 and 14, The data presented in
these two figures demonstrate the dependence of thrust chamber heat
transfer rates on injector design parameters. Experimental heat-transfer
coefficients in the combustion chamber differ by as much as a factor of

% and the peak values near the throat vary by approximately 35 percent,
Various injectors were used throughout the tests evaluated. Some injector
patterns resulted in fuel-rich mixture ratio near the wall which provided
a protective filmecoolant layer and reduced the heat fiux and the effective
film coefficient, Some configurations resulted in injection of oxidizer
near the thrust chamber wall surface resulting in heat-flux values above

the normal case (uniform mixture ratio throughout).
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Recent data generated under Contract NAS 7-304 for FLOX/l-butene have
demonstrated that high performance (98 percent 770*) could be achieved

with this propellant combination but that heat fluxes comparable to

the theoretical (no~carbon layer) values could accompany the high
performance, The goal of the present progrem is a high-combustion-efficiency
(96 to 98 percent) injector which will maintain, as far as possible, the
beneficial carbon layer deposit,

The smount of heat loss to the thrust chamber per pound of propellants

vs mixture ratio is shown in FPig, 15, No significant trend in heat loss

per pound of propellants vs mixture ratio was noticed, Since the theoretical
heat inputs were also not appreciably affected by mixture ratio variations,
it was concluded that the carbon layer resistance is insensitive to

mixture ratio variations,

The data taken at 250 psia chamber pressure in Ref, 5 were also compared
with theoretical heat=transfer coefficients. The ratio of measured-to-
theoretical total heat input for an uncooled thrust chamber using
FLOX-methane at approximately 250 psia chamber pressure was 0,38, This
value is lower than that at 100 psia (0.67) and appears to be in contrast
to the results of previous studies with RP-1 (Ref, 7)., For this reason,
and because no data for other fuels such as vpropane or butene~l was
available at 250 psia chamber pressure at this time to verify the increase
in carbon build-up with pressure, the calculated heat inputs at higher

pressures were based upon data taken at 100 psia chamber pressure.

The ratio of the experimental total heat inputs to the analytically
determined values is presented in Fig., 16 as a function of the hydrogen-
to-carbon atomic ratio of the various fuels, The similar plet of

Ref, 4 based upon use of the Bartz equation is included. Although the
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presently determined ratio is higher because of the lower heat transfer
coefficients predicted by the integral energy equation, both results
indicate the very significant effects of the carbon layer,

The effect of the carbon layer for data based upon experimental results
with a regeneratively cooled chamber is also shown in Fig, 16, Factors
contributing to the higsher heat fluxes measured with the regeneratively
cooled chamber are: (1) the circumferentially integrating nature of

the regenerative data may have included hot spots undetected in the
uncooled chsmber, (2) the regeneratively cooled chamber had slightly
more surface area because of the corrugated tube surface and the slightly
longer (1,3 inches) combustion zone, A linear relationship considering
both sets of data (uncooled and regenerative) was used to evaluate
regenerative limits in the subsequent Parametric and Detailed Heat Transfer
Analysis. The values used for the various fuels are also shown in

Fig, 16,

An anzlysis was conducted to determine the actual thermal resistance of

the carbon layer. The results of this analysis, presented in Appendix B
indicated definite trends but considerable scatter. Therefore, the overall
heat-transfer coefficient values were used to determine heat inputs in

the subsequent analyses, Because of the uncertainty of the effectiveness

of the carbon layer, snalyses were also conducted without considering carbon

layer resistance for comparison purposes,
HEAT ABSORPTION CAPABILITES
Having determined the hzat iﬁputs to the walls of the thrust chamber, the

next step in the parametric analysis was the calculation of the heat=
absorption capacity of the various fuels, The heat-zbsorption capacity
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is expressed as

Q =W (Hout-Hin)
where Hin is the enthalpy of the fuel entering the coolant jacket and

evaluated at 10 degrees (F) above its freezing point, H

out is the
enthalpy at the mgximum allowable fuel temperature, T

£ and Wf is the
fuel flowrate,

ﬁf =W/(1 + off) = /I, (1 + of%)

Qf is, therefore, dependent upon ¥, o/f, Is’ Tf, and the enthalypy rise of
the fuel between Tin end Tf.

Values of chemical equilibrium specific impulse were generated for °
several propellant combinations over .the ranges of chamber pressure,  thrust
level, expansion ares ratio, and propellant mixture ratio of interest.
These data are presented in Fig., 17 through 21, The specific impulse is
shown in terms of the percent of the value at 1000 psia chamber pressure,
expansion area ratio of 100, and optimum propeliant mixture ratio, The
effects of variations of these three operating parameters on specific
impulse are similar for the propéllant combinations which represent the
extreme variations in the fuels and oxidizers under investigation,

For the Heat Transfer Analysis, therefore, specific impulse values were
calculated by detailed thermodynamic methods for each of the propellant
combinations for one set of operating parameters. Values of specific |
impulse for other operating parasmeter values were obtained using Fig., 17
through 21, The optimum fluorine concentration was used in the FLOX for
each of the fuels: i.e., 82.6 percent fluorine for methane, 80.8 percent
for the methane-ethane blend, T8.1 percent for the ethane, 76 percent for
the propane, and 70,4 percent for the l=butene. ‘
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The maximum fuel bulk temperature, Tf, is a significant factor in deter—
mining the heat absorbing capability of the fuel, For supercritical
coolant pressure cases, the temperature is limited by decomposition of

the fuel, For subcritical cases, the effect of limiting the coolant temp~
erature to prevent boiling was also investigated, In all cases, the
value of Tin was assumed to be 10 degrees (F) above the freezing point

of the particular fuel,

Subcritical Pressure Operation

For subcritical cases (Pc = 100 and 250 psia), Tf was limited to the

saturation temperature of the fuel at a pressure 20 percent greater than

ghamber pressure to allow for injector pressure loss, i.e., Psat = 120
and 300 psia, Values of Tf = Tsat and Tcritical for the light hydrocarbon

gases are shown in Table 4, The allowable temperature rises and
corresponding enthalpy changes from 10 degrees (F) above the freezing
point of each fuel are also shown. The heat absorption capacities were
also calculated. The heat absorption capacity of each fuel may be

written as

Q/F = AH/IS (1 + off)

The values of optimum propellant mixture ratio, nominal specific impulse,
and resulting Q/F for each propellant combination are given in Table 5,
This tabulation presents a good comparison of the heat absorption
capabilites of the various propellant combinations because, as previously
shown, the effects of Pc’ P, €, and o/f on performance are similar for

the various propellant combinations. Furthermore, since the heat input
to the walle was found to be essentially independent from propellant
combinagtion when gas-side carbon layer effects were not considered, the
relative standing of the propellant combinations in Table 5 is indicative

of the relative operating=parameter limits for each propellant combination
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under these conditions. The increasing values of saturation temperature
with molecular weight of the fuels shown in Table 4 result in the increasing
heat absorption capabilities shown in Table 5. The trends in specific
impulse and optimum propellant mixture ratio also enhance the heat~absorption
capabilites of the propellant combinations using the hydrocarbon fuels

which have higher carbon=-to-hydrogen atomic ratios. The heat absorption
capability of the l=butene is thus approximately four times that of

methane when used with 0F2 or FLOX and subject to the nonboiling constraint

at subcritical pressures.

Supercritical Operation

The critical pressures for the fuels studied range from 583 psia for
l-butene to 710 psia for ethane. For a chamber pressure of 500 psia and
an injector pressure drop equal to 20 percent of chamber pressure, the
coolant jacket outlet pressure (600 psia) is below the critical pressures
of methane (673 psia) and ethane, and just below the critical pressure

of propane (617 psia). The coolant jacket pressure and temperature
profiles are such that the coolant would generally be heated to the
critical temperature before the pressure decays to the critical value,
Thus, chamber pressures of 500 psia through 1000 psia were considered
for evaluating regenerative cooling limits under supercritical fuel

bulk temperature restrictions. These coolant temperature limits could
result from either material strength reduction or coolant decomposition.
Decomposition of the fuels was found to impose the lowest bulk temperature

limits on the coolant,

Decomposition Rates. A literature search was undertaken to obtain
existing data which would permit estimation of the temperatures at which
the hydrocarbons methane, ethane, propane, and l-butene would begin

to decompose,
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For uncatalyzed thermal decomposition, lower hydrocarbors (C1 - 04) require
temperatures of the order of 800 to 1500 F, The products are not only
the smaller fragments, down to elemental carbon, but also some larger
species. Firsteorder kinetics are generally found to be obeyed. The
decomposition rates are described by

;%';— = exp (kt)
where a is the original concentration of the components x is the fraction
decomposed in time, tj3 and k is the reaction rate constaent, This constant

depends upon temperature, T, and is conventionally expressed as
k = A exp (E/RT)

where R is the universal gas constant and A and E are characteristic
constants for the particular reaction, Values of A and E have been
determined experimentally by several investigators, Typical results are
shown in Table 6, Although thevariations in A and E are sometimes large,
they are compensating so that the values of k in the usual working

temperature range generally are more consistent,

Decomposition Temperatures. Fyrolysis takes place over a range of
temperatures, However, for practical reasons, it is important to know

the temperature at which the decomposition starts, i.es, becomes measure=—
able, or begins to exert some noticeable effects. Such a "decomposition
temperature” has to be defined somewhat arbitrarily. 4 value of 1 percent
per hour appears in the literature (Ref. 8) as the limiting rate. The
decomposition temperatures calculated on this basis as well as on the
basis of 1 percent per minute and 1 percent per second from the kinetic

parameters listed in Table 6, are given in Table 7.
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TABLE T

DECOMPOSITION TEMPERATURES

Calculated temperature, F,for

1 - percent decomposition in
Hydrocarbon 1 hour 1 minute 1 second

Methane 1310 1510 1760
Ethane 937 1069 1230
Propane 3y gorshenbaum & Martin (1967) 50 892 1072
2) Laidler et al (1962) 640 752 887
3) Laidler et al (1962) 861 991 1148
1-Butene 43 pryce & Kebarle (1958) 925 1069 1248
2) Sehon & Szwarc (1950) 844 982 1153
3) Karr et al (1965) 813 950 1120
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The following decomposition temperatures were given (without specification
of the reaction rate) in Ref. 9: methane, 1900 F; ethane, 900 F; propane,
850 F, Values of decomposition temperature used in the heat transfer

analysis are as follows:

Methane 1500 F
Methane-Ethane Blend 900 F
Ethane 900 F
Propane 850 F
1-Butene 800 F

These values were arrived at prior to completion of the literature
survey and are in fair agreement with the final results shown in
Table 7, The effect of variations in the decomposition temperature

on operating limits is discussed in therfollowing section,

The heat absorption capabilites of the coolant when used with FLOX and

' OF2 are shown in Table 8, The values represent the heat absorbed when

the temperature of the coolant is raised from its inlet value of 10 degrees(F)
above the freezing point to the temperatures listed above. Under these
conditions, it can be seen that a completely different trend occurs from

that found in the subcritical pressure analysis, The methane has a
significantly higher heat absorption capability than the other coolants

under supercritical operating conditions.
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TABLE 8

SUPERCRITICAL HEAT ABSORPTION CAPABILITES

Propellant Combination

FLOX/ﬁethane
FLOX/Methane-Ethane
FLOX/Ethane
FLOX/Propane

FLOX/1-Butene

OF,,/Methane

OF,,/Me thane-Ethane
OF,/Ethane
0F2/Propane

OF2/1—Butene

Mixture Ratie

Heat Absorption Capability
F, Btu/lb-gec

5.70
5433
4.82
4.50
3.85

5.30
5,00
4.60
4,60

3.85

0,61
0.40
0.40
0.40

O.4—O

0.65
0.42
0.41
0,39

0,40
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OPERATING LIMITS

The operating limits imposed by the restriction of the fuel bulk tempera-
ture may be discussed in terms of the maximum allowable propellant mixture
ratio for fixed wvalues of other parameters, Graphical presentations

of Pc vs thrust are also frequently used to show the operating envelope
max

when other psrameters are fixed, Both methods are used in the following

discussion,

Supercritical Operation

The values of the parameters shown in Table 9 were fixed for the nominal

case and regenerative cooling capabilities were determined for each propellant
combination., The parameters were then allowed to vary individually to show
the effect of the specific parameter on the operating limits. The effects

of simultaneous variation of more than one parameter are also shown,

A thrust level of 1000 pounds and a chamber pressure of 1000 psia
(extreme values considered in this study) impose the most severe limits
on regenerative cooling. Values of exit bulk temperature were calculated
for each of the 10 propellant combinations for the decomposition-limited
conditions. Under these conditions, the decomposition temperatures

were not exceeded for any of the propellant combinations even at a
chamber pressure of 1000 psias. Therefore, operation in the region of

Pc < 1000 psia and F 2 1000 pounds is not limited by fuel decomposition
for the nominal values of the parameters of Table 9 as well as for the
values which result in less severe heat inputs, i.e., Ec23, € <60,
T 2 1700 F, and o/f less than the optimum values,
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TABLE 9

NOMINAL DESIGN PARAMETERS

Propellant Mixture Ratio Optimum
Combustion efficiency, percent 96
Contraction Area Ratio 3
BExpansion Area Ratio 60

Gas Side Wall Temperature, ¥ 1700
Carbon Layer Resistance Fig. 16

Bulk Temperature Limit for Supercritical Operation
Yalue . from Page 56
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As noted in a previous section various values of decomposition temperature
may be found in the literature for the different fuels, Therefore, the
fuel jacket exit temperatures were determined which would result from

& chamber pressure of 1000 psia and a thrust level of 1000 pounds., The
results, shown in Table 10, indicate that temperature limits much lower
than the values used would have to be effected in order to reduce Pc

to 1000 psia. nax

Although all propellants could be used at the lowest thrust and highest
chamber pressure values under consideration, the propellant combinations
may be rated by considering their safety factors (heat absorption
capability/heat input) under these conditions., The results are presented
in Teble 1l and show that all combinations (except possibly the methane-
ethane blend) have comfortable safety factors and that the safety factor
for l-butene is much greater than those for the other fuels,

The effects of parameter variations which tend to cause thermal decomposi-
tions of the fuel were then investigated at the 1000-pound-thrust level.

Increasing the nozzle area ratio to 100 did not result in any Pc values
: max
less than 1000 psia. Reducing the contraction ratio from 3 to 2 did

result in values of PE less than 1000 psia for propellant combinstions
max
using ethane and ethane-methane blend fuels as shown in Table 12,

However, the value of Pc for all propellants was again above 1000 psia
max
at a thrust level of 2000 pounds or greater.

The importance of the carbon layer is evident from the results shown in
Table 12 for the case where the carbon layer resistance was not included,
Although the maximum chamber pressure for methane with either FLOX or OF2

is still above 1000 psia, values of PE for the other propellants, which
max
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TABLE 10

COOLANT JACKET DISCHARGE TEMPERATURES

Propellants Discharge Temperature, F
FLOX/CH A 1005
FLOX/CH 4..c He 795
FLOX/02H6 635
FLOX/CBHS 430
FLOX/C i 300
F,/CH " 935
oF ,/CH 1~Cote 750
CF,/C He 610
OF ,/C4Hg 445
®F2/C,Hy 310

Chamber Pressure = 1000 psia
Thrust = 1000 pounds

Other parameters given in Table 9
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TABLE 11

HEAT ABSORPTION CAPABILITY/HEAT INPUT RATIO

FLOX/CH , 1643
FLOX/CH ,=CH, 1011
FLOX/C,Hg 1432
FLOX/C 3l 1.63
FLOX/C 4Ha 2.21
oF 2/CHA 1452
OF2/CH 4--021{6 1.16
OF,/CHy 1459
OF ,/C, g 217

Chamber Pressure = 1000 psia
Thrust = 1000 pounds
Other parameters given in Table 9
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TABLE 12

MAXIMUM CHAMBER PRESSURE (PSIA) FOR 1000 POUND THRUST

Ec =2 No Carbon

Propellants €=40 < =60 € =100 Resistance
FLOX/CH4 * * * *
FLOX/CH ,~C,H, 497 453 398 137
FLOX/02 ¢ 916 844 758 130
FLox/c3 s * * * 116
FLOX/C A8 * * * 141
OF 2/CH * * * *
0F2/CE -CH, 572 520 420 174
01:-‘2/021:{6 980 906 816 148
0F2/c358 * * * 100
0F2/c 485 * * * 125

* Pc 2> 1000 psia
max

Nominal Conditions Except as Noted
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have (and require) more effective carbon layers, are significantly reduced.
The carbon layer permits an order of magnitude increase in chamber pressure
for these propellants., The reason for the strong effect of the carbon
layer on maximum chamber pressure is readily apparent upon consideration
of the influwence coefficients shown in Fig. 6. The combination of
combustion zone and nozzle influence coefficients indicates that chamber
pressure has a small effect on total heat input. Conversely,slight
changes in heat input are reflected in large changes in chamber pressure
limits., This effect also accounts for the much higher chamber pressure
limits determined for methane in that it magnifiea the differences in

heat absorption capabilities of the fuels (Table 8).

The results of the no-carbon layer analysis are shown in more detail in
Fig, 22 through 26, Maximum chamber pressures vs thrust are shown in

Fig, 22 for the most severe condition, a contraction ratio of 2 and
expansion ratio of 100, Under these conditions, 1000 psia chamber
‘pressure operation is not possible at thrust levels lower than 7000
pounds for most propellant combinations, Even the propellant combinations
using methane cannot be operated at thrust levels under 2200 pounds at

a 1000 psia chamber pressure. Propellant cambinations using propane

are most severely limited (Fmin = 9700 pounds for OF2/propane) under
these conditions, The limits can be slightly relaxed by reducing the
nozzle area ratio from 100 to 40 as shown in Fig, 23. However, except

for methane, the operating conditions are still restricted.

Much more significant extension of the operating envelope can be achieved

by increasing the contraction ratio from 2 to 4. As shown in Fig. 24,

the operating limits for methane-cooled chambers are well above 1000 psia
even at the 1000 pound thrust level, Regenerative cooling of the OFz/propane

system can be accomplished at 1000 psia for thrust levels as low as

64



“ ROCK ETTIDYMNE e

1 H
:
1800
1600 6
5 ; /
7 L
1400 f : 4
/ 1
/r 0 T = 1700F
wg
1200 / No Carbon Layer
/ | !
2 / 8
g 1000 / ‘
& [
E | 0 FLOX/Methane
@ 800 // i 1 FLOX/Methane-Ethane
& 4 2 FLOX/Ethane
. — + 13 FLOX/Propane
'g % i 4 FLOX/1-Butene
g 600 ; / i 5 QF./Methane
G ? / : /) | 6 OFé/Methane—Ethane
| / 7 OF,/Ethane
7 8 OFZ/Propane
4
N 9 0F2/1-Butene
0 | P ; ; —
0 5000 10,000

Thrust, pounds

Figure 22. Regenerative Cooling Limits Based Upon Propellant Decomposition
€ =2, €= 100
c

65



m ROCKEXTIDWYWMNE °

T T 7
. /4
5 ! '//’
1800 - /S
| /e
1 T
1600 L3 ffiy/
I
r °
1400 : //'
! | | Py = 1700F

No Carbon Layer

S I

/
1200 L
[

o i /
— : i
)] : -
o,
o ﬁ fo
& 1000 17 I
A I /7.,;// /
a I ‘%# Y, 0 FLOX/Methane
o i T 1 FLOX/Methane-Ethane
¥ i ) /;;,;;cv/,/ . 2 FLOX/Ethane
g 800 : / 7 ///;;;, 3 FLOX/Propane
2 o i 4 FLOX/1-Butene
E /. 5 OF,/Methane
° 600 6 OFz/Methane—Ethane
7 OFZ/Ethane
- 18 OF2/Propane
400 9 OF2/1-Butene
200
0 —_— . e e
0 5000 10,000

Thrust, pounds

Figure 23. Regenerative Cooling Limits Based Upon Propellant Decomposition

€, =2, €=40

66



'Mll ROCKETIDWYINE °

2000

1800

1600

1400

1200

8

800

Chamber Pressure, psia

600

400

200

O* FLOX/ Methane

2 FLOX/Ethane

3 FLOX/ Propane

6 0

OFZ/Ethane

OFZ/ Propene
OF2/ 1-Butene

O W -3

4 FLOX/1-Butene
5% OF /Methane
2/Methene—Ethane

*Pc > 2000 psia

1 FLOX/Methane-Ethane

N

VAV A
IR ; // 7/ A
0 Larbon //// {
'; : |
: P
1000 2000 3000\

Thrust, pounds

Figure 24 ., Regenerative Cooling Limits Based on Propellant
Decomposition, € =4, ’

67

€ = 100



Chamber Pressure, psia

m ROCK ETIDYINE L

2000

1800

1600

1400

1200

1000

800

600

400

200

o e /
Z FLOX/l-(-)-g\a:;:ne ///7//
5* OFZ/Methane 7
6 OFZ/Methane—Ethane /,//A /
7 OFZ/Ethane /%/ //
8 OF /Pro ane /,
9 OFz/l-Bitene //Af/// //
*Pcmax > 2000 psia /1;;//&/ //
/ )
/.

T = 1700F
"Ro Carbon Layer

1/

i/

4
1000 2000 3000

Figure 25,

Decomposition,

Thrust, pounds

68

Regenerative Cooling Limits Based on Propellant
€, = 4, €= 60

WON - N2



ROCKETIDOWYWNE L]

Chamber Pressure, psia

2000 /9
* R 3
1800 0 FLOX/Methane /
1  FLOX/Methene-Ethane
2  FLOX/Ethane ' /
—---4 3 FLOX/Propane - /
4, FLOX/1-Butene / 8
1600 5 OFZXIethane / 7 /
6 OFz/Methane—Ethane //
7  OF,/Bthane . //
1400 8 0]3‘2/ Propane : / / /
9  OF,/l-Butene . /
Y aan
1200 *Po_ > 2000 psia — ot
. // A/ ;
1000} ‘ // 7 : |
NS A
g0l |
|
60l
400 ! : ‘ ,
| | = 1700 F :
T e e e [
200 : i o Carbon Layer
! ! ' j T I T '
o I L
o1 i Lo 1]
0 1000 2000 3000
Thrust, pounds
Figure 26, Regenerative Cooling Limits Based on Propellant

Decomposition,

69

éc =4, €= 40



3000 pounds. However, supercritical operation is not possible at the
1000-pound thrust level for any of the propellants except FLOX/methane

and OFz/hethana. The further benefits of nozzle area ratio reduction

(at €, = 4) are shown in Fig, 25 and 26, Thrust levels as low as 2100 pounds
can be regeneratively cooled with propane (OF2 oxidizer) at a chamber
pressure of 1000 psia, Results similar to those obtained by increasing

the contraction ratio to 4 could also have been obtained by increasing

the gas-side wall temperature from 1700 to approximately 2200 F, Propellant
mixture ratio could also have been reduced to enlarge the operating envelope,
The percent reduction would be different for each propellant combination
because of the various optimum mixture ratios. However, a reduction to
roughly 85 to 90 percent of the optimum value would achieve the same

result as increasing the contraction area ratio to 4. All propellant
combinations can operate at a thrust level of 1000 psig and chamber
pressure of 1000 pounds without a carbon layer if the nozzle area ratio
.is reduced to 60 and the propellant mixutre ratio is reduced to TO

percent of optimum with ¢ o of 4 and ng of 1700 F, If ng is increased

to 3200 F, all propellant combinations can operate without a carbon layer

at the 1000 pound thrust level and optimum propellant mixutre ratio with

€ = 100 and €c =4,

Subcritical Operation

Regenerative cooling limits were investigated for 100= and 250-psia

chamber pressure applications., Under these conditions, the coolant pressure
in the jacket would be below the critical pressure for all of the fuels

and boiling would occur if the coolant temperature exceeded the saturation
temperature. Cooling limits based upon prevention of bulk boiling were
determined for both chamber pressures. Cooling limits based upon the
alternative requirement that all of the coolant be vaporized prior to

injection were also determined. In addition to the comparison of heat
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absorption with heat input values, it was also necessary to evaluate the
boiling heat-flux limits to determine the coolant characteristics required.

Boiling Heat~Flux Limitg., Data from Ref. 4 indicate that peak nucleate
boiling heat-flux values were in the order of 1 Btu/inz-sec for coolant
velocities of 25 fps. Film boiling heat=flux values were approximately

0.5 Btu/in>~sec. Film boiling results in a lower heat flux capability

as compared to nucleate boiling due to the formation of a high thermal
resistance vapor blanket between the wall and the liquid core. Transition
to film is greatly dependent on the coolant velocity and sub-~cooling
(Tsaturation-TBulk)' Although the slopes of the peak flux~vs-velocity
curves decrease with increasing coolant velocity, peaknucleate~flux values
of approximately 2 to 3 Btu/inz—sec and’ film boiling fluxes of approximately
1 Btu/in2~sec should be attainable at reasonable design velocities of

100 fps. The exact values of the heat flux limits depend upon the particular
conditions. The above values are +typical and are useful in defining the

type of coolant circuit applicable for the various operating parameters.

Throat heat=flux values for 100 psia chamber pressure are shown in

Table 13. The heat~-flux values for all propellant combinations are below
the peak nucleate-boiling value. The heat-flux values are above the
film~boiling value for all propellants except l~butene and, perhaps, propane
at high thrust levels, Thus at 100 psia, all propellants may pass through
the throat regions as liquids even without a gas-—side carbon layer. Propane
and l=~butene may also be allowed to vaporize in the throat if the assumed

carbon resistance exists.

The values of maximum (throat) heat flux are also shown in Table 13 for
the various propellant combinations at 250 psia chamber pressure. These

values are all well above the film~boiling fluxes so that vaporization

71



llmll[ ROCKETDYMNE °

TABIE 13

THROAT HEAT FLUX VALUES

Fuel”

Throat Heat Flux, Btu/in%-sec

Chamber Pressure;psia

100

250

A1l Fuels - no carbon layer
Methane

Methane-Ethane

Ethane

Propane

1-Butene

Thrust, pounds

Thrust, pounds

1000 20,000 | 1000 20,000
2.54 Re22 5¢54 5.10
1.77 1456 3.88 3657
1.52 1.34 3.32 3.06
127 111 2,77 2e55
1.09 0.94 2438 220
0.76 0.67 1.66 1.53

®*Qxidiger is either FLOX or OF

2

T2
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in the throat region is not permissible for any of the propellant
combinations. The throat heat fluxes are below the peak nucleate-
boiling flux levels for l-butene, propane, and probably, ethane, and
indicate that these fuels could pass through the throat region as
liquids provided that the gas-side carbon layer is present,

The heat flux decays rapidly downstream of the throat as shown in

Fig. 27o The maximum heat flux shown ig the value at the throat;

the minimum flux shown occurs at the nozzle exit., Most of the nozzle
heat input occurs in the low flux region; e.ge, for a chamber pressure of
250 psia and a nozzle area ratio of 100, 86 percent of the nozzle heat
input is accumulated in the region of the nozzle where the flux is less
than 1 Btu/in,’-sec. This implies that those fuels which cannot be
vaporized in the throat might be complefely vaporized in the nozzle,

Operation st 100-psia Chember Pressure without Vaporization, The
‘restriction that the fuel bulk temperature be below the saturation

temperature for the 1@0-psia chamber pressure case results in the
heat absorption limits given in Table 5. The total heat input data,
including the gas-side carbon resistance, is shown in Fig, 28 for

the various fuels,

Methane and Methane-Ethsne Blend, The heat absorption capability
of methane is such that bulk boiling cannot be prevented under any of
the conditions investigated. The same conclusion applies to the methane-
ethsne blend. The presence of the assuméd carbon layer does not prevent
bulk boiling,
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Ethane, Comparison of the heat absorption capabilites and heat
inputs of FLOX/methane and OFz/ethane results in the conclusion that
either propellant combination can be used, without bulk boiling at the
10,000-pound thrust level only umder the most mild conditions (ng = 3200 F,
€ =40, o/f = T0 percent of optimum, gas-side carbon layer present).
Operation at lower thrust levels is not possible, Operation at the
20,000~pound thrust level is possible only for ng of 3200 F and q/f

X 85 percent of the optimum specific impulse value. The tradeoffs
between contraction area ratio, nozzle area ratio, and propellant mixture
ratio are shown in Fig, 29, Fairly severe limits are shown to exist
even at these conditions of high wall temperature and high thrust level,
Without the carbon layer, ethane cannot be prevented from boiling under

any condition investigated.

Propane, Tradeoffs between the various parameters required to

. prevent bulk boiling of propane at 100~psia chamber pressure with a carbon
layer are shown in Fig., %0 and 31, The msults shown in Fig, 30 indicate
the similarity of the tradeoffs for FLOX and OFZ' Use of OF2 results in
slightly more severe limits than FLOX because of the higher optimum
propellant mixture ratio and specific impulse of the OFz/propane
combinations, Both of these factors reduce the fuel-coolant flowrsate

available at a given thrust level.

The tradeoffs shown in Fig. 30 for FLOX/propane indicate that operation

at the 1000~pound thrust level is just barely possible (o/f = T0 percent,
€ = 40, Tog = 320 F), Operation at even the highest (20,000 pound)

thrust level investigated is somewhat limited; i.e., operation at

ng = 1700 F, € =100, o/f = 100 percent is not possible. Either
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ng muast be increased to greater than 2100 F, or € must be reduced to
approximately 40, o/f must be reduced to 88 percent of optimum, or

various combinations of these compromises may be effected.

The effect of the contraction area ratio on the operating limits is
evident from a comparison of the twe sets of curves (for E'c = 2 and 4)
shown in Fig, 31, This effect, although appreciable, does not alter
the general conclusions presented in the previous paragraph., Thus it
appears that, if the propane is not allowed to bulk boil, its use
would generally be limited to the higher thrust levels, Boiling could
not be prevented at any thrust level investigated if the gas-side

carbon layer is sgbsent.

1l-Butene, Comparison of the heat absorption data with Fig, 28
indicates that the FLOX/l-butene or 0F2/l-bu‘cene combinations will not
boil at thrust levels of 1000 pounds or greater for the tabulated
Lbconditions at a chamber pressure of 100 psia if the assumed gas-—side carbon
layer is present. Conditions under which the butene could be prevented
from boiling at the 1000 pound thrust level are shown in Table 14,

TABLE 14
1-BUTENE BOILING CONDITIONS

€c € ng, F o/f, percent 'l‘B < TSA
3 100 1700 100 Yes

2 100 1700 100 No

2 100 1700 85 Yes

2 100 3200 100 Yes

2 40 2100 100 No

F = 1000 pounds, Pc = 100 psia, Carbon Layer



The data shown indicate that l-butene can be used at the 1000-pound thrust
level for all conditions provided that a contraction ratio of 3 or greater
is used. The data show the parameter limits necessary to prevent bulk
boiling if a contraction ratio of 2 were used. Under this condition,

bulk boiling could be prevented by reducing the propellant mixture ratio

to 85 percent of the optimum value or by increasing the allowable gas-side
wall temperature to 3200 F, Simultaneously decreasing the nozzle area

ratio to 40 and increasing the value of ng to 2100 F would not prevent
boiling. The above discussion applies to both FLOX/l-butene and 0F2/l-butene
because the heat inputs and optimum propellant mixture ratios are similar

for the two propellant combinations.

Without the gas-side carbon layer, the l-butene propellant mixture ratio
would have to be reduced below 90 percent of the optimum value to prevent
boiling at even the mildest conditions (Thrust = 20,000 pounds, €= 40,
€, =4 ng=3200 o

Operation at 100-psia Chamber Pressure with Complete Vaporization, For
those conditions where it is not possible to prevent bulk boiling, it

may be possible to completely vaporize the coolant prior to-injection. The
use of a vaporized coolant would also fécilitate obtaining high C¥* efficiencies,
The coolant flow circuit selection for the complete vaporization cases will
depend greatly upon the distribution of heat input between nozzle (Low /A
region) and combustion (high Q/A region) and upon the peak (throat) heat
flux level. These various conditions and resulting coolant circuits are
summarized in Table 15, If, for example, the chamber pesk heat flux is

low enough to permit coolant bulk or film boiling (this represents the
poorest cooling conditions) without excessive wall temperatures then the -

coolant may be flowed single-pass in either direction. A nominal limiting
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heat flux value for this case (condition 1 of Table 15) is approximately

1 Btu/in?-sec depending on coolant velocity. If the throat heat flux is
too high to safely permit film boiling, then the coolant mugt be either
completely vaporized before it reaches the throat (forced convection
cooling) or a sufficiently sub-cooled liquid to permit nucleate boiling,

In the latter case, the maximum heat flux capability is about 3 Btu/inz-sec
depending on velocity and degree of sub=cooling (see Pe 71). Condition 2
of Table 15 represents the case wherein there is sufficient heat input in
the nozzle to achieve complete vaporization of the coolant resulting in

the selection of a single-pass counterflow circuit. If the throat heat
flux is low enough to permit nucleate boiling but too high for film
boiling (condition 3), a single-pass parallel circuit may be used if the
heat input in high flux region is 1ess than that required to raise the
coolant to the boiling point (i.e., coolant is a sub=cooled 1iquid).
Furthermore, there must be sufficient heat input from the low flux region
to complete the heating and vaporization of the fuel., Condition 4 differs
from the previous condition in that the heat input in the high flux region
is more than sufficient to heat the fuel to the boiling point and a two-pass
system is reguired. In this case the fuel is a sub=cooled liquid in the
throat on the downpass (nucleate boiling) and a gas in the throat on the

uppass return (forced convection cooling).

Methane gnd Methane-Ethene Blend, Comparison was made of the heat

required to heat and completely vaporize the methane with the total heat
input in the low-flux region (<1 Btu/in2—sec) of the nozzle. This
comparison demonstrated that for ng = 1700 ¥, € = 40, and Thrust = 20,000
pounds the methane would vaporize completely because of the low-heat—
absorption capability and high-heat-input values even with & gas-side

carbon layer. Lower values of thrust or higher values of € would, therefore,

algo result in complete vaporization of the methane in the nozzle,
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The methane-ethane blend coolant can be heated and completely vaporized
in the nozzle only at the 1000-pound thrust level (€ = 100, Teg = 1700 F)
unless the carbon layer resistance is reduced. With no carbon resistance,
one-pass counterflow regenerative cooling with complete vaporization in
the nozzle is possible for all thrust levels for € = 100 and ng = 3200 F,
or € = 40 and ng = 1700 F,

With the assumed carbon layer resistance, the thrust chamber heat input

is sufficient to heat and vaporize the methane—ethane coolant at all

thrust levels (€c =4, € = 40, ng = 1700 F). The nozzle heat is sufficient
to vaporize the coolant at all thrust levels for € = 60 (ng = 17OOF).

Only part of the combustion zone heat input is required to heat the
methane-ethane coolant to the bbiling point .so that a two-pass regenerative

cooling circuit would be used.

» Ethgne, Ethane could not be heated and completely vaporized in the
nozzle (one—pass counterflow coolinr) under any conditions with the
assumed carbon resistance, With no carbon resistance, heating and
complete vaporization of ethane in the nozzle would be accomplished at

all thrust levels with an € of 100 and ng of 2100 F or less,

Nucleate~boiling liquid ethane could pass through the throat region on the
basis of present carbon layer data. A two-pass regenerative cooling circuit
could be used under certain conditions, Liquid ethane would enter the injector
end of the jacket, pass through the throat region as a liquid and be completely
vaporized in the nozzle, Sufficient heat to raise the ethane temperature

from near freezing point and completely vaporize the ethane is available

only for thrust £ 10,000 pounds in thrust chambers with Eé = 2, ng = 1700 F,

€ = 100, At the lowest thrust levels, the combustion-zone heat input is
greater than that required to raise the ethane temperature to the boiling

point even for Gc = 4, Under these conditions a two~pass system would be
required so that the liquid ethane would receive only a portion of the

combustion zone heat, the remaining heat would superheat the ethane wvapor,
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Propane. Heating and complete vaporization of the coolant in the
low-heat-flux portion of the nozzle is possible only without the carbom
layer for a gas—side wall temperature of 1700 F, Additional restrictioms
are (1) the area ratio must be 100, the gas-side wall temperature must
be 1700 F, and (2) the thrust levels =< 10,000 pounds. Reducing the
area ratio to 60 reduces the maximum thrust to approximately 2000 pounds,

The heat input to the entire thrust chamber with a carbon layer is such
that heating and vaporization will occur at thrust levels approximately
2000 pounds with ng = 1700 F, € = 100, and ¢ = 2. Under these
conditions, the heat input in the high~flux region is too high for single=-
pass operation so that a two-pass system would be necessary. Single~pass
parallel flow cooling is possible with Ec = 4 but the maximum thrust
level is 1000 pounds,

Without the gas-side carbon layer, there is sufficient heat in the entire
thrust chamber to heat and vaporige the propane at all thrust levels
with € ™ 4 and € = 40 with ng = 2100 F, A two-pass cooling circuit
would generally be required to prevent bulk boiling in the high~flux
region,
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1-Butene., Heating and complete vaporization in the nozzle is not
possible even without a carbon layer under any of the conditions investigated.
Heating and complete vaporization in the entire thrust chamber is also
not possible if a carbon layer exists, Without the carbon layer, heating
and complete vaporization in the thrust chamber is possible at all theust
levels under the following sets of conditions:

€e € T , F
wg
4 60 1700
4 100 2100
2 40 1700
2 60 2100

Single~pass parallel flow cooling circuits are generally applicable

_for thrust levels greater than 5000 pounds with ec > 2 because the

heat input required to heat the coolant to the boiling point is significantly
greater than the heat for vaporization,
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Operation at 250-psis Chamber Pressure Without Vaporization, Increasing
the chamber pressure from 100 to 250 psia at a fixed thrust level results
in higher heat flux values throughout the thrust chamber, However, the
saturation temperature is also increased and the net result of the chamber
pressure increase is a higher ratio of heat absorption capability (without
bulk boiling) to heat input.

Methane snd Methane-Ethane Blend, Despite the more favorable heat
absorption~to=input ratio at 250 psia, the methane and methane~ethane
blend coolants cannot be prevented from bulk beiling under the mildest
conditions investigated (Thrust = 20,000 pounds, € = 40, € o =4
ng = 3200 F, o/f = 70 percent, gas-side carbon layer),

Ethane, The minimum thrust limits for ethane with a carbon layer
are shown in Fig. 32, Under none of the conditions examined can bulk
boiling be prevented at thrust levels under 2500 pounds. Specification
of a contraction ratio of 2 would require an operating wall temperature
of 3200 F and a reduction of propellant mixture ratio for all thrust
levels, If the contraction ratio is increased to 4, operation with a
2100 F wall and reduced mixture ratio and area ratio becomes possible
for high thrust levels, The difference between results based upon
FLOX and QF2 as oxidizers is fairly small with tht OF2 propellant
combination having a slight advantage becguse of the lower optimm mixture
ratio, Bulk boiling cannot be prevented under any condition without the

presence of a gas—side carbon lsyer,
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Propane, Minimum thrust levels for propane based upon the bulk
boiling limit including a gas-side carbon layer are shown in Fig. 33 and
34, Tor a contraction ratio of 2, operation is possible under all conditions
at 1000 pounds. Operation at 1000 pounds thrust is possible with a
contraction ratio of 4 but only if a wall temperature of 3200 F is used
and the propellant mixture ratio is redudéed from the optimum value, Results
for OFZ/prOpane are similar to those with FLOX/propane. The FLOX/propane
combination is favored slightly because of its lower optimum mixture
ratio and specific impulse (i. e,,; more fuel is available for cooling at
a given set of conditions),. Propane cannot be prevented from bulk boiling

under any of the investigsted conditions if a carbon layer does not exist,

l-Butene, Cooling with liquid l-butene at 250 psia is generally
possible at all thrust levels if a gas—side carbon layer exists. However,
for the most severe thrust level examined (1000 pounds), a contraction
ratio of 3 or greater would be required to prevent bulk boiling of the
coolant without limiting the other parameters. A contraction ratio of 2
with a wall temperature of 3200 F would also prevent bulk boiling at the
1000=-pound thrust level., Tradeoffs between nozzle area ratio and
propellant mixture ratio for lower values of ng at € =2 are shown
in Table 16 together with a summary of the results discussed in this
paragraph, The cooling capabilities of OFZ/l-butene are similar to those
of FLOX/l-butene because of the equal optimum mixture ratio values., The
slightly higher specific impulse of the 0F2/1-butene would result in a
reduction of approximately 2 percent in the maximum mixture ratio values
specified in the last four lines of Table 16,
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With no carbon layer resistance, the minimum thrust level to prevent bulk
boiling of l-butene is 3000 pounds (ng = 3200F, € =4, € =40,

70 percent o/f).

thrust level under the following sets of conditionss

Regenerative cooling is possible at the 20,000-pound

€, € ng’ 7 o/f, percent
4 40 1700 T0
4 60 2100 70
4 40 2100 80
4 50 3200 100
TABLE 16

FLOX/1~BUTENE COOLING LIMITS AT 250 PSIA CHAMBER
PRESSURE WITH Ty < T

SAT
) Contraction Gas~Side Wall Nozzle Area Propellant Mixture.
Thrust, 1b.| Ratio, € Temp.y T .+ F Ratio, € Ratio, o/f, percent
of Optimum, off
25000 * * * *
1000 23 * * *
1000 2 3200 * *
1000 2 2100 <60 *
1000 2 2100 100 <95
1000 2 1700 40 <93
1000 2 1700 60 €9
1000 2 1700 100 <87

* A1l values over the ranges investigated are suitable,
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Operation at 250~psia Chamber Pressure with Complete Vaporization. 4n
investigation was made to determine the effects of removal of the bulk

temperature limit at 250-psia chamber pressure. To eliminate the potential
problems associated with two-phase propellant injection, complete

vaporization of the fuel was established as a necessary condition for
regenerative cooling applicability., The following results were obtained
for optimum propellant mixture ratio and 1700 F wall temperature (exoept
as noted).

Methane and Methane~Ethane Blend., If a gas-side carbon layer exists,
there is sufficient heat input to the low heat flux ( < 1 Btu/inz-sec)

portion of the nozzle to heat and completely vaporize the methane only
if the nozzle area ratio is 100 and the thrust level is 5000 pounds

or less, There is sufficient heat in the entire thrust chamber to
heat and vaporize the methane under all conditions (even if the wall
temperature were increased to 3200 F). However, the throat heat flux
is too high for nucleate boiling (Table 13) so that only a portion of
the fuel is flowed through a single-pass counterflow coolant circuit
such that the coolant is completely vaporiged in the low=flux portion
cf the nozzle, superheated in the high-flux region ef the thrust chamber
and combined with the remainder of the fuel after exiting the coolant
Jjacket.

The heat absorption and heat input characteristics of the methane~ethene
blend are such that heating and vaporization of all of the fuel in the
low=flux portion of the nozzle is not possible under any conditions if
a gas-side carbon layer exisis. Heating and vaporization of all the
fuel by the heat of the complete thrust chsmber is possible for all
conditions investigated with ﬂmg < 2100 ¥,
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Without the carbon layer, the methane can be heated and completely
vaporized in the nozzle under all conditions. The methane—ethane blend
can be heated and completely vaporized in the nozzle at all thrust
levels if the area ratio is 100, and at thrusts of 10,000 pounds or less
if the area ratio is 60, The heat of the entire thrust chamber without
a carbon lgyer is sufficient to heat and vaporize the methane~ethane
coolant under all conditions, including ng = 3200 F,

Ethane., Heating and complete vaporization of the ethane in the
nozzle is not possible under any conditions with a carbon layer, Without
the carbon layer, heating and vaporization in the nozzle is possible enly
at thrust levels below 5000 pounds with an area ratio of 100,

There is sufficient heat input form thei entire chamber with a carbon
layer to heat and vaporize ethane under the following conditions:
for thrust = 1000 pounds, all values of € and € o’ for thrust = 5000 pounds,
all values except € = 40 and €, = 43 for thrust = 10,000 pounds, only
at €c = 2 with €= 60 and 100; for thrust = 20,000 pounds complete
vaporization was not possible, Without the carbon layer, there is
sufficient heat input from the entire thrust chamber to heat and vaporize
the ethane under all conditions, including ng = 3200 F. However, the
supercritical analysis results indicated that the minimum thrust level
would be approximately 3500 pounds because of the thermal decomposition
limit, A two-pass coolant circuit could be used if a carbon layer
exists because the throat heat fluxes are probably low enough to permit
nucleate boiling,



Propsne., Heating and complete vaporization of propane in the low=
flux region of the nozzle is not possible under any conditions either
with or without a gas—side carbon layer., With a carbon layer, the
heat input from the c¢ntire thrust chamber is sufficient to vaporize
all of the fuel only at the 1000-pound thrust level with € = 40 and

€ = 4, or at thrust levels below 4000 pounds with € = 100 and €o = 2¢

Without the carbon layer, the heat input from the entire thrust chamber

is sufficient to heat and vaporize the propane under all conditions
including ng = 3200 F, The throat heat flux is greater than the allowable
nucleate boiling value so that a single~pass counterflow circuit must

be used with only part of the fuel used as coolant, The coolant is
superheated in the high-flux region of the thrust chamber., At thrust
levels below 5000 pounds (witn ng = 1700 P, € = 100, and ec = 2), the
decomposition temperature limit of the propane is reached., The minimum
thrust level may be reduced to approximately 2000 pounds by increasing

the contraction ratio to 4,

l1-Butene, It is not possible to heat and vaporize the 1l-butene
in the nogzle under any of the conditions investigated. Without a gasé
side carbon layer, the thrust chamber heat input is sufficient to heat
and vaporize the l-butene under almost all conditions (maximum thrust =
17,000 pounds for € =40, €, =4, T = 1700 F). The throat heat flux,
without a Carbon layer, requires that a counterflow coolant circuit
with bypass be used., The maximum portion of the fuel is used as a
coolant when ng =1700 F and € = 100, The maximum superheat occurs
when ¢ c = 2. Under these conditions, the decomposition temperature
of the coolant is exceeded at thrust levels below 20,000 pounds,
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Operating Limits Summary

The applicable thrust regimes (within the 1000 to 20,000 pound range of
the present investigation) for regenerative cooling at 100~ and 250-psia
chamber pressure are summarized in Tables 17 and 18 respectively.

Figure 35 is a more detailed summary for 250 psia chamber pressure
operation with z carbon layer., Methane can be used as a regenerative
coolant with complete vaporization under all conditions, The same
conclusions apply to the methane—ethane blend except that the minimum
thrust level is approximately 3500 pounds at 250 psia chamber pressure
if a carbon layer does not exist. Ethane can be used as a liquid at

the higher thrust levels and completely vaporized at the low thrust
levels if a carbon layer exists. Without a carbon lsyer, ethane can be
vaporized at all thrust levels but is décomposition limited to thrust
levels above 3500 pounds at 250 psia chamber pressure. Propane may

be used as a liquid at all thrust levels with a carbon layer and may

" be completely vaporized without decomposition at all thrust levels

above 5000 pounds without a carbon layer. Butene may be used at all
thrust levels with a carbon layer as a liquid and may be completely
vaporized at all thrust levels without a carbon layer at 100-psia chamber
pressure., Regenerative cooling without a carbon layer at 250-psia chamber
pressure is limited to the 20,000 pound thrust level for l=butene,

At chamber pressures of 500 to 1000 psia, methane may be used as a
regenerative coolant at all thrust levels even without a carbon layer,

If the assumed gas—side carbon layer exists, all the fuels can be used

as regenerative coolants at all thrust levels, Without the carbon layer,

all of the fuels except methane are restricted to minimum thrust levels
greater than 1000 pounds at optimum propellant mixture ratio and ng = 1700 F,
Relaxation of either of these two constraints te the most favorable values

investigated will permit operation at the 1000 pound thrust level,
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DETAILED ANALYSIS

The results of the Parametric Analysis were used to select propellant
combinations for more detailed regenerative cooling evaluation. The
propellant combinations selected at the various thrust levels are pre-
sented in Table 19. The range of variation of other pertinent parameters
is also summarized in Table 19. A contraction area ratio of 4 was
selected to minimize total heat input while maintaining high C* effi-
ciency. Thrust levels of 1000, 5000, and 20,000 pounds were used.
Methane was investigated at all thrust levels because of its high per-
formance (specific impulse) and because the Parametric Analysis results
indicated methane to be an applicable regenerative coolant under all
conditions investigated. Fropane was analyzed for the 5000 and 20,000-
pound thrust levels because of operating parameter restrictions encoun-
tered at the lowest thrust levels investigated in the Paresmetric A&nalysis.
Butene-1 was evaluated at the 1000 pound thrust level because of its good
cooling capability with a gas-side carbon layer. OF, was selected as the
oxidizer for propane and l-butene because of the superior performance
relative to FLOX. The performance values of OF, and FLOX with methkane
are very similar. FLOX was, therefore, used with methane based upon

current availability and cost.

The detailed evaluation consisted of complete thrust chamber regenera-
tive cooling designs to ascertain coolant pressure drops and channel
sizes, The results of these analyses are presented in subsequent sec-

tions according to propellant combinations.
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GROUND RULES AND PRELIMINARY OBSERVATIONS

The feasibility of a given chamber design is based upon whether certain
imposed constraints are exceeded. Of necessity, these constfaints are
somewhat arbitrary. It is important to poiht out, therefore, the
various constraints imposed in this study. In general, there are three
areas of concern in establishing feasibility limits: (1) system limita~
tions; (2) coolant limitations, and (3) fabrication limitations. The
system limitation is concerned primarily with coolant jacket pressure
drop. Coolant limitations arise from decomposition at elevated bﬁlk
temperatures and/or wall carbon deposition at elevated coolant-side wall
temperatures. Fabrication limits are related to minimum wall thickness.

and channel size.

Pressure Drop, Geometric, and Thermal Limits"

The imposed constraints are summarized in Table 20. The allowable cool-
ant pressure drop was taken as 100 psi at a chamber pressure of 100
psia and increased linearly to a drop of 500 psi at a chamber pressure
of 1000 psia.

Channel construction was assumed with a constant land width design.

This represents a near-minimum weight design. A 0.050 inch-land width
was generally used. Channel splices were required in the nozzle at

area ratios of approximately 5 to 20 based upon cooling and stress con-
siderations. Advanced fabrication techniques using channel construction
allow for ease of splicing. This is a distinct advantage when compared
to tubecs which are difficult and exrensive to splice. An alternate

approcach woculd be to incresse the land and wall thickness but this would
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increase the chamber weight. The minimum wall thickness of 0.025 inches
represents a fabrication 1limit based on normal tolerance considerations.
The minimum channel height cf 0.025 inches and channel width of 0.040
inches were selected based upon tolerance and plugging considerations.
Channel cross sections were square unless restricted by the minimum
width limit. The maximum channel width-to-wall thickness ratio of 5

arises from stress considersticns and is fairly conservative.

The coolant bulk decomposition limits were obtained from a literature
search as discussed in the Parametric Analysis section. The maximum
coolant-side wall temperatures T,, without coking were estimated to be
1500F for propane and l-butene based upon recent company funded experi-
mental data. Based upon these results and on decomposition rate dif-
ferences, a value of 2000F was calculated for the maximum Twc for
methane cooling. Only under certain extreme conditicns do the coolant-

.- side wall temperature constraints come into importance.

The wall temperatures and coolant reguirements as calculated by the
Rocketdyne digital computer program are based upcn one-dimensional heat
flow considerations. To ensure that allowable wall temreratures were
not exceeded at higher heat flux levels because of two-dimensional
effects, a more detailed thermal analysis was perforred for selected
cases. Thris was accomplished using a thermal analyzer digital computer
program to calculate the two~dimensional temperature distribution in a

throat section.

The results of such a detailed anelysis areshown in the form of isotherm
plots in Fig. 36. The case selected is a methane-cooled nickel channel
charber operating at a thrust of 1000 poﬁnds and chamber pressure of

1000 psia. No carbon layer was assumed sco that this represents the most
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extreme case considered in terms of heat load. The surface temperature
is seen to be slightly higher than 1700F (2160R) at the midland point.
The use of Hastelloy X would result in a greater difference between

midchannel and midland temperatures due to lower thermal conductivity.

The basic one-dimensional conduction approach appears sufficiently
accurate for use in this study. In general, the nickel and steel
combustion-side wall temperatures were held at 1600F throughout the
chamber to ensure greater cycle life. Only at the throat was the tem-
perature allowed to approach 1700F. Hastelloy X was designed to 2100F
throughout. In certain instances the coclant-side wall temperature
constraints (nucleate boiling or coking) dictated the combustion-side
wall temperatures. In the caese of nucleate boiling, the coclant-side
wall texmrersture is cnly slightly higher thar the saturation tempera-
ture of the coolant and is in the order of 100-20CF. Under these con-
ditions, the combustion-side wall temperatures operate considerably
below their meximum allowable values (unless extremely thicl- walls are

utilized).

Thrust Chamber Wall Materials

Three besic materials were selected for evaluation with the light hydro-
carbons ¢f interest. These consisted of two ccnventional materials such
as steel and nickel operating at & nominal maximum temperature of 1700F
and a more advanced material such as Hastelloy X operzting et 2100F. It
is possible to make a comparative evaluation of these materials pre-~
liminary to the detailed analysis. 1In order to minimize coolant pressure
drop, it is necessary to minimize the coolant mass flux requirements.

This can be accomplished by increasing the temperature differential
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between the wall (coolant side) and the coolant (forced convection
analysis). Since the coolant bulk tempersture is essentially fixed at

a given station by thrust and chamber pressure levels, it is necessary

to raise the coolant-side wall temperature. Conversely, it may be stated
that the material which results in the highest allowable coolant-side
wall temperature is superior insofar as reducing the jacket pressure
losses. That such a material is not necessarily the one with the high~

est allowable combustion-side wall temperature will be shown directly.

Using the minimum specified wall thickness of 0,025 inches, the steel,
nickel, and Hastelloy X were compared in terms of their heat conduction
capability. For a fixed combustion-side wall temperature, the coolant-
side wall temperature decreases as the heat flux level increases. The
slope of this curve is dependent upon the conductivity of the material.
This is shown graphically in Fig. 37. It is apparent that the steel is
less desirable than the nickel at any hezt flux level (i.e., Twc for
“"nickel always higher than for steel). The Hastelloy X appears superior
to nickel at heat flux levels of less than 10 Btu/inz—sec (Pc;§ 500 psia

for no-carbon layer case).

It can be inferred from Eig. 37 that, at high chamber pressures (high
heat flux 1evels) and iow thrust levels (high coolant bulk temperature),
the nickel (200) will be superior to the Hastelloy X and steel materials.
At lower heat flux levels (1ow chamber pressure and/or carbon layer) the
Hastelloy X appears to be the best choice insofar as heat transfer is
concerned. In actuality it will be shown that for low heat flux condi-
tions, the basic material effects on pressure drop are not of enough

significance to warrant material selection on this basis.
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Thrust Chamber Wall Coatings

The use of artifically applied coatings (in the case of no carbon layer)
were considered in the study. A nominal maximum operating temperature
of 3200F was specified for a coating. Insofar as a thrust chember cool-
ing design (pressure drop and channel sizes) is concerned, only the
temperature is of importance. This is used to determine the reduced

heat flux profile which in turn is used in the basic design.

Practical considerations concerning the use of coatings, however, require
further discussion particularly in regards to thickness requirements.

The temperature differential as a function of heat flux for various
coatings of 0.010 inch thickness is shown in Fig. 38. Assuming a cocat-
ing temperature of 3200F with a'nickei substrate cperating at 1700F
requires a temperature drcp of 1500F across the coating. From Fig. 38,
it is seen that a 0.010-inch-thick tungsten-zirconia oxide composite
"coating would be adequate at the throat for a chamber pressure of 1000
psia (Q/A = 15 Btu/inz-sec). At higher area ratios (i.e., lower heat

flux levels), the coating temperature differential will decrease markedly.

1t is apparent therefore that, if maximum use of a coating is to be made,
the coating thickness must be varied markedly. This veriation is shown
in Fig. 39 where the coating thickness required to maintain s fixed tem-
perature differential is shown as a function of heat flux. In the nozzle
portion of the chamber where heat flux levels are less than 1 Btu/inz-
sec, coating thicknesses of several tenths of an inch are required. The
weight of such a coating would be prohibitive. Practically speaking,
therefore, the use of coatings should be limited to the throest, combus-

tion zone, and low area ratio (6‘540 portions of the nozzle.
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FLOX/METHANE ANALYSIS RESULTS

Regenerative cooling designs for FLOX/methane thrust chambers were generated
using the techniques discussed in Appendix E. Single uppass (counterflow)
cooling circuits were used throughout. This pass arrengement was selected
so that low-temperature methene (which has poor cooling capability) was
utilized in the low-heat-flux region of the nozzle., The use of a downpass
(parallel flow) circuit would have resulted in excessively small channel
sizes in the combustion zone. The uppass circuit is particularly important
for the subcritical pressure conditions since the coolant must be completely
vaporized before reaching the higher heat flux (throat) region. Film boil-
ing of the methane, therefore, occurred in the low-heat-flux (Q/A < 1Btu/
inz-sec) region of the nozzle where it can be tolerated without excessive

wall temperatures.,

Pressure Drops for Nickel Walls

Nickel channel designs assuming a carbon layer were investigated initially.
The carbon layer effectiveness was teken as 0.7 as discussed previously

in the Parametric Analysis section. This is to say that the carbon layer is
such that the heat load is 0.7 times the no-carbon-layer condition. The
resulting pressure drops are summarized in Fig. 40 for the three thrust
levels of interest., The pressure drops are seen to range from about

150 to 200 psi at a 1000 psia chamber pressure. This is well within the
feasibility limits established previously. It is interesting to note that
the 20,000-pound thrust design recuires the highest pressure drop. Two
effects contribute to this result. At the high thrust level, the lower
bulk temperature at the throat results in a slightly higher mass flux
requirement. The engine size is also reflected in the slightly higher

pressure drop.
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Previous experience has indicated that high-pressure, high-performance
engine designs result in decreasing carbon layer effectiveness (Ref. 7

and 10). For this reason, the propellant combinations of interest were
also investigated without the assumption of a gas-side carbon layer. The
resulting pressure drops for a nickel-wall chamber are also shown in

Fig. 40 for direct comparison with the carbon layer designs. At a chamber
pressure of 1000 psia, the resulting pressure drops range from about 440 psi
at a thrust of 20000 pounds to a drop of almost 600 psi at the 1000-pound
thrust level.

The cause of the large increase in system pressure drop as the carbon layer
assumption is removed is three-fold., Primarily, of course, the local

heat flux is incrcased. Also of importance, however, are the facts that
the coolant bulk temperature is increased and the coolant-side wall
temperature is forced lower. The result of these three effects is that

an increased heat flux must be accommodated at a decreased driving
potential (Twc - TB), necessitating sharply increased coolant mass flux
(i.e., high pressure drop). The lower thrust cases are most drastically
affected by increased heat flux levels because of the higher coolant bulk

temperatures involved,

As a point of interest, an investigation was conducted to determine the
effect on pressure drop of decreasing the maximum allowable wall temperature.
A lower wall temperature permits greater cycle life and reliability. The
maximum allowable temperature of the nickel was reduced to 1500F. The
results are presented in Fig., 41 for the case with a carbon layer. It is
seen that the effect on the pressure drop of the design for 1000 pounds
thrust is quite significantly increased at Pc = 1000 psia from approximately
175 to 360 psi drop as the wall temperature is decreased. However, even-
this value represents a reasonable pressure drop. The greater sensitivity

of the low-thrust design is caused by the higher coolant bulk tempersture.
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¥all Material and Coating Effects

A comparison of nickel (200) and 347 stainless steel was made to ascertain
the relative difference in coclant pressure drop. As pointed out previously,
the steel was exvected to result in higher pressure drops than either the
nickel or Hastelloy bhased upon thermal conductivity considerations, These
conclusions were confirmed in the detriled design svaluation as shown in
Pig. 42, The selected chamber nressure of 500 psia combined with the
carbon layer result in an easily cooled chamber with either nickel or steel,
It is noted, however, that the steel design results in approximately double
the pressure drop ( AP = 100 psi) of the nickel design., This difference
becomes even more marked at higher heat flux levels. Indeed, at a chamber
pressure of 1000 psia without 2 carbon layer, the heat flux level is such
as to approach the conduction limit of the steel. Such a condition implies
infinite coolant velocity and pressure drop since the coolant-side wall
temperature and bulk ftemperature are essentially equal (i.e, the driving

potential (Twc - TB) decreases to zero).

Chamber designs utilizing Hastelloy X channel construction were also
studied. The resulting pressure drops for the carbon and no-carbon cases
are shown in Fig., 43. The Hastelloy X designs with a carbon layer have

a2 somewhat lower pressure drop than the nickel designs because the higher
allowable wall temperatures, Zven without a carbon layer, the Hastelloy X
appears superior at chamber pressures below 500-700 psia. At higher
chamber pressures, the relatively poor thermel conductivity of the
Hastelloy results in coolant~side wall temperatures lower than nickel.

The result is sharply increased pressure drops particularly for low=thrust
design conditions. At the 1000 pound thrust level, for exariple, a coolant
pressure drop of approximately 1400 psi was found necessary for adequate»
cooling., In these particular cases, the use of a thinner (than 0.025'inch)
Hastelloy X wall would prove of great benefit in reducing the required

pressure drop.
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The use of a costing operating at 3200F was briefly investigatedo. Such a
coating was found to reduce the heat input by 30 percent which is essen-
tially the same effectiveness as the carbon coating for FLOX/methane., The
results of the coated chamber designs are therefore exactly the same as the

carbon layer results noted previously.

Coolant Temperature and Channel Dimensions

The methane bulk temperature at the coolant jacket exit is shown for the
three thrust levels with and without a carbon layer in Fig. 44. The bulk
temperature is 1270F and 840F for the no-carbon and carbon cases respec-
tively at 1000 psia chamber pressure. At these high temperatures,
particular design attention must be g:'uien to injector face cooling. At
higher thrust levels, the exit bulk temperatures are considerably lower,
€.g8sy the exit temperature for F = 5000 pounds, Pc = 500 psgia is 620F with-
out a carbon layer and 350F with a carbon layer. Different modes of heat
transfer to the coolant occur under subcritical and supercritical operating
conditions, Therefore, the correlations (described in Appendix E) used for
chamber pressures of 250 psis and lower were different from those used fdr
chamber pressures of 500 psia and higher. No analyses were conducted for
pressures between these two values. In several cases the data trends in the
high- and low-pressure regions did not allow confident interpolation through
the 250 to 500 psia region. Operation with methane in this intermediate

pressure region appears to be practical.

An area of primary importance in determining a feasible design is the mini-
mum channel size requirements. The minimum chammel dimensions for the

1000-pound=-thrust FLOX/methane designs are shown in Fige. 45 for the carbon
and no-carbon assumptions. The minimum allowable width was taken as 0.040

inches so that minimum dimensions below that wvalue in Fig. 45 refer to
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channel height. A dimension greater than 0,040 inch in the figure implies
a square channel of the stated dimension., The 1000-pound-thrust design at a
chamber pressure of 1000 psia without a carbon layer is seen to result in a
minimum channel size of 0.040-inch wide by 0.024 inch high. (4 two-dimen-
sional thermal analysis of the channel section is given in Fig. 36e.)e This
channel dimension is essentially the feasible minimum value as discussed
previously. - This particular point represents the most extreme case con-
gidered. Increasing the thrust level, decreasing chamber pressure or
presence of a carbon layer result in increased chamnel sizes. This minimum
dimension exists only at the throat and increases in the combustion zone and
nozzle sections. PFurthermore, because of the low thrust and high chamber
pressure, the resulting small throat size requires relatively few (29) of
these critical coolant passages.

OFz/PROPANE ANALYSIS RESULTS

The detailed regenerative cooling designs for 0F2/propane were accomplished
using the techniques discussed in Appendix E., In general, the propane

designs parallel the methane designs discussed previously. A single uppass
(counterflow) circuit was used wherever possible because of the basic mani-
folding simplicity. In certain instances, however, downpass (parallel flow)

circuits were reguired to achieve reasonable pressure drop and channel size,

Pressure Drops for Nickel Walls

The resulting pressure drops for the 0F2/propane chambers utilizing nickel
channel construction are presented in Fig. 46 for the 5000- and 20,000-pound-
thrust levels of interest. For the supercritical cases (Pc > 500 psia),
single-uppass (counterflow) cooling circuits were utilized. The assumption

of a carbon layer or even an applied coating without a carbon layer results
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in moderate pressure drops of less than 200 psi at 1000 psia chamber prese
sure. The no-carbon-layer cases still appear feasible although the pressure
drops are near the imposed constraint of 500 psi.

The subcritical cases (Pc < 500 psia) were somewhat more complex to analyze.
For the case of no gas-side carbon layer, it was found possible to completely
vaporize the propane in the nozzle. This result differs from the result
obtained previously in the Pammetric Ammlysis which had indicated that
complete vaporization in the nozzle was not possible., This difference

arose from the fact that in the nucleate boiling regime the coolant-side
wall temperature is nearly equal to the liquid saturation temperature. The
resulting combustion-side wall temperatures in the nozzle are, therefore,
approximately 200-300F rather than the 1700F assumed in the Parametric
Amalysis. This lower wall temperature results in approximtely a 15- to
20-percent increase in the nozzle heat input which is sufficient for complete
vaporization., This complete vaporization of the propane in the nozzle allows

the use of an uppass circuit with moderate pressure drops.

In the case of a carbon layer with an effective heat flux reduction of 0.57,
it was determined that the 100-psia chamber design could utiligze either an
uppass or downpass circuit without bulk boiling. The uppass circuit pres-
sure drops were acceptable so that the downpass designs were not pursued
further. It is expected that the downpass circuit would result in somewhat

lower pressure losses,

A carbon layer assumption for the 250-vsia chambers does not allow for
complete coolant waporization in the nozzle so that nucleate boiling occurs
in the throat. The propane subcooling at the throat was so low that coolant
velocities in excess of 300 ft/sec were required. A downpass circuit,
however, allows greater subcooling at the throat because of lower heat input,
and coolant velocities of approximately 100 to 130 ft/sec were sufficient
for this configuration. Downpass (parallel flow) coolant circuits were,
therefore,analyzed at the 250-psia chamber pressure level.
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Effects of Wall Coatings and Materials

The use of a coating does not appear necessary at the lower chamber pres-
sures because of the relatively low pressure drops involved. The low heat
flux conditions at reduced chamber pressures would require excessively thick
coatings to be of benefit. It is believed that the benefits to be obtained
do not warrant the excessive weight and increased fabrication effort involved.
A coating operating at a gas-side temperature of 3200F would appreciably

lower the pressure drops for chamber pressures above 500 psia,

Chamber designs were developed for the Hastelloy X material at super-
critical pressures (P c > 500 psia). Pressure drop characteristics are
shown in Fig., 47. In general, the Hastelloy X appears somewhat superior
to the nickel (200) for all cases except the no-carbon-layer cases at high
chamber pressures (Pc & 1000 psia). Even at these extremes there is not
a great difference between pressure drops for the two materisls. It is

" interesting to note that for the Hastelloy cases with a carbon layer, the
propane coolant-side wall temperature constraint of 1500F is encountered.
This is apparent in the typical wall temperature profiles shown in Fig. 48.
In essence, full use of the high-temperature capabilities of Hastelloy is
not possible in these instances unless the walls are thickened, A weight

penalty is, of course, incurred.
Previous results with methane indicated that at low pressures the material

selection is not significant. The use of Hastelloy X at subcritical pres-

sures would, therefore, give the same results as the nickel noted in Fig. 46.

Coolant Temperature and Channel Dimensions

The propane exit temperatures and minimum coolant chammel sizes are summrized

in Fige 49 and 50 for the minimum thrust case., Exit temperatures range from
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approximately 200F to TOOF for carbon and no-carbon assumptions respec-
tively. These walues are below the estimated decomposition temperature of
propane, The lowest temperature is subcritical and could result in liquid
fuel injector design requirements, whereas the higher temperature would
result in gaseous fuel injection. Channel sizes are acceptable for nearly
all cases. At chamber pressures in excess of 750 psia without a carbon
layer, however, the minimum channel dimension falls below the 0.025-inch
constraint. Decreasing nozzle area ratio would not significantly increase
the channel sigze, Reduction of the mixture ratio to 74 percent of optimum
would increase the channel size to an acceptable level at 1000 psia chamber

pressure,

OFQ/l-BUTENE ANALYSIS RESULTS

The 0F2/1-butene propellant combimation was anclyzed at a thrust level of
1000 pounds to determine regenerative cocling parameters and limits based
upon jacket pressure drop, coolant bulk temperature, and minimum channel
dimensions. The ground rules were generally the same as those used in the
analyses for the methane and propane coolants except that, for the low
chamber pressure cases with a gas—side carbon layer, the minimum width of
the lands was allowed to increase above the 0.,050-inch value used
previously. This was done to permit using fewer channels and thus increase
the channel dimensions, The larger land width was possible because of the
low wall temperatures associated with nucleate boiling. In the following
discussion 1000 and 250 psia are referred to as low chamber pressures, and

500 through 1000 psia are referred to as high chamber pressures.

Nickel=200 Wall Material with Carbon Coating

During operation at the low chamber pressures, the coolant is in the sub=

critical region and, therefore, nucleate boiling is the dominant means of
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heat absorption by the coolant. In these analyses, the coolant-side wall
temperature was assumed to be 30F above the local saturation temperature
of l-butene. The required coolant wvelocities at warious stations in the
the thrust chamber were determined through the use of correlations given by
Ref. 4.

During operation at the high chamber pressures the fuel is in the super-

critical region and the following equation was used

NNu = 0.023 N N

to determine the mass velocity requirement of the coolant. Differences
between experimental and calculated (from the above equation) values of

NNu were reported in Ref. 4. The cal culéted value was generally conserva-
tive and was used for these analyses. A maximum curvature effect of 1.5 was

used for enmhancement of the liquid-side coefficient in the throat region.

The resulting relationship between pressure drop in the coolant channels and
chamber pressure is shown in Fig., 51. Two distinct regions are indicsted,
The predicted pressure drop is fairly low in the subcritical region but
rises very rapidly with chamber pressure because, at 250 psia chamber pres-
sure, the heat input is higher and because the difference between saturation
temperature and bulk temperature is less than for the 100-psia chamber
pressure case. Therefore, higher coolant velocities are required,

as shown in Fig. 52, which lead to pressure drops which are, in fact,

higher than the pressure drops for high-chamber-pressure supercritical
overation where the forced convection cooling mode pfedomi:nteso
Relationships in the subcritical region are shown as linear which is an
approximation because only two chamber pressures (100 and 250 psia)

were analyzed.
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In the supercritical region at a chamber pressure of 500 psia, the coolant-
side wall temperature is approximately 1600F which is higher than the 1500F
limit tased upon the decomposition of the l-butene, However, a slight
decrease in the gas-side wall temperafure would lower the coolant-side
temperature from 1600F to the 1500F limit without causing intolerable
coolant jacket pressure drops.

At low chamber pressures, the gas-side wall temperature should not be
designed to operate at 1T700F because, as mentioned earlier, nucleate boiling
is prevalent in this pressure range and the coolant-side wall temperature is
fixed by the saturation temperature. Therefore, to keep the gas-side wmall
temperature at 1 ;O0F, an unreasonable wall thickness would be required. For
100~psia chamber pressure, the wall thickness must be approximately l.3
inches as shown in Fig, 53, Thereforé, in the present analysis the minimum
wall thickness was chosen on the bagis of fabrication tolerances and the
hydraulic and thermal stresses with acceptance of the corresponding lower
gas-side wall temperatures and slightly higher (approximately 10 to 20

percent) heat inputs.

The low operating wall temperature resulting from nucleate boiling does,
however, permit a larger spacing between channels. This results in a
larger channel size since the number of channelé is reduced. In the cur-
rent designs at low pressures, the land widths (distance between chamels)
were selected so as to ensure that the channel depth would not fall below
the 0.025-inch constr=int (0.040-inch channel width). For example, at a
chamber pressure of 250 psia, the reguired land width was approximately
0.100 inches compared to 0.050 inches at high chamber pressure., EIwven with
this increased spacing the maximum combustion-side wall temperature remsined
less than about 300F (based upon a two-dimensionsl thermal analysis). Bulk
boiling did not occur even with this low wvalue of ng. Channel depth vs
chamber pressure is shown in Fig. S4.
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Hastelloy-X Wall Materials with Carbon Coating

The evaluation of velocity requirements for both suberitical and super—
critical regions were carried out for thrust chambers constructed of
Hastelloy X as in the case of nickel previously described. The pressure
drop is slightly lower than for nickel (Fig. 51), because the gas-side wall
temperature for the Hastelloy-X is higher than that for the mnickel wall case,
This means slightly lower heat flux, lower velocity, and consequently lower
pressure drop for the Hastelloy-X material case. The coolant-side wall
temperature was above the 1500F limit in the entire range of high~chamber-
pressure cases with ng = 2100F, 1In order to lower the coolant-side wall
temperature, either the wall thickness must be increased (curve 4 of

Fig. 53), or the gas-side wall temperature must be reduced, Reduction of
ng would result in pressure drops nearly identical with those calculated

for the nickel case (Fig. 54) because of the similar velocity requirements.

" 347 CRES Wall Material with Carbon Coating

This case is again very similar to that with the nickel wall. A plot of
pressure drop vs chamber pressure for 347 CRES material is shown in

Fig. 51. The pressure drop for the 347 CRES wall is lower in the sub-
critical region than that for nickel. The reverse is true in the super—-
critical region. In the low-chamber-pressure region, the pressure drop is
slightly lower because Twc was determined by the saturation temperature and,
since thermal conductivity of 347 CRES is lower than nickel 200, the heat
flux was lower. Consequently, the welocity requirements and pressure drops
were lower. At high chamber pressure, the same gas—side wall temperature
(1700F) was assumed for the nickel and CRES. The lower conductivity

of the CRES results in lower coolant-side wall temperatures for the same
value of wall thickness. Therefore, a higher coolant velocity is required
to meintain the lower Twc for the lower thermal conductivity material. The
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ratio of the velocity requirements are related to the ratio of the
differences between coolant-side wall temperature and coolant bulk

temperature as

1.25
v | e 7 T3 mporm v
CRES © NICKEL
, (T - 1)
we B (mEs

Velocity requirements vs chamber pressure for %47 CRES material are shown
ir Fige. 520

The coolant-side wall temperatures ranged from 1460F at 500 psia chamber
pressure to 1300F at 1000 psia. These values are below the 1500F limit

and coking of the fuel on the wall is not expected, Additionally, the bulk
temperature was below the 800F bulk decomposition limit of the fuel (Fig. 55).
The channel geometry is similar to that of nickel-200 and Hastelloy=-X.

Nickel=200 without Carbon Coating

In this case it was assumed that no carbon deposition would take place on
the wall. Therefore, the analytical heat transfer coefficients were used
(no reduction in heat flux). In the low chamber pressure operating region,
the fuel cools a portion of the nogzzle through nucleate boiling. However,
the bulk temperature eventually equals the saturation temperature and the
fuel undergoes bulk boiling in the low flux portion of the nozzle. The
rest of the nozzle, throat region, and the combustion zone are then cooled
through forced convection by the totally vaporized fuel. The wall tempera-
tures are low near the exit of the nozzle where nucleate boiling and bulk

boiling are taking place. However, the wall temperature was allowed to
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reach higher values in the part of the thrust clamber cooled by the
vaporized fuel. In the high chamber pressure operating region, forced con~-

vection is predominant throughout the thrust chamber.

When it was assumed that a refractory coating was applied to the gas-side
wall (no carbon layer) and the gas-side wall tempersture of the coating was
kept at 3200F, the heat flux was considerably reduced., However, this heat
flux reduction is not as much as the reduction effected by the carbon
deposit on the wall. In order to equalize the heat fluxes for the cases
of carbon coating and refractory coztins, the gas-side wall temperature of

the refractory coating must be much higher than 3200F,

The coolant jacket pressure drops for the nickel-200 wall with and without
refractory coating are shown in Fig., 56. The pressure drop for the
refractory coating case, although much lower than without the coating, is
higher than the pressure drop for nickel =200 with carbon deposit (Fige 51 )
The predicted pressure drops at 1000 psia chamber pressure are 550 psi for
the uncoated wall, 63 psi for the refractory-coated wall, and 27 psi for
the carbon-costed wall,

Wall temperatures are shown in Fig., 57 for the cases without a carbon layer.
The coolant-~side wall temperature at the low chamber pressures is as much
as 100F higher than the 1500F limit based upon coolant coking. A slight
reduction of ng could be made which would reduce Twc to 1500F without
markedly affecting the coolant-jacket pressure drop. For high chamber pres=-
sure operation with or without a refractory coating, the coolant-side wall
temperatures are below 1500F. The coolant velocity requirements are high,

as shown in Fig. 58 but are easily met by the vaporized coolant.
The minimum chennel dimensions are shown in Fig. 54 for a nickel wall with-

out a carbon layer. The chamel dimensions are reasonably large for low
chamber pressures because of the low heat fluxes and because the coolant is
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vaporized in the high-area-ratio portion of the nozzle prior to reaching
the throat region. The channel dimensions for higher chamber pressures
are considerably below the minimum limiting walues even with a 3200F
coating. Reduction of the propellant mixture ratio to 70 percent of the
optimum value results in scceptable chmnnel dimensions for chamber pres~

sures less than approximmtely 700 psia with a refractory coating,

Figure 55 is a plot of the l-butene bulk temperature rise in the coolant
Jjacket vs the chamber pressure for various cases. The inlet temperature
in all cases was 168R, (~292F). 1In all cases when a carbon coating is
assumed, the outlet bulk temperature is below the 800F limit. For a
nickel wall without a gas-~side carbon layer or a refractory coatingz, the
outlet bulk temperature exceeds the 8Q0F limits, Addition of a refractory
coating which operates at a gas~side temperature of 3200F results in
acceptable exit temperatures for subcritical -pressure operation. However,
it should be noted that these temperatures are close to the decomposition
limit and that maintainins a gas-side wall temperature of 3200F results in
thick coatings at the high area ratio region of the nozzle, Maintaining a
constant-thickness coating based upon throat requirements for a 3200F

gas-side coating temperature would result in unacceptable bulk temperatures.
Reduction of the propellant mixture ratio to 70 percent of the optimum value

would prevent coolant decomposition even at 1000 psia chamber pressure

without a carbon layer or refractory comting.
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reaction kinetic constant, sec—l; area, in2
original concentration of component

friction coefficient

specific heat at constant pressure, Btu/lbéR
specific heat at constant volume, Btu/lb—R
equivalent hydraulic diameter, inches

activation energy, cal/mole

surface roughness, inches

thrust level, pounds

friction factor

pressure gradient facter

mass velocity, 1b/sec —in°

gravitational constant, ft/se02

shape factor; enthalpy (when subscripted), Btu/1b
coolant-side heat transfer coefficient, Btu/inz-sec
specific impulse, seconds

vacuum specific impulse, seconds

reaction rate constant, sec-l; thermal conductivity,
Btu/in-F-sec

length, inches

characteristic combustion chamber length, inches
molecular weight, lb/mole

wall Mach number

design Mach number referenced to sonic conditions
propellant mixture ratio, o/f

Nusselt number

Prandtl number

W7



N Reynolds number

Re
NST Stanton number
boundary layer profile exponent
o/f propellant mixture ratio
P pressure, psia
p/p ratio of nozzle wall to throat static pressures
Pc chamber pressure, psia
Q total heat input, Btu/sec
Q heat absorption capability of fuel, Btu/sec
Qs total heat input under reference conditions, Btu/sec
R gas constant, cal/mole-K
Rl radius of curwture gpstream of throat, inches
R2 radius of curvature downstream of throat, inches
r radial coordinate, inches
s coordinate along surface, inches
T temperature, R or K
Tf maximum fuel temperature, F
To mainstream stagnation temperature, R
T* static temperature at throat, R
t time, seconds
t local stagnation temperature (in boundary layer), R
tw wall thickness, inches
U velocity, in./sec
v velocity, ft/sec
‘;I flowrate, 1b/sec
;If fuel flowrate 1b/sec
X fraction of component decomposed; depth of carbon

layer, inches

nozzle length referenced to throat radius

=

coordinste normal to wall

<

Y/Rt nozzle radius referenced to throat radius
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Greek Symbols

C I]/cv
nozzle length, percent of 15-degree conical nozzle

freestream value

@84:7\0(

thermal boundary layer depth, inches

velocity boundary layer depth, inches

*x <

o O

displacement thickness, inches
nozzle expansion area ratio
contraction area ratio

hest input influence coefficient

NI N ;™

d characteristic velocity efficiency
[4] momentum boundary layer thickness, inches
é%ﬁ maximum nozzle wall angle with axis, degrees
M viscosity, 1b/ft sec
y density, lb/in3
Subseripts
re] based upon momentum boundary layer thickness
¢ based upon energy boundary layer thickness
Superscripts
* throat value, evaluated at atmospherie pressure
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APPENDIX A
GAS-SIDE HEAT TRANSFER COEFFICIENT CALCULATIONS

The gas-side heat transfer coefficients were determined initially without
considering the effects of carbon formation on the thrust chamber wall,
The method of calculating the profiles of the heat transfer coefficients

was the solution of the integral momentum and energy equations,

Referring to the definition of the momentum thickness and energy

thickness, respectively:

)
v
U U (1)
6 = —TP (1 --—) d
Jo Poc™ o Uoc Y
3]
b = TpU 1 - to—ngd
o [ o W, (2)

Por a similarity of stagnation temperature and velocity distributions
throughout the boundary layer and equal depths of the velocity ( Sv)

and thermal ( § T) layers, the energy and momentum thicknesses might

be expected to be equal. However, under varisble freestream accelerations
and wall cooling or heating conditions, the values of these thicknesses
can depart considerably from each other. In general, the rapid accelera=
tion of the flow within the throat vicinity results in greatly diminished
momendtum layer thickness, with less effect on the thermal boundary layer.

A-1
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The momentum and energy integral equation forms may be compared for similari

in the following axisymmetric forms:

a8 St [1sm(aU\, 1 (d(eu)), 1ar
ds 2 U ds pU ds T ds
ap gy (law” Tey _, i V4T, 1 fafpu), 1ar
as "SI\ T -T )t (T T a Tpuas )tras

With the exception of the first term within the right-hand brackets, a near
identity of the growth of the momentum and energy thicknesses is observed
for near-equivalent relationships for the nondimensional heat transfer
coefficient(NST) and skin friction coefficient (Cf/Z), respectively.

From Bq. 3 it is seen, however, that a strong acceleration at a low flow
velocity will result in a controlling influence on the momentum thickness
growth and a possible decay of the layer thickmess in the throat region.
‘On the other hand, extreme cooling (H-> =1) of the wall will tend to
increase the momentum thickness. Similarly, within the bounds of a given
combustion chamber geometrical contour, the effect of a substantial wall
temperature rise toward the throat is seen to increase the thermal layer
thickness.

Study of the compeonent parts of the relationships shown in Eq, 3 and 4
then allows the explanation of the occurrences noted experimentally. TFeor
example, if the momentum boundary layer thickness is smmall in the throat
region, either as a result of strong acceleration, short combustor length,

or low=freestream mass velocity conditions, the possibility of retention

.

of a laminar boundary layer. or a reverse transition from a turbulent to a

laminar boundary layer can occur in the throat region. In addition, the
damping of initial combustion turbulence within the flow acceleration region

can allow for effectively higher critical transition Reynolds numbers,

A=2
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The solution of the two integral equation forms provided by Eq. % and 4

can most easily be accomplished when these relationships are reduced to

the form:

d 2 C %

—&;(r pU 6)=er2(——2-—f—)-er 6”(—3—2—]) (5)
d

55 [reU C, (T, - ng)¢] =rpUC, (T, - gg) Cy (6)

Because of the variation in the mainstream gas composition with shifting
flew behavior, the solution may be expressed in the nondimensional axi-

symmetric formss

- 2\ C *
d b o -~ 6 = > h
1 /3 (—i—ecM ‘E)‘(‘%%M )_Zi-(_",,_tHM d\g"r (7)
(-...») r p r’ ] r p r o d(_:) .
T r
d [ TP o T
= = M (H - H. ) crull SR> £ M (H H ) N
d _S'.' r* o weg e g wg’ 78T (8)
e P

Solution of these equations requires relationships between the Stanton
number (CH) and the energy thickness (,Cb), and between the skin friction
coefficient and the momentum thickness (6). Various semiempirical

relations have been established for both laminar and turbulent flow,

For the skin friction coefficient under accelerating flow field conditions,
study of leminar, and turbulent flow conditions indicates a dependence on
the pressure gradient for equivalent momentum Reynolds number conditions.
For the laminar case, the solution employed with corrections for reference

temperature coincident with cooled wall and compressible flow conditions

was
o)\

2 o (Reezx Tr
A3
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For the turbulent skin friction, a modified, closed=form solution to include

acceleration and shape factor effects on the boundary-layer profile exponent
2 ) ( 2 )
(n+1 n+l

c;\ _0.0023 (1+§)6-62 T\ /6 b
2 ) - (Re,) (2/(n+1)) ("i*;“)(}};‘ ™ (10)

oc

was employeds This form iss

which reduces for n = 7 (i.e,, U/Uoo = (y/ 5 )1/ 7 in outer region turbulent
layer) to the forms

(_C_f_> __ 00122 [Te\[/Pe YA e VT

1 I
oc

For the definition of the local heaf transfer coefficient, a similarity

between the nondimensional heat transfer coefficient and the skin friction

coefficient was assumed, neglecting pressure gradient effects upon the

thermal boundary layer profile. For this assumption, these values

(based upon energy thick'ness) becomes

Te\/Pec\/ H 1
R - 0.217 _ o o r) . ( )
o == )—N— )7 (laminar) 12
« (Re N T J\Py /\ Fee Np R1/?.

[ o

1/4 1/4
T \
N - 0.0 12225 (Toc\\<eoc ) (p'r ) —-_I_ZE (turbulent)
ST o (Re¢)' r/\Py P Ny, (13)
The nondimensional heat transfer coefficients of Eq. i2 and 13 were converted

By

to the actual hot-gas-side heat transfer coefficient by the relation

N
csr, ~PUCp (14)
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The total heat input %o the wall was ebtained by numerical integration
along the nozzle wall,

Q=/h(Taw,ng) ds (15)
where y
—~— Y=1 2
Taw = _T_O__Ll +\€ NPR 2 Moo] (16)
1 Y-1 W
+o5 o T

The actual combustion temperature, To, is related to the ideal (100~percent
C* efficiency) combustion temperature bys

2
?T =T . (17
o OIDEAL 7] cx )

A5



'W‘ RROCKETDYMNE .

AFPPENDIX B
GAS-SIDE CARBON LAYER THERMAL RESISTANCE

The computerized integral energy equations were first applied to experimental
data of Ref. 4 taken at a chamber pressure of 100 psia in uncooled thrust
chambers., Actual thrust chamber geometrical psrameters were used in the
analysis, The flow-field behavior in the cylindrical section is difficult

to determine because of incemplete combustion, mixing, and freestream
turbulence. For the theoretical analysis, therefore, the point of initiation

was located one inch downstream of the injector face.

Heat transfer data correlations using either the local heat flux or gas—
gide flow coefficient have two distinct disadvantages: (1) these
parameters are functions of chamber pressure, propellant combustion,
mixture ratio, and characteristic velocity efficieney;and (2) these
parameters vary strongly with the local mass velocity (area ratio) and
therefore increase at & rapid rate in the throat region. A more general
correlating parameter can be obtained by nondimensienalizing the heat
transfer coefficient by d1v1ding it by/GVC to form the Stanton number
and multiplying by (C 47&) , thereby formlng the Stanton-Prendtl
parameter which is related to Reynolds number based upon the momentum

boundary layer thickness,through the modified Reynolds' analogy

2/3
NST X NPR - 6%;99 - 0,25

vwhere © is the momentum boundary layer thickness.

Bl
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This relation indicates that the Stanton-Prandtl parameter is & weak
function of local mass velocity and hence chamber pressure, area ratio,

and characteristic velocity efficiency, and also a weak function of
combustion product properties. It can be used to provide a direct indication
of the local boundary layer development. The distribution of this parameter
along a thrust chamber wall surface indicates which regions of the chamber

contour are effective in promoting boundary layer growth.

The NSTNPR?/a parameter value at the beginning of the converging section

was used to evalugte the gas side theoretical heat transfer coefficient
which was then held constant in the cylindrical combustion zone. Theoretical
and experimental values of NSTNPR2/3 are plotted in Fig, Bl through B4 fer
the propellant combinations using FLOX with methane, propane, pentane

blend, and l=butene fuels,

The experimental data shown in Fig, Bl sometimes imply boundary layer
attachment near the injector (points 1) and at other times near the start

of convergence (points 2: 5, 4)as indicated by a decreasing value of the

N 2/3 2/3
STNPR parameter., The theoretical NSTNPR curve is also shown in
Tig. Bl and has the same general shape as the experimental curve downstream

of the convergent section entrance.

| 2/3
The parameter NSTNPR

plotted vs axial coordinate for propellant combinae
tions using FLOX with propane, pentane-blend, and butene-l as shown in

Fig. B2, B3, and B4. It appears in these cases that either the boundary
layer attaches near the injector and the film coefficient decreases with
length (boundary layer grows with length), or that impingement of the
oxidizer on the wall takes place near the injector ( swirlers in oxidigzer

spuds of the injector RL1OA-3).
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The experimental data of Ref, 4 was used to evaluate the carbon layer
resistance by assuming that the measured gas side resistance was equal to
that of the carbon layer plus the theoretical value.

1/h.exp = x/k + J,/htheo

er
x/k = (htheo - hexp)/ (ht

heo) (hexp)

A plot of x/k, fhus calculated, vs local mass velocity is presented in
FigB5 for FLOX/methane at 100 psia chamber pressure and indicates separate
correlations for the converging and diverging portions of the nozzle. The
equations correlating x/k with the local mass velocity, G, are

1n (x/k) = 6.35 + 1.83G¢ (converging)
In (x/k) = 12.37 + 12,7 ¢ (diverging)

In contrast, correlations for the other propellants tested indicated a
single function for the entire nozzle., These correlations are as followss
In (x/x) = 10.52 - 6.00G (FLOX-Propane)

In (x/k) = 10,06 ~ 3.26G (FLOX~Pentane blend)
In (x/k) = 10.87 = 4.63G (FLOX-Butene-1)

]

The data upon which these correlations are based are found in Figs. B6 through B8,
Since a constant theoretical film coefficient was used in the combustion
zone where the mass velocity was assumed to be constent, no definite trend

of x/k vs mags velocity exists in this region,

The 250-psia test data for FLOX/methane were also analyzed to determine

the carbon thermal resistance layer as a function of local freestream

B-7
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mass velocity. The results are shown in Fig. B9 . Although the data
are scattered (variation in mixture ratio, chamber pressure, combustion
efficiency, and injector effects), separate trends existed for the values
upstream of the throat and downstream of the throat. The equations for
the two lines best representing these trends ares

In (x/k) = 5,96 4+ 1,05G (converging)
and

1n (x/k) = 8.24 - 1.17¢ (diverging)

B-12
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AFFENDIX ©
THERMAL DECOMPOSITION OF LIGHT HYDROCARBONS

The pyrolysis of lower hydrocarbons has been studied over several decades
by #any investigators, including some eminent physical chemists, Newer
studies, utilizing modern techniques, yielded more extensive and,
expedtedly, more accurate data, For the most part; however, results

obtained in relatively old classical studies remain valid.

KINETICS AND PRODUCTS OF PYROLYSIS

For uncatalyzed thermal deeomposition, lower hydrocarbons (leC4) require
temperatures of the order of 800 to 1500F, Some studies have been conducted
at considerably higher temperatwres but with concemmitant shorter residence
times; e.g., in shock tubes. The products are not only the smaller
fragments, down to elemental carbon, but also some larger species. Free-
radical type chain reactions are inveolved. First-order kinetics were

found to be obeyed (although, in the case of ethane and propane, 3/2-order
was reported to apply for special conditions). Thus, the reaction rates

are generally governed by the equation

a
a-XxX

exp (kt)

The initial concentration is a. The concentration decrease in time t is x.
The reaction rate constant, k, is dependent upon temperature T ,and is
expressed as

k = A exp (E/RT)
where R is the universal gas constant and A and E are characteristic constants

for the reaction. E is ecalled the activation energy.

C~-1
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Methane, CHI
On pyrolysis, methane yields hydrogen, ethane, ethylene, acetylene,
propylene, and (at higher temperatures) elemental carbon,

In their studies of the pyrolysis of CH by a dynamic method in the
temperature renge of 1740-2100F, Murgulescu and Schneider (Ref, 11)
determined the overall activation energy to be 86,57 Kcal/mole. In
another study of Schneider (Ref° 12) under static conditions at 1380 F,
the activation energy was 87.25 Kcal/mole.

Data from other studies resulted in different kinetic parameters., An
acceptable value for the rate constant of the overall reaction appears
to be that determined in 1935 by Kassel (Ref. 13 )s

= 1012 exp (~79,000/RT) sec-l

The overall activation energy proves to be much lower than that required
for the initiation step (considered to be CH -)CH3 . + H), Studying
the thermal cracking of methane in an adlabatlc compression apparatus
.within the range of 1590 to 1750K at 20 atm pressure, Kondratiev
(Ref. 14) obtained for the primary step

k = 10*° exp (~103,000/RT) sec™t
Under Kondratiev's conditions, the reaction was not measurable below
1592K (2407F). The activation energy obtained for the primary step

perfectly coincides with the respective bond dissocaition energy
1)(1{3 C - H) = 103 Kcal/mole

as determined in 1940 by Polanyi, and confirmed in 1950 by Szwarc
(Ref. 15 )o

C=2
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Ethane, '.'02H6

The decomposition of ethane leads to the formation of ethylene and }12,
followed bty the breskdown of the ethylene. both processes involving

free radical reactions. Earlier studies (Ref. 13) gave the activation
energies of 70 and 74.5 Kcal/mole. The mewer work of Laidler and
Wojciechowski (Ref. 16 ) demonstrated that at approximatelgr 1180F there

is a transition to 3/ 2-order kinetics from the usual first order mechanism,
The experimental data seemed to support the Kuchler-Theile mechenism

(in preference to that of Rice and Herzfeld). The overall rate constant
obtained in the extensive investigation of Laidler and Wojciechowski was

k = 1,07 X 102 exp (~73,060/RT) sec™t

Propane, 031{8

The main products of decomposition of propane are CH4, ethylene, propylene,
and H2 (in approximately equal amounts); the minor products include
ethane, methylacetylene, acetylene, carbon and butene. The majer
reactions follow the stoichiometry

0338 > 03H6 + H2
and

CBHS -y02H4 + CH4

Earlier studies of Steacie and Puddington (Ref, 13) led to the activation
energy of 63.3 Kcal/mole. Similarly, Myers and Weston (quoted in Ref. 17),
utilizing the experimental data of other investigators, estimated the
activation energy at 63 Kcal/mole. However, in 1962 Laidler et al (Ref. 18)
arrived at different values of kinetic parameters and, as in the case

of ethane, showed that either first~order kinetics (at lower temperatures,
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and high pressures) or 3/2—order kineties (at higher temperatures, and
lower pressures) were obeyed., A free raedical mechanism involving six
steps was postuiated. The activation energies were 67.1 Kcal/mole for
the first order region, and 54.5 Kcal/mole for the 3/2-order region. It
will be noted that the average of these two values corresponds roughly
to the results from earlier studies. However, the most recent (1957)
investigation of the pyrolysis of propane by Kershenbsum and Martin
(Ref. 19)-at ths University of Michigan led to the considerably lower

value of the activation énsrgy. The overall rate constant was
K = 2.4 x 107" exp (~52,100/RT) sec™

1-Butene, C4H8

Most of the information on the thermal decomposition of l~butene derives
from the studies in 1958 by Bryce and Kebarle (Ref. 20 ), Using a
static system in the range 914 to 1040F, they found that the first—order
kinetics were obeyed; the gaseous products were CH,, propylene, ethylene,
ethane, and some H2; and the liquid products included cyclohexadiene,
cyclopentane, and cyclopentadiene, A representative value of the overall
rate constant can be taken as

exp (~66,000/RT)

Earlier(1950),studying bond dissociation emergies by the toluene carrier

gas technique, Sehon and Szwarc (Ref. 21 ) found that the primary dissociation
step in l=butene has the rate constant

K = 100 exp (-61,500/RT) sec™t

C-4
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This value was substantiated by recent (1965) studies of Kerr, Spencer,
Trotman-Dickenson (Ref, 22). Using the aniline-carrier technique, they
investigated the decomposition of l-butene in the 900 to 990Kltemperature
range and found the rate constant for primary dissociation step; i.e.,
for the bond rupture yielding the methyl and allyl radicals

CH3GH20H = CH2 iPCH3- + CH2CH = CH2
to be
-1
exp (—59,100/RT) sec

This value was identified with the respective C~C bond dissociation energy.

Since the overall activation energy is usually considerably lower than
the activation energy for initiation in this type of processes (compare
the results of Kaésel and of Konratiev, in the case of methane), it would
appear that the value for l-butene given by Bryce and Kebarle might be
too high.

The kinetic parameters for gas-phase thermal decomposition of the four
hydrocarbons considered are assembled in Table C-=l., It should be borne
in mind that these parameters were obtained in different teperature
ranges. It should be also noted that lower-activation energies are
coupled with consistently lower pre-exponential facfors, ieading to

smaller differences in the predicted rate constants.

DECOMPOSITION TEMPERATURE

The pyrolysis takes place over a range of temperatures. However, for
practical reasons, it is important to know at what temperature the
decomposition starts; i.e., becomes measurable, or begins to exert

seme noticeable effects. Such a "decomposition temperature" has to be

C-5
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defined arbitrarily. In the work at Monsanto Research Corp. (Ref. 8 ),
the thermal decomposition temperature was arbitrarily taken as "that
temperature where one mole percent of the material decomposes in one hour®,
Such a rate is actually rather slow and 1 percent decomposition in 1 minute
or even 1 second is of greater interest, Three sets of values of the
decomposition temperatures were calculated for comparison. First-order
kinetics were used in all of the following calculations; it can be shown
that an error of 0.5 in reaction order would only affect the calculated
decomposition temperatures by approximately 50F,

The decomposition temperature can be calculated from kinetic parameters

in the following manner:

k=11ln _a = 2,303 1leg _a
t a=Xx t a—-x
Hence, for l-percent decompesition in 1 second

k = 2,303 log _1.;;_8. = 1,0044 x 10~2 sec™ (log k = ~1.9981)

For l~percent decomposition in 1 minute

K o 2220 00 1074

%0 log ;§§'= 1.674 x s,ec"1 (log k = =3,7762)

and for 1l-percent decomposition in 1 hour

6

K = 2.79 x 100 sec * (log K = =5.5544)

From the Arrhenius equation
k = A exp (-B/RT);-E = 2.303 BT (log k — log A)
E
2.303 x 1.987 (leg A ~ leg k)

T=
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Therefores

1., For 1 percent decomposition in 1 second

E

T= 4.576 (1.9981 + log A)

2o For 1 percent decomposition in 1 minute

E

T =7.576 (3.7762 + leg A)

3; For 1 percent decomposition in 1 hour

E

T =7.576 (5.5544 + log &)

The decomposition temperatures, calculated in this way from the kinetie

parameters listed in Table C-1, are given in Table C-2,

TABLE C=2
DECOMPOSITION TEMFERATURES
Bydrocarbon Calculated temperature, F,

for 1 percent decompogition in
(Table C-1) 1 hour 1 minute 1 second

Methane 1. 1310 1510 1760

20 1512 1697 1928

Ethane 937 1069 1230

Propane 1. 750 892 1072

2a. 640 152 887

2b. 861 991 1148

l=Butene 1. 925 1069 1248

2a. 844 982 1153

2b, 813 950 1120
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INHIBITION AND CATALYSIS

The thermal decomposition of hydrocarbons can be aceelerated or, to some
extent, inhibited by products of reaction, additives, or surfaces. The

catalytic effect of surfaces is of particular interest.

Even in the homogeneous pyrolysis of methane under static conditions
Schneider (Ref, 12) noted: (1) an induction perioed,2) the "hydrogen
effect"; i.e. slowing down of the dissociation by the accumulation of

hydrogen; and (3) autocatalytic effect caused by the accumulating ethane.

Because of the free-radical chain character of decomposition reactions,

the process can be markedly inhibited by the addition of free radical
acceptors, such as nitric exide or olefin. Stepukhovich and Krol (Ref, 23 )
studied the effect of adding 0,5 to 10 percent butenes on the cracking

of gaseous alkanes. The inhibiting effect of ethane was observed. It

was suggested that the effect may be camsed by the decomposition products
(prdpylenes) rather than to butenes. Actually, this inhibitory effect

may be quite relevant to the behavior of l=butene.

The inhibitory effect of the added propylene on the decomposition of
propane was studied extensively by Laidler et al (Ref. 24 ). Recently,
the pronounced slowing down of decompesition of propane by the added
propylene was demonstrated experimentally by Kershenbaum and Martin
(Ref. 19 )o

c-9
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The effect of surfaces on the decomposition of methane was investigated
by Robinovich and Rodinov (Ref, 25 ), within their study of the formation
of carbon filaments, Copper, porcelain, and pure carbon showed no
catglytic effects, Platinum exhibited only a small accelerating effect,
but metals of the Fe subgroup showed a marked catalytic activity. Quartz
was found to act catalytically only above 1000C (18301?)..

Laidler et al (Ref., 18 ) noted that the rate of propane decomposition
in a quartz vessel was lowered approximately 20 percent by an increase

in the surface-te~volume ratie by a factor ef 12,

The work of Golder (Ref. 26) demonstrated how a catalyst can lower the
"decomposition temperature.® In the presence of a cobalt catalyst
1-butene yielded H,, C, CH,, and CH, at 350C (662F).

PYROLYTIC CARBON FORMATION

The decomposition of hydrocarbons at high temperatures leads to the
formation of pyrolytic carbon on the reactor walls, The phenomenon
is often referred to as particle formation (since the solid aggregateé
need not be pure carbon) or coking. Although higher hydrocarbons,
especially with branched structure, yield carbon more readily, much of
the useful information on pyrolytic carbom formation was obtained in
studies of the pyrolysis of methane,

Greene et al (Ref. 27) studied the decomposition of methane in a sheck
tube at 1600 te 2500K and concluded that the results supported Porter's
acetylene mechanism of carbon formation. Rafalkes and Tesner (Ref. 28) )
investigated the carbon formation from CH 4 (and other gases) also at
high temperatures, 1150 to 1450C, They noted that the hydrogen

formed in decomposition slowed down the carbon depostion on the reactor

C-~10
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walls. Robinovich and Rodinov (Ref. 25 ), in the previously cited work
involving the study of catalytic effects, employed lower temperatures,

800 to 1250C (1472 to 2282F)., Intensive growth of carbon filaments on

metals by decomposition of methane was observed at 925 to 1000C

(1700 to 1830F).

A recent (1967) paper by Syskov and Jelikhovskaya (Ref. 29 ) deals with

the mechanism of formation of pyrolytic carbon., Porter's mechanism

is not mentioned, and the direct decomposition of hydrocarbon molecules
into carbon and hydrogen is dismissed as very unlikely. It is postulated
that the formation of pyrolytic carbon occurs through a stage involving

the formation of medium-size hydrocarbons in the molten state. These
deposited compounds soon form drops because of the tendency for a

minimum surface energy. Further development of this process leads te

the formation of the globular strueture of pryolytic: carbon. The main part
of the pyrolytic carbon is composed of a mixture of high-molecuiar
hydrocarbons and their free radicals. The temperature of pyrolysis affects
the size and composition of the glebules., Thus, it was found experimentally
from the pyrolysis of CH4 that the average diameter of the globules wass
less than %ﬂ for 850 C, 3.?;4 for 900 C, and 36.9u for 1000 C. The
composition was 99,22 percent C and 0,18 percent H for 850 C, and

99.62 percent C and 0.07 percent H for 1000 C.

A large body of useful information on particle formation in the decompositien
of higher molecular weight hydrocarbons has accumulsted in the work at
Monzanto Research Corp. (Ref, 30 ). Various polycyelic and higher paraffinic
hydrocarbons (@ >9) were invelved, tut many of the coneclusions appeér

to be general,
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The following mechanism of particle formation was postulated (Ref, 8 ’
Pe 73) $

A—->B—>0 —b D — B
Olefins Particles
Conjugated Colered
Olefins, Compounds
Polyolefing

The follewing evidence supperted the above scheme: (1,) Particles
appeared enly after a substantial cenversion of the original hydrecarbon
(but their concentration then increasec sharply, by many orders of
magnitude, over a narrow conversion range)., This behavior is characteristic
of kinetics in which the product is formed from consecutive reactians.
(2.) A plet of the olefin content goes through a well-defined maximum
with increasing conversion. The olefins are converted to polymers

or other higher structures. (3.) Coler appearance always preceded
particle formation; this coler is presumably casused by the formation

of conjugated structures or condensed aromatic ring systems,

A nonrigid polymeric material, immiscible with the hydrocsrbon starting

 material, was believed to be formed prior to the formation of rigid

coke particles. It will be recalled that Syskov and Jelikhovskaya
(Ref. 29) also assume that the formation of rigid globules of polymeric
carbon proceeds through a molten state.

At Monsanto Research Corporation,with the use of a special microccker
unit, the rates of particle formation were specifically studied at
temperatures up to 1000F and at 500 psig pressure (Ref, 31). It was
found that all the compounds investigated formed particles after

2 to 3 hours of exposure at 800F, A correlation between the ease

of decomposition and the formation of particles was sought, An early
report stated that “there is a rough correspondence between the resistance
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of the initial hydrocarbon to thermal decomposition and the time the
hydrocarbon can be held at a specified elevated temperature before
particles appear, but the éorrespondence is far. from exact" (Ref, 8 ); In
later reports, however, it was maintmined that there was a definite
correspondence between these parsmeters for a homologous series (Ref, 30 ).
A simple relationship was developed (Ref, 31 )3

KpaaKd

where Kp = rate constant of a particle formation
2 = a constant for a homologous series

Kd = the rate of decomposition at 50 percent converaion.

It is unknown if this or similar relationship would apply to the series

of lower hydrocarbons (in any case, the series is not homologoug).

Other results from the Monsanto work which are of particular interest
includes
l. Pressure was found to increase the decomposition rate (confirming
the early observation of Meyers and Watson that the rate is
proportional to the first power of the pressure, as expected
from first-erder reactions),
2. Alkyl substituents (on rings) usually increase the ease of
particle formation,
3. Contacting hydrocarbons with oxygen at temperatures above
250 to 300F (but not lewer) considerably decreased their thermal
stability toward particle formation (Ref, 8 , p vi )y 7
4., The presence of type 304 stainless steel,as reported earlier, er
additional glass surface had no significant effect on the rate ef

C-13
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hydrocarbon decomposition at 800F (Ref. 8 , pP. 72 )o Subsequent
work revealed that type 302 stainless steel catalyzes the reactions
leading to deposit formation (Ref, 31 , p. 48 ). The carbon deposit
on the aiuminum surface appeared at a higher temperature than in

the case of type 302 stainless steel, but the deposit extended

over a greater length of the reactor.

An investigation of carbon deposition is being carried out by E. Weger
at the Washington University, St. Leuis, Missouri, under contract
AF04(694)-695 (Ref. 32 ). It involves the use of an induction furnace
and temperatures up to .%00CK,

At Pratt and Whitney Aircraft Cerporation, experimental rocket firings

were conducted using FLOi with methane, propane, l=butene, and an eutectic

blend of pentane and isopentane. According to M. R. Glickstein of Pratt

and Whitney Aircraft Corporation (Ref. 4 ), there was no coking problem

under normal conditions with methane and ethane, either in the cembustiem chamber
or in cooling passages, However, propane led to various degrees of coking

in regenerative cooling systems, and l-butene was relatively the worst.

The literature data on the thermal decomposition of hydrocarbons were
ebtained with pure reactants, under well-controlled conditions, usuelly
under reduced pressure, and normally in glass reaction vessels. -Cenditions
in rocket rthrust chambers are quite different, particularly with respect
to pressure and the nature of the wall surface. Investigations under

the actual or closely simulated conditions are, therefore, required to
obtain more appllcahle data on thermal decomposlt:.on and coking in
regenerative coolant passsages,
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APPENDIX D

CAICULATION OF COOLANT TRANSPORT FPROPERTIES

Semitheoretical methods were used to obtain values of viscosity and
thermal conductivity for methsne, propane, and l-buteme in the regions
where experimental data were lacking. This was particularly necessary
for the l-butene where very few experimental data were available.
Reduced state and residual property methods were employed in these
calculations.

METHANE

Experimental data were available for the thermal conductivity of methane
in the low temperature region in-Ref. 33, Values of thermal conductivity
of liquid methane at atmospheric pressure, k¥, were available for moderate
temperatures in Ref. 34, Values of k* for higher-temperature methane
vapor were also obtained from Ref. 34and by using the following

equation from Ref.35.
K* = (cp/ X)) Q452 2 - 5.14)%/3 1 10 (1)

where Cp is the specific heat at constant pressure, T}1 is the reduced

temperature, and A is given by
A = VE Yo ¥/ @)

where M ig the molecular weight, Tc is the critical temperature and
Pc is the critical pressure.

The effect of pressure on thermal conductivity was determined by the

method of residual conductivity. Application of this procedure is based
upon the assumption that the value of the residual thermal conductivity,
k-k*, depends uniquely upon the density of the substance. The density, /) ’
in turn depends upon temperature and pressure. A graph of k=k* vs
obtained from Ref., 3%,

/0 was
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The same semitheoretical method was used to calculate the viscosity, /u ’
of methane at high temperatures. Values of M/ ¥ vs temperature were
obtained from the experimental data of Ref, 36 and calculated using

the equation

5 0.94
% =34 X107 @

T (3)

?./3/T

vhere = V-f Pc (4)

Values of residual viscosity, ( M -/(4*), vs /) were obtained from
Ref, 36, The value of M at any pressure was calculated as ¢4 = Y.z *
+ (/A - M #), Viscosity data for all pressures at temperatures lower
than 32F were also obtained from Ref, 36,

PROPANE

Values of k* from OF to 1000F were obtained for propane from Ref.34 and
extrapolated to ~300F. AValues of k from Ref.37 were used to generate
a k=k¥* vs /0 curve which was, in turn, used to obtain values of thermal
conductivity for pressures up to 2000 psia.

Propane viscosity data were awailable in Ref, 38for all pressures and
for temperatures as high as 450F, Viscosities at higher temperatures
were ebtained by calculating the 4/ ¥ values according to Eq. (%)

and (4) and adding the residual viscosity values obtained from Ref. 38 ,

D2
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1-BUTENE

The thermal conductivity of l=butene was calculated according to the
method of reduced parameters. The variations of reduced thermal

conductivity, k/kc’ with reduced temperature, T/ Tc, and reduced pressure,
P/Pc’ was obtained from Ref. 39 hased upon experimental data With ethylene,

The critical point conductivity, kc’ was calculated according to

k =622X107 VH P 2/3 /Tcl/ 6 cal/em sec K (5)

Values of 4 * were calculated for l-butene using Eq, (3) and (4).
These values agreed well with data given in Ref. 34 A graph of

M -/u* vs ﬁ was prepared using data from p. 177 of Ref. 34, reduced
viscosity data from Ref, 40 , and from Ref. 4 o
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APFENDIX E
DETAILED ANALYSIS TECHNIQUE

The detailed thrust chamber regenerative cooling designs were accomplished
using the Rocketdyne "Regenerative Cooling Design or Analysis"™ digital
computer program. The thrust chamber contour is divided into a number
of xial increments ( Xz 75-100) ‘and the required coolant mass flux

and channel size to maintain a given wall temperature is determined

at each station. The coolant mressure drop and bulk temperature rise
between each station are calculated and summed along the contour te
obtain total chamber values. A more detailed discussion of the factors

entering into the design is presented below,

The case of a supercritical forced convection cooling design is first
considered. The gas—slde convective film coefflclent (h ) profile is
calculated based on the combustion products potential flow field and
golution of the integral momentum and energy equations as discussed in
Aprendix A. The heat flux at a given station is then calculated from
the relation |

Q/Aahg (P -7 ) (1)

aw wg

where ng is the design wall temperature (input),and the adiabatic
wall tempersture (Taw) is obtained for turbulent flow from the relatiem

N 1+ \7NPR~ 1—"—%—- ¥l
=7/c*2 T (2)
TBEAL 1. 371 2

2
The coolant-side wall temperature is obtained by integration of the basie

one-dimensional conduction equation across the wall

T
/ & k(?) aT = (Q/4) (fw) (3)

T
we

B-1
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where k (T) denotes that the thermal conductivity of the wall material

is a function of temperature. The above relation (3) 1is readily integrated
for those materials (such as steel and Hastelley X) whose thermal
conductivities vary linearly with temperature. In the case of a non-linear
variation (such as nickel) the relation (3) may be rewritten

TWO ng
x(T) dTJ K(T) ar - (o/A) . ¢, (4)
ThER

where TREF denotes some reference temperature, Tabular valuss of the
integral of k('l‘) dt are input as a function of temperature for the
material of interest and solution of (4) for T o 18 readily achieved.

The coolant bulk temperature at the station of interest is equal to the

value at the previous station plus the temperature increase between

stations
T, = T + AT (5)
: § B B
J J-1
where -
Ty = Q/A . A (6)
- 2
W .C
¢ P

The above solution for the bulk temperature rise is iterative since the

coolant properties are a function of temperature and pressure.

The required coélant convective film coefficient (hc) is then determined
by

h /A (7)

B2



NROCK ETIDY NE L4

The convective film coefficient is then related to the required coolant

mass flux by a semi-empirical relation such as

nNud = kc * = 0,023 N Nop ¢a¢c (8)

where the coolant properties are evaluated at a suitable reference

temperature as discussed in subsequent paragraphs,

' Equation*(é) relates the coolant mass flux requiréments and channél

size (équivalent diameter) based on cooling considerations. The above
two parametérs are glso interrelated based on geometric considerations

so that further iteration is required to obtain consistent results.

The coolant pressure change between stations is the sum of the momentum
and frictional effects,

AP = AR, + AP, (9)

where ARy = 21 (A7) (10)
g
¢ 2

and AP, =f AL |, _c (11)

T 28p
The friction factor (f) is calculated from the transcendental Colebrook
relation (Ref. 4% )

x. o= lJd4 -2 1eg10 9:35 + e (12)
f N, o VE A

A further iteration on the pressure drdp ig required to account for

coolant property dependence on the coolant static pressure.
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The coolant pressure drop and bulk temperature rise are summed aleng
the channel to obtain the jacket exit conditions. Iterations on the
coolant jacket inlet pressure are normally required for compressible
fluids in order to achieve the desired exit pressure. (The desired
Jjacket exit pressure is derived from ihe chamber pressure and injector

pressure drop.)

The chamber cooling design for a nucleate boiling liquid parallels the
previous discussion. The primary difference is that the coolant-side
wall temperature is fixed by the saturation temperature of the coolant.
The combustion-side wall temperature and heat flux are calculated using
Eqs. (1) - (3), Coolant velocities and channel sizes are then obtained
from a suitable nucleate boiling correlation as discussed in the

following paragraphs.,

Coolant Correlations

Due to the extreme range of conditions considered in this study, three
basic cooling regimes are encountered; (l) forced convection (supercritical

cooling); (2) nucleate boiling; and (3) film boiling.

In the forced convection regime, the semi~empirical correlation

0.8, 0.4 .
Ny, = 0,023 Np SNPR ¢l¢c (13)

was utilized. The factors ¢E and ¢C represent entrance and curvature
effects respectively. The entrance effect is determined from the relation
(Ref. 42 )

L =0.15

#e = 1 (14)
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The curvature enhancement factor is based on considerable heated curved
tube experimental data with hydrogen and nitrogen tetroxide (Ref. 43 and
7 ). A typical plet of the cooling enhancement on the outer wall as

a function of the length to diameter ratio from the start of the curved
portion is shown in Fig.E~1, It is apparent that the coolant capability
increases very rapidly once the curve is entered. In the current study
the nozzle radius of curvature downstream of the throat was selected s=e
as to achieve a curvature enhancement factor.(¢c) of 1.5 at the physical
throat for an uppass (counterflow) cooling circuit., Some diminishment of
this curvature enhancement might occur for rectangular channels due to
changes in the secondary flow patterns. It is possible to make U~shaped
or circular channels if necesgsary at the higher chamber pressures where

the curvature factor is of great importance.

In the convective correlation (l) the coolant properties were evaluated

at a film temperature which is the arithmetic average of the bulk
temperature and coolant-side wall temperature. A comparison was made
between this approach and that of evaluating the properties at the

coolant bulk temperature. The results of the comparison are shown in

Fig. E2 where the required coolant mass flux (Gc) is plotted as a function
of bulk temperature for two heat flux levels. It is apparent that at
temperatures below about 600R the use of a film temperature correlation
results in a considersble increase in the predicted coolant mass flux

requirements.

An 2l ternate convective correlation developed for hydrogen (Ref. 42 and
7)) including roughness effects is

0.55
N hc TB f/2 (
ap = = |2 15)
C, G, T oo 0.92 + V/2 . 8 (€ *) - 8.48
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where Q ( € *) is a relative roughness parameter (Refo 7 ). The

coolant properties in the above relation are evaluated at bulk conditions,
The inclusion of the roughness factor ean account for coolant enhancements
of 10 = 30% at higher Reynolds numbers ( > 106). The above relation was
not uaed in this study because of the uncertainty of the exponent on

the temperature correction factor for light hydrocarbons. Experimental
data for supercritical cooling with light hydrocarbons is needed to

more accurately determine the eonvective cooling correlation. It is
believed that the use of equation (13) in this study represents a

conservative approachs

In the c¢ase of nucleate boiling at sub-critical conditions, the

correlation of Ref, 44 was used, This is of the forms

= - Cr
(/R)yyg =2+ b (Tg,n = 1) Vo [d + ¢ F] (16)
where the values of the coefficient as taken from Ref, 4 are listed

belowe

TABLE E-1

CORRELATION CONSTANTS FOR MAXIMUM NUCLEATE BOILING HEAT FLUX

Coolant a b c d e

Metheme | ,2508 | 4.134 x 1077 0.9 1 0

Propene | .3227 | 9.431 x 1074 0.5 1.0376 -2,510 x 1074

-4

Butene-1 .2736 | 7.430 x 10 0.6 1,0619 -4.1% ¢ 104
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The above correlation is based on rather low coolant velocities

(Vv < 25 Pt/sec). Extrapolation to higher velocities as required in
some of the chamber designs is somewhat uncertain. BExperimental data
at higher coolant velocities (V = 100 4e 200 ft/sec) would be beneficial

in the accurate determination of a chamber design.

In the current study the design coolant velocity was increased by 20percent
over the calculated burn~eut value as a margin of safety.

In the film boiling regime, use was made of the data of Ref., 4,
In general film boiling of the coolant was restricted to the portions

of the nozzle having low heat flux values so that the wall temperatures
would not become excessive,

E-9
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