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SUMMARY

A paramctric study was conducted defining the regenerative cooling limits
(maximum chamber pressure) for 09/hydrocarbon gas generator and staged combus-
tion cycle rocket engines over a thrust range of 89,000 N (20,000 1bf) to
2,669,000 N (600,000 1bf) for a reusable life of 250 missions., Maximum chamber
pressure limits were first determined for the three propellant combinations
(02/CH4, C2/C3Hg, and 02/RP-1) without a carbon layer (unenhanced designs).
Chamber pressure cooling enhancement limits were then established for seven
thermal barriers. The thermal barriers evaluated for these designs were:
carbon layer, ceramic coating, graphite liner, £1ilm cooling, traunspiration
cooling, zoned combustion, and a combination of two of the above. All fluid
barriers were assessed a 37 performance loss. Sensitivity studies were then
conducted to determine the influence of cycle life and RP-1 decomposition tem=-
perature on chamber pressure limits. Chamber and nozzle design parameters are
presented for the unenhanced and enhanced desiguns.

The maximum regenerative-cooled chamber pressures are attained with the
09/CH4 propellant ccmbination. 02/RP-1 designs must rely on a carbon layer
and liquid-gas injection chamber contours, "short chamber', to be competitive
with the other two propellant combinations. This is attributed to the low de-
composition temperature of RP-1.

The chamber pressure trend with thrust differs from the normal acceptable trend
of higher chamber pressure for the larger thrust level. The reverse trend of
this study is attributed to maintaining a constant life criterion instead of a
constant wall temperature criterion. The maximum enhancement benefit was
attained with the combined thermal barriers. These were carbon layer and
ceramic ‘coating for the 02/RP—1 designs, and film cooling and ceramic coating
for the 02/CH4 and 02/C3Hg designs.
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INTRODUCT1ON

This program was a l2-month analytical study under NASA-T,eRC Contract NAS3-
21381 to investigate advanced cooling techniques related to hot-gas heat
barriers for high chamber pressure oxygen/hydrocarbon rocket engines. The pro-
gram provides NASA and vehicle designers with chamber pressure limits for
hydrocarbon regeneratively cooled thrust chambers, extended chamber pressure
limits when advanced cooling techniques are applied, and identification of
technology items that require substantiation before the advanced cooling tech-
niques can be implemented confidently.

This program is subdivided into two technical tasks. Task I is devoted to
defining the regenerative cooling limits (maximum chamber pressure) for the
tnree hydrocarbon propellants (RP-1, methane, and propane) without enhancements
and generating the cooling circuit design parameters at these limits. Task 1I
defines the cooling enhancement techniques investigated and applied to the
designs developed in Task I to determine - far the chamber pressure can be
increased beyond the conventional regenerative cooling limit. The status of
these cooling enhancement techniques are assessed to identify the technology
needs required before the concepts can be confidently incorporated into thrust
chamber designs.

As a result of the Task I and Task II analytical efforts, after it was deter-
mined that these cases would not provide useful data, some sensitivity analyses
were substituted for some planned design analyses. Cyclic life and RP-1 decom-
position .temperature sensitivity studies were conducted with the approval of
the NASA manager.

STUDY GUIDELINES

Task I study guidelines are given in Table 1. Many of these guidelines are the
same as those used in past NASA rocket engine design studies. Additional guide-
lines, which were established in agreement with NASA/LeRC during the Task I
study, are presented in Table 2.

The coolant Pgu¢/Pe ratio of 1.2 for the gas generator designs (Piy/Pe = 1.8)
represents a reasonable outlet pressure limit to allow for injector AP and
parasitic losses (manifold, ducting, etc.). This results in an allowable
cooling AP/P, of 0.6 (1.8 to 1.2), which is typical of combustion chamber de-
signs. This cooling pressure drop limit was used for the staged combustion
cyzle (Pi,/Pc = 2.25) and results in the coolant Pout/Pc ratio of 1.65. This
higher outlet pressure limit is required so that the coolant can do additional
work before going to the main injector (such as driving the turbines for the
pumps.)

The coolant inlet pressurc will be reduced below the Pyy1.¢#P. assigned ratio
when the P. limit is attained for cach thrust level. However, at least one
series of maximum Pe versus thrust trend will be established for the guideline
p P ratio.

inlet/ c ¢
The combustion chamber coolant side surface voughness 1s typical of values
measured for milled channels in copper and copper-base alloy chambers. The noz-
zle coolant side surface roughness ‘s typical of small-diameter tubes. The
coolant inlet temperatures for methane and propane are slightly greater than
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thelr respective ambicnt pressure saturation values, The RP~1 is assumed to be
at ambient temperature, The allowable coolant maximum Mach number was less

than 0.5 to ensure that choking will not occur in an off-design operating
condition,

The Task II basic guidelines are identical to the Task I guidelines with the
addition of the thermal barrier guidelines noted in Table 3, The substituted

sensitivity studies related to cyclic life and RP-1 decomposition temperature
were conducted outside of the specified guldelines,

When the maximum guideline chamber pressure for each thrust level was met, the
minimum Pinlet/Pc of the coolant established the design for the limiting cham-
ber pressure, This criterion was disregarded for the film~cooling enhanced

designs to Aatermine chamber pressure versus thrust trends, Other enhancement
techniques were within the PC guideline limits.

P
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TABLE

1, TASK T STUDY CUIDELINES

PARAMETER

GUIDELINES

PROPELLANTS

0p/RP-1 AT MR = 2.8:1
0p/CHy AT MR = 3.5:1
0y/C3Hg AT MR = 3,1:1

ENGINE SIZE

4000
5000
6000

20 K VACUUM, (€ =400:1), MAX P,
150 K VACUUM, (€ = 400:1), MAX Pc
600 K S.L. (€ = 80:1), MAX Pc
€c BETWEEN 1.5:1 AND 4,0:1
90% BELL DESIGN NOZZLE

nm n u

PERFORMANCE e 98% ERE COMBUSTION EFFICIENCY
* CONTRACTOR IN-HOUSE METHODOLOGY (ODE)

COMBUSTION * NONTUBULAR (CHANNELS)
CHAMBER * COOLANT CHANNEL DIMENSION LIMITS
GEOMETRY * MIN. (W =0,03"

* MIN. WEB = 0,03"

* MIN. WALL = 0,025"

o MAX. CH/CW = 4:1
COMBUSTION e COPPER OR COPPER-BASE ALLOY

CHAMBER MATERIAL




TABLE 1. (Concluded)

PARAMETER 6l IDELINES
T/CWALL | Ty = 1460 R FOR COPPER OR COPPER BASE ALLOY
TENPERATURE | RP-1 Tyc = 1060 R (UNLESS HIGHER VALUE IS JUSTIFIED)
LINITS * CHy Twe = 1760 R
* (3 Hg Tye= T.B.D. BY CONTRACTOR (1320 R)
HOT-GAS HEAT  * CONTRACTOR IN-HOUSE METHODS AND CORRELATIONS
TRANSFER '« CARBON DEPOSITION TO BE NEGLECTED

COOLANT HEAT!
TRANSFER

Pin/Pc = 1.8 (6.6,)

Pin/Pc = 2.25 (STAGED COMBUSTION)

REGEN COOL TO €= 180:1 FOR 20 K AND 150 K, IGNORE
COOLING FOR €= 180:1 T0 €= 400:1

REGEN COOL ENTIRE T/C (€ = 80:1) FOR 600 K
CONTRACTOR IN-HOUSE METHODS AND CORRELATIONS

2-D CONDUCTION EFFECTS INCLUDED

0y NOT CONSIDERED AS PRIMARY COOLANT

CYCLE LIFE

250 X 4
€, = KQAT
MANSON’S EQUATION WHEN NO DATA AVAILABLE

,,,,,,,,




TABLE 2, ADDITLONAL STUDY GUIDELINES ESTABLISHED DURING TASK I

® YIELD SAFETY FACTOR = 1.1
® ULTINATE SAFETY FACTOR = 1,5
® TOTAL RUN DURATION = 10 HOURS

® COOLANT P, /P. = 1,2 (GAS GENERATOR CYCLE)
= 1,65 (STAGED COMBUSTION CYCLE) | !
® COOLANT SIDE SURFACE ROUGHNESS
20 MICROINCHES RMS FOR COMBUSTION CHAMBER
40 MICROINCHES RMS FOR NOZZLE
® COOLANT INLET TEMPERATURES

RP-1 : 294 K (530 °R)

Calg 233 K (420 °R)
CHy + 117 K (210 °R)
® COOLANT MACH NUMBER < 0,5
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DESLIGN CONSTDERATTONS AND ANALY'TICAL TECHNTQUES
DESTGN CONSTDERATIONS

GCombustilon Chamber

The combustion chamber geometry (liner hot-gas wall contour) affects the weight,
performance, heat transfer, and life. [nfluencing parameters are length, con-
tractlion area ratio, and wall coutour. The optimum combustion chamber design is
one with minimum engine weight, minimum hot-gas wall temperature (maximum life),
and maximum performance. Tn addition, engine constraints are imposed on the
chamber design as related to available coolant pressure drop and flowrate re-
quirements established for an engine balance with minimum oxidizer and fuel pump
discharge pressure, The optimum coolant passage geometry for maximum life
(minimum Tye) normally approaches the minimum wall thickness and minimum channel
and land wigths.

Nozzle

The thrust chamber nozzle contour primarily affects the performance and wvelght
of an engine. The location of the nozzle attachment to the combustion chamber
is of great significance, affecting life and engine weight. The optimum attach
point is located as near to the throat as possible and still meet nozzle tube
life and coolant AP. Care must be taken to ensure the chamber throat coolant
is at an efficient bulk temperature. The optimum attachment location normally
1s between an area ratio of 5:1 and 10:1. The higher the chamber pressure, the
larger the attachment area ratio. The minimum tube wall thickness normally
provides maximum life for minimum coolant pressure drop.

These design considerations are typical of those employed to attain the maximum
cooling and life for the Space Shuttle Main Engine (SSME), Ref, 1.

PERFORMANCE

The performance of a liquid rocket engine system is dependant on how efficiently
the propellants can be injected, combusted, and then expanded supersonically
through a nozzle., The combustion efficiency (n.x) depends on injector design
and combustor contour (length and contraction ratio). Additional thrust is
obtained through optimum expansion of these combusted gases as related to the
nozzle thrust coefficient efficiency (ng;.) Therefore, certain design criteria
must be met to attain realistically high performance. The injector/chamber
geometry of this study produces a 98Y% energy release efficiency Mex). The
nozzles are typically designed for an expaunsion efficiency (nCF) of 97.5%,
These efficiencies are related to the theoretical optimum efficiencies
attainable.

Nozzle Performance

The theoretical one-dimensional gas dynamic thrust coefficients for the pro-
pellant combinations considered in this study (09/RP-1 at MR = 2.8:1, 02/C3Hg
at MR = 3,1:1, and OZ/CH4 at MR = 3.5:1) are shown in Fig. 1 as a function of

e e i
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chamber pressure. The vacuum values at an expansion ratio of 80:]1 are corrected
to sea level uging the following equation:

])
~ .Seca Level (1)
CF Sea Level CF Vacuum P X &
This sea level correction produces g large variation in the thrust cocfficlent
because of the high nozzle expansion ratio, A value of 0.975 for the gas dy~
namle na. is used to correct the theoretical thrust coefficients to actual con-
ditions.” This ig an average value determined from ap evaluation of these pro-

Once the thrust coefficients are known, the combustion gas flowrate can be
determined from the following equation:
F

s TR, (2)

These flowrates are shown in Fig. 2 for Ne,, = 0,975 and Nex = 0.980. Any gas
generator flow and its contribution to thrist has not been included in this
computation, The large variation in flowrate with chamber pressure at the
2,669,000 N (600,000 1bf) thrust level (g = 80:1) 1s due to the large vartiation
in the thrust coefficient (Fig. 1),

Combustion Chamber Performance

The geometric throat radius as a function of chamber pressure and thrust
level is shown in Fig. 3. These radius values were evaluated using the
following equation: 1/2

F
t <CD X CF X T x Pc)

The discharge coefficient (CD = A*/At) is 0.99 for a throat upstream radius
ratio of 1.0. Since the thrist coefficients are nearly the same for eaclh of
the three propellant combinations, the throat radius wias defined independently
of propellant combination by using the average of the three radius values at
any set of conditions,

Figure 4 shows the chamber injector-to-throat length as a function of chamber
pressure for the three thrust levels being considered, For each thrust level,
there is a curve for liquid-1iquid (oxidizer-fuel) and liquid-hot-gas propellant
injection. Using the radius values from Fig. 3, the normalized injector-to-
throat length can be determined as shown 1in Fig. 5,

The analogous curves for the thrust chamber contraction ratio are shown in
Fig. 6. The curves in Fig, 4 and 6 were generated from a computer program
that utilizes g curve fit 1interpolation of data tables that reflect experience
and judgement based on numerous eagine programs having various propellant com-
binations. There are two sets of data in this program, one for Hquid-1iquid
injectors and the other for liquid-hot—gas injectors using turbine discharge

gases as the fuel,

10
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The oxidizer (oxygen) ls not truly a liquild ac the point of injection in that
it has a high vapor pressure, low viscosity, and virtually no surface tension.
The Llquid fuel 1s the limiting propellant with atomization, vaporization, and
mixing being the limiting mechanisms., TLiquid-liquid engines require longer
residence time (longer length) for complete mixing and combusting of the propel-
lants than do liquid-hot-gas cngines as shown in Flg. 4. The Injector-to-
throat length is increased as the thrust 1s increased, primarily becausc of the
coarser injection pattern as che thrust is increased. Where a value of 44.5 N
(10 1bf) equivalent thrust per element is practical for a 4450 N (1000 1bf)
thrust engine (100 elements), it would not be practical for a 4,450,000 N
(1,000,000 1bf) thrust engine where it would result in 100,000 elements. The
end result is lavge injection orifices and large propellant droplets in the
high thrust engines where propellant injection rates for each element approach
4450 N (1000 1bf) equivalent thrust., The chamber length can be decreased with
increasing chamber pressure because the reaction rates increase with chamber
pressure,

Higher chamber pressure operation also leads to larger injection orifices since
the mass flowrate per unit injector face area is increased with increasing
chamber pressure, Therefore, an increase in contraction ratio is desirable as
the chamber pressure increases (Fig. 6 ). The larger contraction ratio eases
the job of manifolding the higher propellant flowrates and provides increased
injector face area for more injection orifices. However, as specified in the
study guidelines, the maximum contraction ratio was limited to 4.0 to 1. The
minimum contraction ratio guideline of 1.5 to 1 will not be encountered.

The chamber sizes in Fig. 4 and 6 are mean recommended values, Any indi-
vidual actual engine could be sized significantly on either side of these
values. FEach engine design poses its individual envelope requirements and
favors a specific set of compromises. However, these curves define the trends
used in the parametric study.

The propane and methane fuels were treated as hot gases for the gas generator
cycle because of the large- temperature increase each incurs during cooling.

The liquid-liquid curves in Fig. &4 and 6 were used for the gas geuerator cycle
design with RP-1 as the fuel using conventional type injectors. However, it is
believed that low thrust per element type iunjectors can be developed to attain
an energy rclease efficiency of 98%. 02/RP-1 design analyses also werr con-
ducted for these prospective gas generator cycle designs for comparisen.

Film and Transpiration Cooling Performance Loss

Performance analyses were conducted to determine the amount of fuel available
for film or trauspiration cooling as a function of specific {mpulse. The
Rocketdyne computer program, FILM, was used to calculate the losses. ODE spe-
¢ific impulse was used at mixture ratios above 1.5, while at lower mixture
rativs a nonequilibrium model was used, based on test expetrience which has
shown that much less solid carbon is formed than predicted by equilibrium cal-
culations. A linear mixture ratio profile was assumed, varying from 0.1 at
the wall to the core mixture ratio as shown below.
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The variable mixture ratio region was divided into zones and the coolant was
assumed to react with the main flow at the local mixture ratio. The flow in
each zone was then integrated to determine the mixture ratio and specific im-
pulse and a mass-weighted average specific impulse was calculated. This value
was then compared to the specific impulse at the same overall thrust chamber
mixture ratio to determine the loss due to the coolant flow.

Performance losses were calculated for each propellant combination at chamber
pressures of 1379, 2758, and 4137 N/cm? (2000, 4000, and 6000 psia). Sea level
and vacuum conditions were considered, with area ratios of 80:1 and 400:1,
respectively. Since theoretical, rather than delivered, specific impulse was
used, the results apply to any thrust level. Similarly, the thrust chamber
rather than engine mixture ratio was used, so there is no difference between
8as generator and staged combustion cycles. Figures 7 through 9 show the
specific impulse loss as a function of coolant flow for each propellant combin-
ation. ‘At the 3% performance loss level, the data from Fig. 7 through 9 are
plotted in Fig, 10 as a function of chamber pressure. This curve defines the
allowable film and transpiration coolant flowrates for the Task II study.

The zoned combustion thermal barrier enhancement performance considerations are
presented in the Zoned Combustion section of this report,

17
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CONTOUR DEFINITTON
The Tollowing parameters were seleeted Cor the combust lon chamber contour:

e (onvergence halt-angle

o 0 degrees tor 12,609,000 N (000,000 1btY THquld-hot pgas
propellents

e 20 dogreen tor all other desipns

e Convergoence R/Rt‘ Joinlug eylindrical

sectfon with entrance vamp 2.0
e Throat upstreanm R/RL 1,0
e Throat downstream R/Rt 0,4

The relatively shallow 20-depree convergence half=angle promotes cont {nuous
smooth boundary layer growth.  Shallow convergence angles vesult in a hipher
averape heat flux due te a lower average contraction ratfo.  UHowever, theve is
only a small {ncrease in the {ntegrated heat load because the inereased aver-
age heat Clux fs oearly offset by the reduced surface arca (smaller average
diameter and decreased surface tength).  Tha shallow convergence angle s
fncompatible with the short lenpths and lavge contraction ratfos of the
2,609,000 N (600,000 1bf) sca level thrust combustors with Liquid=-hot—pas pro-
pellants at low chamber pressuves.  Thevetore, tor these contigurations, the
convergence halt-angle has been Inereased to 30 degrees.  Additionally, It
necessary, the injector-to-throat lenpth was fnercased beyond the min{mum ro-
quired for combustion (Fig. 4) so that there is a 5.08 em (2 [ny) eviindrical
section tor Injector-to-chamber compat ibility,  The 2,609,000 N (600,000 1bt)
sea level thrust combustion chamber contours tor the Uguid=liquid and 1iquid-
hot=gas propellants arc compared in Fig, 11, The liquid-hot-gas designs are
quite short relative to thelr contraction ratfos, 1t was declded that it
would not be reasonable to cousider decreasing theiv lenpgths tarther,

The large upstream convergence R/R jolning the evlindrical scction with the
convergence ramp provides a smooth trans{t{on to avold low separation at the
turn, avold ifmplagement at the initfal portion of convergence, and provent
degradatfon of the coolant t{lm coetfticiont due to reverse curvature oftoect s,
The upstream and downstream throat radius vatfos are the same as used tor the
SSME and ASE combust {on chambers,

Nond imenstonal- (R/Ry s X/Rl) 90% bell norzte contours for v o 8001 and v

A00: 1 were penerated for the three pronellant combinat Lons.  Parabolle nossle
contours are generated that closely approsimate a Rao optlmum contounr,  Initial
expansfon angles ot 12 and 37 deprees tor the ¢ o= 80:t and + = 400:1 contours,
respectively, were selected. An exdft angle of 6.2 deprees s selected tor both
expansfon ratfos,  These angles were obtafned trom curves avaflable Trom pre-
vious opt imum contour analysios,

The transonte Vlow analvsis computer program was used to computoe the tlow

' propertices {n the reglon of tlow extending trom Mach 0.8 1o 1,2, This program
caleulates fso-Mach Tines, streamlines, and characteristic lines for the
transonfe fltow repfon, One of the tso-Mach ines (s used with the cor our and




2
-
T —— THROAT
s . PLANE
P
1L r-E- 2
1034 N/cm® (1500 psta)
: 2068 N/cm? (3000 psia)
= 3103 N/ew?® (4500 psia)
t
0 t 1 - + -
-k -3 -2 -1 0
X/Rt
| ;/
_/,
2 |
(a) Liquid-Liquld Propellants
2
P i
! = \
T 3103 N/cm2 (4500 psia)
2068 N/cm? (3000 psia)-
R 1034 N/cm2 (1500 psla) —-
R. 0 v : : -+ ~
Rt -4 -3 -2 -1 0
X/Rt , .
1oL o
30° {7
//
2 L

Figure 11,

(b) Liquld-Hot Gas Propellants

Compar {son ot Combust {on Chamber Contours tor
2,009,000 N (600,000 (bt)

e bt



TrTTymEmm o

the combust Log BAS propertiey a4 Input to a computer program that caleulateg
wall Propaertios Along the fontour,  Thege results are used In the Rocketdyne
Boundury Layer Comput ey Progyan, This nozzle contour analysig mothodology is
stummarlzed {p ig, 12, For oacn Propellant uomhination, the hondimens{ong]
nozzle contoyry heed he defipeg for only one chamber Pressure. 1t g not
Hecessary to aoencrate g lozzle contoyr for each chamber pressure analyzed pe-
cause of the small effoct of the chamber pPressure on the hot-pas Properties
used to derive the nozzle tontour and tphe fact that the nozzle is not the
controlling component ip these thermal analyses,

The chamber and nozzle contours gre bPresented for cach design cage in
Appendixes C and D,

CYCLE LIFE anp STRUCTURAL ANALYSTS

Extensive analytical apg experimentgl background in the analysis and predic-
tion of cyelie life and Structural integrity of high chamber bPressure reusable
engines such gag the SSME ang ASE has legq to a realistic yet simplified life
cyele analysig technique,

This simplified approach involveg the appropriate wall temperatyre differen~.
tial, waljl materiagl coefficient of thermal eXpansion, ang an cmpirically de-
rived coefficient, This method has been incorporated into the Regenerative
Cooling Design/Analysis Computer Program ag Part of NASA-LeRC Contract NAS3-
16774, ang pProvides a rapid, efficient, low-cost method fully integrated with
the coolant Passage thermal design., Also, as bart of thig computer praogram, g
simple Structural analysis of the coolant pPassages can be performed, These
teatures make thig computer bProgram an ideg] tool for barametric dagg genera-~
tion as yel} as detailed thrust chamber cooling design asg required in thig

Cyele Life

Cycle life consists of assessing the accumulation of damage to g material agg
¢yeles of operation occur, The length of time under load as well gs repeti-
tions of load are evaluated, The length of time under load is evaluated by
using the Stress rupture Properties of the material while the repetitions of
load (eyclic influence) is evaluated by using the fatigue bProperties of the
material,

The fundament g Premise used ip the life Prediction analysis iy that failure
depends on the accumulation of Creep and fatigue damage, A generalized cyele
Life Cquation is ysed to consider the total damage caused by fatigue and
creep:

4 (¢f + ¢C) ~ 1.0

wvhere 4 g4 the specified life safety faxtor and ¢f and ¢ ape the Fatigue and
- N e ¢
creep damage tructions, rcspevtivoly.
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Fattgue Damage Fraction

The facigue damage fractlon (¢.) s the ratio of the number of design Joad

eycles () to the number of Load cyceles required to cause faflure (Nf):
¢ = ”/Nr (4)

where N, s a function of the equivalent uniaxial strain range (v‘) and the

- . Q
hot=-gas surface temperature (va)' For chamels, the equivalent untfaxial
strain range is dofined as: &

o= 2 3 (5)
Le ttotalL

where R is a correction factor to correlate re
ses.  From analyses of the ASE and SSME thrust chambers; this factor was de-
termined to be 1.2 for NARloy-Z. The hot-gas surface axial or lateral strain
range (¢ 1 is defined as the difference between the steady-state operating

toty !
hot-gas surfice strain (Fs_s) and the 1initial hot-gas surface axial or lateral

strain (¢,):

sults with finite clement analy-

[

: = g - (0)
Ltotal Ls-—s Li

Ui.e and £, are based on the hot-gas surface

temperature (T ) and the close-
8= i . wg
out” temperiture (1b\)‘

£ =lQAT = - QAT S8 (7)
5=8 wg bw
. - T (8)
4 aA lwg AT bw i

The temperature differences
inftial hot-gas wall and clo
between the coolant fnlet t

(AT) are measured from ambient temperature. The
seout temperatures are assumed to be ialtway
cmperature and ambient temperature,

For tubes, the equivalent amtaxial strain range (ro) is defined as:

———— -
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CEURTF Ry T

9 9 1/2
£, = 1.155 Ctotal + ﬁtotal £, + gc (9)

where ¢ is one-half of the steady-state straln across the hot~gas wall:
c

a(T -~ 1T )
A wg we's-g

c 2 (10)

Creep Damage Fraction

quired to produce rupture (T )
under the applied stress (0):
- (11) ‘
¢C T/TR
For channels, the steady~state operating stress (0) 1is defined as: 1
(P - P ) a? ;
o = coolant hot gas’s-s (12)
2 (0.9t)2 1
where a is the channel width and t 1s the hot-gas wall thickness. }
For tubes, the operating stress is defined as: ‘
_ (Pcoolant _ Phot gas)s—s Ty K 13 |
o= (13)
0.9¢ 1
where K is the thick wall tube factor for converting average hoop stress to ‘
outer wall stress: ‘
2r :
K = 1+ (14)
ro ri 1
Structural dnalysis i
:
: At the high ch |

amber pressures (and high coolant pressures) to be evaluated, the
structural integrity of the thrust chamber ¢

ooling passages must bo analyzed to
| :

27
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ensure a realistic thrust chamber

design., The stress analysis 1s the same for
all materials but differs for tube

S and channel passages.

For channels, the more critical stress,

bending (0) or shear (1), is used to
define the structural requirements:

2

_ Pcoolanta s . 3 Pcoolanta
s A R AR 2
2(0,9t) ) '

For tubes, the average hoop stress is used and is defined as:

Pcoolant ri (16)
0.9t

g =

The yield and ultimate safety factors are defined as:

F 0.6 F

Yield safety factor = ~§X-or-———;—£l (17)
tu 0.6 Ftu
Ultimate safety factor = 5 or T (18)

The tensile yleld strength (Ft ) and the tensile ultimate strength (F_ ) are
based on the average of the hot-gas temperature (T ) and the coolant “side

temperature (Tw ) of the wall. Yield safety factor®of 1.1 and an ultimate
safety factor oF 1.5 are the requirements,
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MATERIALS SELECTTON

The materials selected for the combustion chamher and nozzle are discussaod
below.,  The propertiecs of these miaterfals are presented in Appendix A,

Combust fon Chamber

A high thermal conductivity material 1is required for minimum wall temperature
and minimum thermal strain,  Maximum eyelic Life demands a high-ductility ma-
terial, Therefore, material requisites of high thermal conductivity and high
ductility necessitates the selection of a compatible copper-base alloy, The
strength of the material and heat transfor aspects dictate the coolant channel
geometry, which influcnces the coolant pressure drop, engine weight, life,
manufacturing requirements, and cost. It is desirable to have a high-strength
material. NARloy-Z, a zirconia-silver- copper alloy, was developed by Rocket-
dyne for the SSME main combustion chamber liner. It exceeds the life require-
ments and. posscsses a relatively higher strength than other commercially .avail-
able copper base alloys,

Therefore, NARloy-Z was selected as the combustion chamber material. The struc-
tural and cyclic life data for the NARloy-Z is shown in Fig. 44 through 47
(Appendix A). The thermal expansion for Inconel 718 (to be considered as the
chamber jacket material). is shown in Fig. 48.. These data were incorporated
into the Regenerative Cooling Design/Analysis Computer Program for the cyclic
life evaluation during the chamber cooling analysis,

NARloy~-Z thermal conductivity data is shown in Fig. 49. This figure contains
a scale showing the NARloy-Z thermal conductivity as a percentage of the
thermal conductivity of room temperature OFHC copper. The temperature-
dependent curve in Fig. 49 is incorporated into the two-dimensional channel
wall temperature distributions that are provided by the Regenerative Cooling
Design/Analysis Computer Program,

Nozzle

Wrought A-286 was selected as the nozzle material. This material was also
selected for the SSME nozzle. It is a moderate strength, heat-resisting alloy,
a high-strength alloyed stainless steel hardenable by solution treating and
aging. The alloy is always used in the hardened condition, The material is
entirely satisfactory for use at all cryogenic temperatures down to 21 K (37 R)
with retention of excellent toughness and ductility properties. At elevated
temperatures, the alloy retains moderate strength up to 922 K (1660 R). The
alloy is readily formable in the annealed or solution-treated condition. The
structural and cyclic life data for A-286 is shown in Fig. 50 through 53.
Fipure 54 shows the thermal conductivity for A-286. The data 1in Fig. 50
through 54 have been incorporated as input to the Regenerative Cooling Design/
Analysis Computer Program for the structural and cyclic 1ife analyses for the
nozzle cooling ovaluation,
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COMBUSTION GAS HFAT TRANSFER

The Rocketdyne Boundary Layer Computer program is used to calculate the hot-
gas heat transfer coefficlent profiles for the chamber and nozzle designs,
This program utilizes an integral method to solve the momentum and energy
equations. Solution of these equations 1s accomplished using a semiempirical
relation between The Stanton number and the energy thickness and between the

skin friction coefficient and momentum thickness. The resulting equation for
turbulent flow 1s of the form:

1/2 \ 1/4
Ne,, = —2:0L22 <p°°> | <E}.) L (19)
ST, (Re )0+ 25 \ P, U, N, 2/3

¢ Pr

The convective film coefficient (hg) is then found from the relation:

h = pUCN (20)
g @ 0 PUST

The Eckert reference temperature is used to evaluate the film properties.

The injector end heat transfer coefficient for any given case is determined by
scaling calorimeter chamber test data from the SSME 40K subscale chamber test

program (Ref. 2) using flowrate and property corrections based on the standard
Nusselt Number correlation:

k G u 0.8 Pr 0.4
h )2 = h )l EZ 62 x = F_Z (21)
& & 1 \"1 My T

where subscript 1 = reference conditions (40K subscale test data)
subscript 2 =- Op/hydrocarbon conditions

0

This injector end heat transfer coefficient is then blended into the axial pro-

file derived from the boundary layer program. An example of this is shown in
Fig. 13,

The combustion hot-gas convective heat transfer coefficient (hg) profile is
shown in Appendix C for the unenhanced designs and in Appendix D for the en-
hanced designs. The combustion gas properties are presented in Appendix B
for the chamber pressure and mixture ratio ranges of this study.
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COOLING CORRELATIONS

Rocketdyne has conslderable experience in RP-1 cooling through its successful
rocket engine pPrograms that use RP-1 asg g coolant (Atlas, Thor, H-1, F=-1,
ete,), In support of these programs, Rocketdyne has made analytical studies
and done extensive testing to determine the cooling characteristics of RP-1

(Ref, 3, 4, and 5), From this work, the following cecoling correlation for
RP~1 wasg developed:

be..= 0.0056 (k/p ) ReO 9> py0-4 by (22)

¢, is the roughness enhancement factor and is determined by taking the ratio
of the £/Dy of the Passage to friction factor for an £/Dy of 0.0001.

The standard Nusselt number correlation with the rou

ghness enhancement factor
included 1s used for methane cooling:

_ 0.8 _ 0.4
h, = 0.023 (k/D) Re”*® py dg (23)

A Rocketdyne company~-funded task to evaluate hydrocarbon coolants has resulred
in the following cooling correlation for propane:

_ 0.88 1.2 . 1.0
hc = 0.00696 (k/Dh) Re Pr (1C/1wc) ¢R (24)

This experimental cooling correlation is compared with the standard Nusselt
number correlation in Fig. 14. This figure-was generated for a propane pressure
of 2760 N/em2 (4000 psia) and a Reynolds number of 7 x 105 which are represent-
ative of the values encountered in this study. The bulk-to-wall temperature
correction (To/Tye) in the experimental correlation causes the experimental
correlation to decrease relative to the standard correlation as the coolant

wall temperature (Tye) increases. The 733 K (1320-R) c.oolant wall temperature
curve is the propane decomposition limit used in thisg study. To compare the
equations at Reynolds numbers different than 7 x 103, the curves can be ratioed
by the factor (Re/7 x 105)0.08,

The coolant curvature enhancement factor profile as a function of turning angle
is shown in Fig. 15. This is the same profile as is used for the SSME main
combustion chamber. The curvature enhancement factor has been limited to a
maximum value of 1,4 (same. limitation as for the SSME and ASE combustors)
For the two-dimensional channel wall temperature distribution analyses, the
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The curvature

enhancemant of hot-gasg heated channel confi
were cevaluated

during the carly phasecs orf the SSME pProgram (Ref. 6), The
channel geometry was identical to the S8MR

combustor, which is typical of thoge
used for thig study, The results of these CXperimental studies verified the
emplrical relationships used For the SsMi (Ref, 6 ), The curvature enhance-
meut experimental data were correlated baged on the above-noted two-dimensional
distribution erlteria used for this study, The curvature enhancement tech-
niques usecd for the SSME comby

gured coolant passages

stor and this study are slightly conservative
relative to the experimental results of Ref, ¢,
!
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UNENHANCED DESTCN COOLING ANALYSTS AND RESULTS
INFLUENCE OF THRUST LEVE]L

Low Thrust Destpns = 89, 000N (20,000 1br)

Bocause of the small amount of fuel avallable tor cooling relat{ve to the hot-
s surtace area, a sories clreudt using all of the fuel Is utltized to minl-
mize the coolant temperature rise in the combust{on chamber,  The combustion
chamber {8 cooled First 1o an uppass, then the wozzle (s cooled In a downpass,
Normally, the most of ficient cooling 1s ensured by using the minimum allowable
channel width (CW) of 0,0762 em (0,03 fn.) and the maximum number of channels.,
The minimum allowable land width (W) of 0.0762 em (0.03 in.) {s penerally used
in the throat along with the minimum channel width to obtafn the maximum number
of channels.  The minimum wall thickness value of 0.0635 cw (0,025 {n.) typi-
cally usoed throughout the combustion chamber, which does not present a heat
transfer problem, {s increased to minfmlze coolant pressure drop.

Because of the low coolant flowrate, small-diameter tubes and a high chamber-
to-nozzle attachment area ratio must be used to keep the nozzle cooluant veloceity
high enough relative to the local heat flux to meet the cycle e requirement. .
The minimum attachment area ratio that mects the above ceriteria is 10:1.  The
unformed tube diameter (UTDH) and wall thickness at this location are minimal,

A variable wall thickness (W1) 1s required to keep the coolant wall temperature
below the decomposition T,,, lmit. The nozzle is split at an arca ratio of
180:1, The nozzle extension goes from v = 180:1 to ¢ = 400:1.

Because the total fuel flowrate 1is small, the nozzle extension sectlon cannot be
dump cooled and, hence, also is regeuneratively cooled. 1n calculating the
series pressure drop, one veloelty head was assumed to be lost at both chamber
out let and the nozzle inlet to account for parasitic losses.

Intermediate Thrust Desipgns-607,000 N (150,000 1bf)

The intermediate thrust designs ave similar to the low thrust desipgns, As with
the low thrust designs, a serles coolant clrveult {(uppass chamber, downpass
nozzle) using all of the fuel maximizes the chamber pressure that can be regen-
eratively cooled., lowever, the channel size must be slightly preater than the
minimum allowable to accommodate the coolant flow.,  The minimum allowable wall
thickness of 0.0635% cm (0,025 in,) is used throughout the combustion chamber
length, similar to the low thrust deslgns,

Cooling of the nozzle is not a signiticant problem. However, the chamber-to-
nozzle attachwent area ratio must be scolected to maximize the chamber pressuare
that can be cooled. Because of the series cooling edreult, this dnvolves
trading off the Inereasced nozzle pressure drop when decreasing the attachment
area ratlo (due to higher velocelty requirved for cooling) with the fuereased
chamber pressure drop when increasing the attachment arvea rvatio (due to the
tnereased coolant temperature).  The avea vatio optimizes at a value of 10:1,
the same as tor low thrust deslgns,
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Wigh Thrust Designs - 2,669,000 N 600,000 1bt)

At this thrust level, there is so much coolant floy avallable that only a
Maction of the fuel can be used for cooling the chamber while maintaining
reasonable channel dimensions, A split flow (uppass chambor, downpass nozzle)
cooling clreuit iy required with approximately 507 of the available coolant
going to the chambor and the remaining 50% to the nozzle. The channel width
must be optimied by trading off the Increased flowrate (decreased coolant tem-
perature and increascd average cuolautvdonsity) with the decreased cooling
efficiency as the channel width ig inereased. A throat region and combustion
zone channel width of approximately 0,1397 cm (0.055 in.) was determined to be
optimum. To minimize the Pressure drop, a channel width of approximately
0.2286 cm (0.09 in.) is used in the low expansion ratio section of the chamber,
The channel wall thickness is adjusted to accommodate the increased channel
widths,

The chamber-to-nozzle attachment area ratio is decreased to. 5:]. Meeting the.
cycle life in the mozzle becomes increasingly difficult if the attachment area
ratio is decreased beyond this value, The nozzle minimum unformed tube dia-
meter at the attachment point is reduced to accommodate the higher heat flux at
the lower arca ratio, compared to the low thrust and intermediate thrust
designs,

INFLUENCE OF ENGINE CYCLE

The staged combustion (SC) cycle operates at a coolant Pinlet/Pe = 2.25, which
the gas generator (6G) cycle uses a coolant Pinya/P. = 1.8. This requires an
adjustment to channel and tube wall thickness to accommodate the higher pres-
sure gradient across the wall for staged combustion designs, otherwise, the
cooling rationale used for Bas generator cycle designs is analogous for §C
designs. It will be shown later in the Design Results section that the chamber
pPressure limits of the two cycles considered are within 3% at all thrust levels,

Both engine cycles used a series flow circuit for the low and intermediate
thrust levels. Both cycles used nearly a 50/50% flow split for the high thrust
level designs.

INFLUENCE OF PROPELLANT COMBINATTION

The unenhanced hot-gas convective heat transfer is similar for all three
propellant combinations, Thercefore, their chamber pressure limits, and coolant
bassage geometry are derived from the fuel cooling capabilities, This study
resulted in design similarities between all three propellant combinations,
However, for the 02/RP-1 propellant combination, the RP-1 docomposition temper-
ature is very low. Because of this low coking temperature limit, the cooling of
09 /RP-1 designs without a carbon layer enhancement isg virtually Impossible
within the design guidelines. Therefore, a parametric study was conducted to
see 1f either the "short chamber" (gas-11quid injection) or the "long chamber"
(1iquid-1liquid injection) could be realistically cooled without enhancement at
an energy releasc cfficiency of._98%, This study showed that only the "short
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chamber" design at the high thrust level could be cooled above 6895 N/cm2
(1000 psia). Nome of the lower thrust levels could be cooled above 6895 N/cm
(L000 psia). The increased heat load and coolant pPressure drop of the "long
chamber" provided lower cooling limits than the "short chamber,

The use of a short chamber" for the 0,/RP-1 propellant combination would
represent the combustor configuration of a staged-combustion cycle. The com-
bustor configuration for a gas generator cycle would be a "long chamber" for
typical injector configurations, However, a micro-orifice-type injector could
probably be developed for 98% energy release efficiency using a "short chamber"
for a gas generator cycle liquid-liquid injector,

DESIGN RESULTS

The results of the unenhanced Tegeneratively cooled limit designs are presented
in Table 4. The maximum chamber pressure as a function of thrust is shown

in Fig. 16. Individual chamber and nozzle designs are graphically presented
in Appendix C,

Significant results of this study are:

1. 02/RP—1 design cooling limits are at very low chamber pressures as
dictated by a limiting RP-1 coolant decomposition temperature at Twe
<589 K (1060 R). The 09/RP-1 cooling limit chamber pressure decreases
with a decrease in thrust. These designs are not life-limited,

2. The cooling limit chamber pressure of the 02/CHy and 02/C3H8 designs

decreases with an increase in thrust. These designs are life~limited, -

but are not limited by a decomposition temperature.

3. The chamber pressure limits slightly favor a gas generator cycle for

the 0/CH, designs and a staged combustion cycle for the 02/C3H8
designs, ’

The noted.results are discussed below,

The 05/RP-1 designs limited by the allowed coolant wall temperature (Ty.) favor
the large thrust level. This is because the propellant flowrgte and, therefore,
the coolant flowrate to total heat. load and surface area (ﬁﬁ/Q). is the largest,
This is typical of all chamber designs. To maintain a limifed Tye+ the coolant
bulk temperature (Ty) must be approximately 140 K (250 R) lower than the Tye at
the chamber injector end and/or 55 K (100 R) lower than the Twc at the nozzle
exit. Therefore, the lower thrust level designs are at lower chamber pressure.
A split coolant flow circuit for the low thrust designs would be at a lower

chamber pressure than for g series circuit., These Tyge Timited designs are not
life-limited.

The life-limited 0,/RP-1, 0,/CHy, and 05/C3Hg designs result in an increased
cbamger pressure with a decreased thrust level. This 1s not typical since the
(Wé/Q) trend favors the higher thrust level for cooling, as reflected for the
Twﬁ limited 0y/RP-1 designs. One basic reason the 02/CH4 and 02/C3H3 designs
reflect reverse trends 1is related to a coustant low cycle fatigue life criterion.
These curves do not reflect a constant coolant wall or hot-gas wall temperatuve,
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For a constant life, the low thrust designs operate at higher Ty,o because of the
higher bulk temperature in the high heat flux regions, This higﬁer Tye 1is
acceptable 1f its within the guideline temperature, which is true. Cyclic life
Is a function of the temperaturc gradient between the hot~gas wall (Ty ) and
the closeout structure backwall temperature (Ty,), which is approximately the
bulk temperature (T},). Therefore, cyclie life (4 x 250) is met for all thrust
levels but requires lower Tye for the higher thrust designs because of the lower
coolant temperature in the tﬁroat and convergence region of the chamber.

Another contributor for the reversed Po versus F trend 1s the combustion chamber
length (injector to throat) and contraction area ratio criteria to attain a 98%
energy release efficiency. These criteria result in a combustor (injector to

Pt

throat) average heat flux (Q/A) decrease for the lower thrust designs.

As shown in Fig. 16, the OZ/CH4 designs favor a gas generator cycle, while the
02/C3H8 designs favor a staged combustion cycle. This reversal is also a
function of the limiting criteria. This condition is forced by the minimum
allowable wall thickness. If this were not a limiting criterion, the gas gen-
erator cycle would be favored. This is because the lower chamber pressure
02/C3H8 designs could meet the ultimate and yield safety factors with a wall
thickness less than the limit criterion of 0.064 cm (0,025 in.).
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ENHANCED DESLGN TECINIQUES, ANALYSIS, AND RESULTS

Three physical thermal barriers and three fluid thermal barriers wore evaluated

Plus one "other." The "othor" thermal barrier wos a combination of two of the
above~-noted heat Larriers,

The physical barriers considered for cooling enhancement were carbon-layer,
ceramic coating (Zr02), and ATJ graphite liner. These are applied to the
parent material hot-gas-wall surface as thermal resistances. These thermal
barriers were not applied to the tubular nozzle, except as required for some
02/RP-1 nozzles to maintain a Tywe £600 F. These thermal barriers were utilized
for the channel constructed combustion chamber., The reasons for using unen-
hanced nozzles are as follows:

1, The nozzle coolant AP is low compared to the combustion chamber AP,
Therefore, cooling enhancement techniques applied to the nozzle will
not significantly increase the chamber pressure limit,

2, The adherance of a physical barrier to the smooth surface of the com-
bustion chamber is more practical than to a tubular nozzle surface,
This can be realized by the fact that the breakdown of physical bar-
riers is typically comprised of flaking of the carbon layer or
ceramic coating. This flaking or cracking is caused by large thermal
strains across the thermal barrier and stress deformations caused by
flexing of the parent material structure. The thermal strains of a
channel wall are nearly equal biaxial strains in a transverse and
longitudinal direction. The thermal strains of a tubular construc-
tion are biaxial, but are not equal in a transverse and longitudinal
direction. This can be realized by the fact that part of the trans-
verse thermal strain of g tubular nozzle is relieved by the flexing
of the tube hot surface which is unrestrained, The latter mechanical
strain contributes significantly to the physical barrier adherance,

3. The application of a graphite liner to a tubular construction is
impractical and ceramic coating application may be limited.

The fluid thermal barriers considered for cooling enhancement were film cool-
ing, transpiration cooling, and zoned combustion, All three fluid barriers
were allotted a 3% performance loss. For reason No. 1 noted above, the associ-
ated nozzle designs were not enhanced,

A design matrix of the regenerative cooling analyses conducted for the enhanced
designs is presented in Table 5, fThe g4s generator cycle was utilized for
these designs since there is no significant difference between it and the staged
combustion cycle for this study. The £4s generator cycle Operates at Jlower
coolant inlet pressures where the coolant pProperties are better known
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CARBON TLAYER

A carbon coating was selected as the renecwable physical thermal barrier.

Assessment

Reference 7 describes the interior of an 09/RP=-1 chamber after firing as
having the appearance of being freshly painted black. Inspection reveals that
the outer surface of the layer is sooty and can be easily removed by light

rubbing. Underneath this soot layer is a harder graphite-like layer that can
also be removed, but is more tenatious.

The mechanism of deposition of the carbon layer on the wall is not fully under-
stood, The elemental carbon is formed by cracking of the fuel. Evidence
exists from thermocouple measurements (Ref. 7 ) that the carbon layer builds

up during the first few seconds of operation and then .undergoes periodic
spalling due to.thermal and dynamic stresses until an equilibrium value is
achieved. Unfortunately, these fluctuations are most pronounced in the throat
region, which is usually the critical area from a thermal design standpoint.

A number of factors appear to influence the amount of carbon layer buildup.
Among them are.:

Chamber pressure -

Mixture ratio

Injector design

[ ]
®
e Type of fuel.
[ ]
® Amount of film cooling
®

Wall temperature

Reference 8 contains combustion chamber heat load data for FLOX/methane, FLOX/
propane, and FLOX/butene-l propellants over a range of mixture ratios. These
data have been reviewed to determine if the effect of fuel type and mixture
ratio on the carbon layer can be quantitatively correlated. ‘“These data are
presented in Table 6. From the predicted and measured heat load data in

Table 6, the average carbon layer .resistance for each test was calculated in
the following manner:

1. The predicted average heat flux in the combustion chamber was
calculated by dividing the predicted heat load by the chamber
surface area (calculated to be 3003 cm2, 465.5 in.2).

2. A predicted average heat transfer coefficient was calculated by

dividing the average heat flux by an assumed hot gas-to-wall average
AT of 2778 K (5000 F).
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3. From the ratio of measured to predicted heat load and the average
heat transfer coefficlent, the average carbon layer resistance
(x/k) was determined from the following equation;:

= -1
X J..) A AT

Measured Q  _ he (25)
Predicted Q T A AT
g

These results are given in Table 6. It was found that the carbon layer re-
sistance correlated best with the carbon atom fraction in the combustion gas,

as shown in Fig. 17. A least-squares parabolic curve fit to the data is shown.
By correlating with the carbon atom fraction the carbon layer resistance can be
determined for any hydrocarbon fuel at any mixture ratio. The injectors for

the study presented in Table had fuel coolant holes around the periphery

through which approximately 5% of the fuel flowed. - The effect this has on the
carbon layer cannot be determined from the data.

The tests in Table 6 were all run at a chamber pressure of approximately. 69
N/em2- (100 psia). The average mass velocity in the combustion chamber is ap-
proximately 0,015 kg/cm2-sec (0.21 1bm/in.2-sec). Rocketdyne has developed ¢
correlation for carbon layer resistance as a function of the combustion gas mass
velocity (Ref. 3)., This correlation is shown in Fig. 18 (the dashed line).

The test data in Fig. 18 are for 0/RP-1 propellants. Additionally, a large
amount of film cooling (>10%) was used during the tests. The carbon layer
resistance for each of the three propellant combinations at their respective
mixture ratios is taken from Fig. 17 and plotted in ig. 18 at a mass velocity
of 0.015 kg/cm2-sec (0,21 1bm/in.2-sec). Lines are then extended from these
three points parallel to the Rocketdyne-developed curve. The Rocketdyne experi-
mental carbon layer resistances are believed to be high because of the excessive
amount of film coolant. 1In equation form, the correlations from Fig. 18 are:

e(11.7 - 7.26G)

. OZ/RP_la MR - 2.8 x/k
® 0 /CH,, MR = 3.1 x/k = &(10:9 = 7.266G)

2 (9.6 ~ 7.26G)
L OZ/CH4’ MR -~ 3.5 X/k = g * *

where G is in kg/cm2~sec and x/k is in cmz—sec-K/kcal. In the English system
of units,, the equations are:

e(9.0 -~ 0.516G)
e(8.2 - 0.51G)
e(6.9 - 0.51G)

® 02/RP—1, MR 2.8 x/k =
L 02/C3H8, MR = 3.1 x/k =
L OZ/CHQ, MR = 3.5 x/k =

[}

where G is in 1bm/in.2—sec and x/k is in in.z—sec—R/Btu.

There is a considerable amount of uncertainty in these equations, particularly

when they are applied at high chamber pressurcs. However, until addtional data
become available, the solid lines of Fig. 18 represent the best available mea-

sure of the c¢ffectiveness of carbon layers,
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Dosibgn Annlysis

A carbon layor, to some degree, will always exfat on the hot-pas wall of a
thrust chamber using hyvdroearbon fuels, For these analyses, it is assumed the
carbon layer {s tenaclous and adheres to the combust fon chambor wall, For
reasons previously mentfoned, compatible nozzle destigns did not atilize a car-
bon layer, excluding the 89,000 N (20,000 1bf) thrust nozzle which requires o
nozzle carbon layer to allow va S589 K (1060 R).

As shown in Fig. 18, the carbon layer thermal vesistance (x/k) is greatly do-
pendant on hot-gas mass veloelty (Gg) and propellant combination, This means
the carbon layer thermal resistance is large {n the combustfon chamber and
supersonice regions compared to the higher heat flux throat region.  Therefore,
the enhancement benefit to be attained requires enlarging the coolant passages
in the regions upstremm and downstream of the throat to provide a higher coolant
mass velocity (mass flux) in the throat region.  This tradeoff requires ad just =
ing the unenhanced designs to provide greater cooling of the throat region,
Coolant chamnel geometry adjustments consist of increasing the channel widths
and heights upstream and downstream of the throat while decreasing the chamnel
height in the throat. The carbon layer thermal resistance also allows the bi-
width channel transitions to be located closer to the throat. There 1s a multi-
tude of channel geometry variatious considered to meet cyclic life, structural
criteria, and fuel decomposition temperature limits.  Therefore, specific de-
signs of certain propellant combinations may differ slightly trom the above
general approach.

The carbon layer enhanced design analyses parameteors are summarized in Table 7
and compared to the unenhanced chamber pressurc.  Descriptive graphical presen-
tations of thesc designs are presented in Fig. 93 through 106 of Appendix D,
Comparison of the unenhanced Pc to carbon layer cnhanced Pc of Table 7 shows
negligible increase in chamber pressure for the carbon layer enhanced 0a2/CH

and 02/03“8 designs. However, therc is an outstanding chamber pressure in-
crease for the 05/RP-1 "Short Chamber" design.  This can be seen in Fig. 18 vhere
the thermal resistance for OZ/RP—l is an order of magnitude greater than Og/CHA.
The thermal resistance of these two propellant  combinat{ions 1s shown in Fig. 19
as a function of chamber axial length,  The RP-1 carbon layer resistance is
signitficantly greater than C“A' as denoted in Fig, 18,

The maximum chamber pressure of the carbon layer enhanced desipns s comparced
to the unenhanced designs as a function of thrust level in Mp, 20, All of
these designs used a Pin]ot/Pc of 1.8, as noted in Table 7. Only the 89,000
N (20,000 1bf) thrust OQ/CHQ design marginally exceeded the chambor pressutre
guldeline Limit of 2860 N/em? (4150 psia). A very minimal reduction in Pinlet/
Pv could be ascertained for a chamber prossure THmitodesipn.

The overpowering affect of the RP-1 carbon thermal resistance can be seon in

a chamber pressure Increase from the unenhanced 2,609,000 N (600,000 tht) thrusat
“short chamber” desfgn at 896 N/em? (1300 psia) to a carbon enhanced destipn at
2275 N/em? (3300 paia) tor the Ty limit of 589 K (1060R). The stpulf feance of
using a "short chamber™ for OZ/RP—l is extremely notable.  The carbon-
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cuhanced 2,669,000 N (600,000 1bf) thrust "long chamber"” could not meet the Two
Hmit at 1700 PC, approximately 111 K (200 R) above the Two Timit, '
CERAMIC COATING

Zirconium oxide (ZrOz) was selected as the ceramic coating for a physical ther-
mal barrier,

Assessment

Zirconium oxide is a low thermal conductivity material (Guideline Table I1IT).
This low thermal conductivity provides an excellent thermal barrier. However,
because of this fact, and the fact that it is a low ductillity material, the use
of its application is limited to thin thicknecsses for high chamber pressure.

To maintain the surface temperature limit <1944 K (3500 R), the thicknesses
employed were between 0.0025 em (0.001 in.) and 0.0127 em (0.005 in.). This

is within reasonable control. The large thermal gradients across the coat-
ing thickness means large thermal strains. . This also dictates the surface
temperature limit. It is the most utilized ceramic coating for reducing
hot-gas wall temperatures in high heat flux rocket engines.

Design Analysis

The cyclic life of ZrO, coatings enhances the life of the parent combustor
NARloy-Z material., Thé cyclic 1life of the Zr0, coating is undefinable at this
time. Tt is most likely tlat the ceramic coating will have to be replenished a
number of times during the life of the NARloy-7 chamber. For reasons previously
mentioned, compatible nozzle designs did not employ a ceramic coating.

The ceramic-coated OZ/CHA and 02/C3H8 designs provide a significant increase in
chamber pressure as compared to thé unenhanced designs. The results of these
analyses are summarized in Table 8, and the descriptive graphic presentations
are shown in Fig. 107 through 117 in Appendix D. The 89,000 N (20,000 1bf),
thrust 0,/RP-1 "long chamber" design (for liquid/liquig injection) was within
the decomposition temperature limit (TWC) for 680 N/cm“ (1000 psia) chamber
pressure. However, the large bulk temperature rise of the chamber plus nozzle
would require an enhanced nozzle design to stay within the coolant wall temper-
ature limit,

The chamber pressure benefits attainable with ceramic coating are shown in Fig.
21, As noted in Table 8 and Fig, 21, two of thesc designs were at reduced
Pinlet/Pe to stay within the chamber pressure guidelines. These were the 89,000
N (20,000 1bf) thrust 02/03“8 and. the 667,200 N (150,000 1b{) thrust OZ/CH4
designs. )

The 0p/RP-1 "short-chamber' benefits are for a Tye limit of 589 K (1060 R)

instead of life limited. This accounts for the reversed chamber pressure
trend as a function of thrust level.
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CHAMBER PRESSURE, N/CH2
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Typical ZrOz combustion chamber designs resulted in an increased nozzle attach-
ment. area ratio because of the higher chamber pressure with an unenhanced noz-
zle, The ceramic coating of the nozzle was allotted a bi-thickness similar to
the bi-thickness of the combustion chamber wall to stay within the guideline
Zr0, surface temperature limits, This is noted iIn Table 8, and the graphic
design prescntation figures in Appendix D.

GRAPHITE LIiNER

ATJ Graphite was recommended for the graphite liner physical thermal barrier.

Assessment
assessment

The recommended constraints were 0.1 in., minimum thickness with a maximum hot-
gas surface temperature of 1644 K (2960 R). It 1is Rocketdyne's experience that
ATJ graphite is superior to ATJ at elevated temperature, Neither does Rocket-
dyne's experience support a 1644 K (2960 R) operation of either material in
oxygen-bearing propellant combinations.

The graphite liner analysis guidelines utilized ATJ graphite at a maximum sur-
face temperature of 1644 K (2960 R) and a manufacturers wall thickness of 0.254
to 1.27 cm (0,100 to 0.500 in.). The wall thickness limits were a function of
chamber diameter, The thicker liner was for the larger thrust engines. These
thickness were recommended based on information from Union Carbide, the manu-
facturer. Union Carbide was consulted several times to further establish the
feasibility of a graphite liner for thermal control. With the design guideline
of up to 12-inch-diameter injector end chamber with a conventional convergent
and divergent throat section for a total length up to 18 inches, the minimum
practical ATJ thickness would be 1.28 em (0.5 in.) for a 2,669,000 N (600,000
1bf) thrust chamber. Anythin less_than that would result in machining problems
and service cracks. Even with the 1/2-1inch thickness, the Iiner may have to be
made up of cemented segments. Furthermore, it was confirmed that the maximum
recommended temperature is 922 K (1660 R) in an oxidizing environment, which is
less than the guideline  temperature utilized.

As will be shown later, the use of ATJ was not feasible at these high chamber
pressures; therefore, other graphite liner prospects were reviewed, i,e.,
pyrolitic graphite and "graphoil-laminate" graphite. These types of graphites
can be applied in thinner layers (>5 mils), However, the thermal conductivity
perpendicular to the hot wall results in thermal conductances greater than an
order of magnitude beyond those of AT)] graphite, being near the thermal resist-~
ance of ZrO;. Although these types of graphite allows a reduced liner thick-
ness, the increase in thermal conductivity perpendicular to the wall negates
their ability to be applied as thinner layers within manufacturing guidelines.

Flgure 22 compares the conductivity of ATJ graphitc to the conductivities of
pyrolitic graphite and "grafoil" laminate. Because of the decreased conducti-
vities of pyrolitic graphite materials, their liner thickness must be on the
order of sevcral thousandths of an inch thick for high chamber pressures. Pyro-
litic graphite can be deposited with a vapor deposition process 1in fairly thin
films, but the high vapor depositing temperature itself would make it unfeasible
to deposit the filr directly onto the combustion chamber wall without degrading
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material propertics of the NARloy-Z. Yreformed pyrolitic graphite liners would
be extremely difficult to handle and install and 1t would be Impractical to
expect them to withstand the oxtreme thrust chamber conditions. Forming a
Liner by cementing Jolnted segments together only a few thousandths of an inch
thick 1s possible, but impractical,

The 5-mil "grafoll" laminate 1s bonded to a surface in the form of a thin cape.
This graphite liner technique is inferior to the two previously described liners
because of its Inherently weak structural Integrity., In additfon, the thermal
resistances of the "grafoil" laminate and the pyrolitic graphite would exceed
that of the 0.1-inch ATJ liner.

Design Analysis

A comparative assessment indicated that the.graphite liner thickness specified
by the manufacturer and the guideline surface temperature were incompatible.
Howerver, several designs were analyzed to provide greater insight to the
problem,

An initial analysis was made utilizing an ATJ graphite liner with a minimum
guidelines thickness of 0.254 cm (0.10 in.) on the 02/CH4, T = 2,669,000 N
(600,000 1bf), P, = 2144 N/cm? (3110 psia) combustion chambes. The purpose of
this analysis was to determine the benefit of the graphite ltner attached to the
combustor hot wall of an unenhanced design with minimum guideline thickness.

The result of this analysis shows that the ATJ graphite liner is strongly lim-
ited in its use at high heat fluxes as a cooling enhancer by its hot-gas surface
temperature. In this case, the ATJ surface temperature reached 2665 K (4779 R).
Although all other design criteria can be improved from the unenhanced chamber
case by the use of the ATJ liner at the cooling pressure limit of the unenhanced
case, the surface temperatures attained within any acceptable thickness range

of the graphite liner requires the chamber pressure to be reduced below the
unenhanced limit.

In order to make a comparison between the graphite liner and ceramic coating,
ATJ ‘graphite was considered on an otherwise unaltered ceramic coated enhanced
case. The ATJ lining was applied to the 02/C3Hg, 89,000 N (20,000 1bf), P, =
2758 N/em?2 (4000 psia) design., In order to maintain a maximum liner hot-gas
surface temperature of 1644 K (2960 R) the thermal resistance %x/k was reduced
by 18% less than for the 2r0y case. This required an ATJ thickness of 0.04 cm
(0.016 in.) upstream from the attachment peint through the throat. The ATJ
liner thickness in the¢ combustion zone was 0.06 cm (0.024 in.). The result was
a sharp decrease in cycle life due to fatigue. The ATJ surface temperature
reached 1792 K (3226 R) in the throat region. For this comparison, the graphite
liner thickness was held to a value much less than possible for manufacturing
eriteria, and the liner surface temperature reached levels that would cause
rapid oxidation of the ATJ liner.

The above design analysis shows that oven a graphite throat insert would neced
be considerably thinner than the design guideline.

This study shows that graphite liners are really only applicable for space-en-
gine type low heat flux combustion chambers, 1This is particularly true of
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pyrolitic graphite applied as an INTFREGEN heat sink chamber barrier, since they
have an axial x/k equivalent to copper with a very low perpendicular x/k.

FILM COOLING

Film cooling was selected as one of the throee thermal fluid barriers, 1t has
been extensively used to some degree in most liquid propellant rocket engines,
For this study a 3% performance loss is accepted,

Assessment

A number of film-cooling heat transfer models were evaluated. Most of the
existing analytical models assume that the presence of the film does not affect
the heat transfer coefficient between the wall and film, and concentrate on
predicticn of the effective-film temperature as a function of distance from the
injection point. These models utilize a "dry wall" heat transfer coefficient
and assume no mixing of the free stream main core flow with the film cooling.
The Hatch and Pappell model (Ref. 9) and the Tribus-Klein model (Ref. 10) use
this approach. . These are two commonly used mcdels for assessing film cooling
effects of rocket engines.

A more accurate approach to compute the heat transfer rate between a gaseous
film coolant and wall is to predict both a heat transfer coefficient and an
effective film temperature. This is particularly true when the film-coolant
properties are different from the free stream gas. One such correlation for
predicting the film heat transfer coefficient was developed at Rocketdyne (Ref.
11) and assumes equal Mach numbers of film and free stream gases to relate the
heat transfer coefficient of the film to the "dry wall" heat transfer coeffi-
cient as:

2/3 1/2
C P
h MOT
Ei . Cpf Prg e 't :1 26)
Yo M T
g pg rf f g £

This approach accounts for a mass balance in the film where the concentration
difference is expressed as a ratio of flow rates and injection mass fluxes:

. W h Me W 2 .
I S ced + Lo A £ wc @
3Xx P RS Lpg M. "¢

The entrainment of the free stream gas into the film is accountable by impinge-
ment (the first term) and by diffusion (the second term).

The film thickness (A) is related to the zero film cooling thermal thickness as
derived from the integral. cuergy baiance equation and assumes the velocity
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profile through the film does not change in shape with distance:

h T -7

8 -x & |k w (28

b 5% = X c, [ T ]
g
For subsonic flow, the temperature ratio is unity, and Eq. 27 becomes:
W wom h

2 (-—5) = K+ Le (-C—i> = (29)
3x P Ye Mo pg

The subsonic flow heat transfer coefficient for an adiabatic flat plate is:

c GO.S 0,2
Y
h = 0,0296 -.Iig__ <_E) (30)
g Pr 2/3 X
g

The variables are separated in E

Eq. 30 from the end of the wall j
film flowrate as:

9. 29 and integrated after substitution of
et region, x3, to the location x to give the

w
£
w

: Mo P 0.8 0.8
1+ 0,037 (K + Le) —9—7— (Re, * = Re °* (31)
< W prgz 3 X Xy

Assuming no coolant is lost from the film allows the fil

m temperature ratio to
be expressed in terms of the film flowrate as:

C
T ~T P W
l:,r.E__F.E: 1+{_—-S. <w—f-1> (32)
n g T if ‘pc c '
Combining Eq. 31 and 32 gives:

Cp v, p 0.8 0.8
L1 40,037 (K + Le) m& (Re. - Re ) (33)
n C . 2/3 X X

P. W Prg 1
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The analytical modoel film temperature ra
tion of the parameter B#* which is
vestigators and {s defined as;

tio should, thercfore, be a linear fune~
simllar to the parameters used by other in- .

C 0.8
B, p Re * (34)
e
Pe Wa Prg
Therefore, an cquation of the general forms
1. * . pe (35)
~ 1+ £(B B o)

was used to evaluate test data. The

Lewis number and, hence, the slope, B,
were evaluated based on a slot Reynol

ds number as suggested by Hatch and Pappell.

B=as+b Resn (36)

The correlation equatio

n for the slope that
predict the end of the

gave the minimum data scatter to»
wall jet region is:

- 0.4
£ = 0,037 (K + Le) = 0,04 + 0,004 ReS (37)

Data fit of Eq. 36 indicates that K is of the order of unity,

In developing these correlations,

scatter was apparently due to a co
of effect was noted by Hatch-
proximately equal to the free

it was observed that a large part of the data

olant injection velocity effect. This type
and Pappell for coolant injectd

ion velocities ap-
stream velocity where the coolant efficiency
exhibits a local maximum. In addition to this effect,

it was noted during this
study that the coolant efficiency also exhibited a local minimum at a value of
0.4 for the slot coolant parameter, B*_ . Thus, for the range of conditions
covered by the test data (Ue <Ug),

the best correlation for the slope of the
temperature ratio was:
0.4 B :
B= 0,04 + 0,041 Re 7* -—__5___5 (38)
* S,
(1 + B*)
Combining Eq. 37 and 38
B*
Le = 1.1 + 1.2 (Res)“ —_— (39)

31'5
(1 + B*)
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The film-cooling data of Ref. 9 and 12 through 14 are correlated in Fig. 23.
The data of Hateh and Pappell (Ref, 9) is shown to correlate well with slot
slzes and film~coolant flowrate in Fig. 24, Correlation of data from Ref, 15
14 shown In Fig, 25 for nitrogen £1lm cooling of a JP-4/G0y thrust chamber,

Flgure 26 shows the correlatlon of a Rocketdyne APS OZ/H? hydrogen film-cooled
chamler, )

The primary equations used in the film~cooling computer program ave Lq. 26,
34, and 39, The entrainment of core gas in the coolant film by diffusion is
accountable by the Lewils number. The entrainment by impingement G 8A/9x was
correlated to be unity as noted by K of Eq.. 37. Therefore, the heat trang~
ferred to the film coolant by mixing is by the correlating diffusion and im-~
pingement relationships., The coolant properties are adjusted by subsonic flow
relationships to obtain the film properties. The coolant film convective heat
transfer coefficient is obtained from Eq. 26. A film heat flux to the wall is
then obtained by the product of the hg and (T¢ = Twa11) . For use in the regen~-
erative cooling program, the hf and T¢ are input at each axial statlon in place
of the hg and T4y used for dry wall calculations.

The film cooling efficiency used for the 02/CHy4 designs and 02/C3Hg designs is
0.20. This is compatible with design considerations and efficiencies of other

experimenters, accounting for molecular weight sensitivity and slot injection
characteristics,

Design Analysis

The film~cooling efficiency used for these designs was 20%. This is compatible
with design considerations and efficiencies used by other experimenters con-
sidering the slot injection characteristics and working fluid properties. The
film-cooling characteristics are defined by a film-cooling mathematical model
previously described which defines the film convective heat transfer coeffi-
cient, hg, and the film boundary temperature, T¢y, as a function of chamber con-
tour. These values are then utilized in the regenerative cooling analysis to
generate the cooling geometry of the main combustion chamber,

The amount of film cooling used relates to a specific impulse loss of 3%. The
combustion gas temperature was corrected from the theoretical to the guideline
specified energy release efficiency (n.«) of 98% as follows:

2

T Actual = T x (N ) (40)

O .
Theoretical

Although the allocated film cooling reduces the total performance to 95%, the
actual efficiency of the adjacent hot-gas core is operating at 98% energy

reliase efficiency..

Film-cooling characteristics were evaluated for several slot injection geo~
metries and assumed efficiencies wi in practical application. The results in-
dicate vegligible effects in the fi.m boundary except for the first 2 in. near
the point of injection, Typical s.ot widths used were between 0.152 cm (0.040
in.) and 0.304 cm (0.120 in.). Except for large variations, the film-coolant
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flowrate (or cffective efficiency) did not significantly impact the chamber
design. This is realized by the fact that the larger flowrate reflects a lower
f1lm temperature and, correspondingly, a higher heat transfer coefficient as a
function of chamber length,

The results of these analyses are depicted in Table 9 and Fig. 27 and compared

to the unenhanced chamber pressure. The descriptive graphic presentations of
these designs are shown in Fig. 118 through 128 in Appendix D. All film~cooling
designs utilized an unenhanced nozzle design with the cham er-to-nozzle attach
point and nozzle tube unformed tube diameter changed appropriately for adequate
cooling of the unenhanced nozzle to meet life., A Pin/Pc ratio of 1.8 was used
for all designs to establish a maximum P, trend for enhanced cooling. This re-
sulted in the 02/CH 667,000 N (150,000 lbf) and the 0>/C3H 89,000 N (20,000
1bf) thrust designs exceeding the chamber pressure guidclines

The coolant passage geometry changes relative to the unenhanced designs nearly
parallel those of the ceramic-coated combustion chambers. This is primarily
attributed to the fact that the hot-wall heat flux profile is nearly constant
throughout the combustor, except for the first several inches downstream of the
injector. As the film cooling progresses down the combustor, the (film hg/dry
wall hg) decreases and the film temperature increases. This results in a near
uniform heat flux reduction, which is typically 20% to 30% below the unenhanced
designs for all propellant combinations. These trends are typically shown in
Fig. 28. RP-1 provides the greatest film-cooling benefit., This is attributed
to a lower specific heat (Cp) which results in a lower film temperature as a
function of axial length,
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CHAMBER PRESSURE, N/CMZ
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TRANSPIRATION COOLING

Transpiration cooling 1is applied by removing a regenerative-cooled section of
the throat and replacing 1t with a scction that inputs some fuel coolant
through slots or a porous material. The optimum type of transpiration cooling
is a wafer-type which also benefits from convective cooling and conduction as
the transpiration coolant is injected through slots to the hot-gas wall. How-
ever, this study considers only the conventional type of transpiration cool-
ing., It is assumed that the coolant is injected through a porous-type
material and there arc no convective or conduction benefits. Also, only CH
and C3H8 are considered because of the potential coking problems with RP-1
fuel.

4

Assessment
285tssmentc

Considerable analytical and experimental effort has been expended in past
years in the area of transpiration cooling. Most analyses, however, consid-
ered laminar flow systems, largely because this type is more amenable to
solution. There has been some work in the area of turbulent flow.

The successful turbulent correlation of the Rannie equation for similar gas
injection (Ref.16) suggested that his approach has a reasonably firm basis for
extension to foreign gas injection. The original equation derived by Rannie
is:

G G
~37=SRe% 1 | _37-SR0+ 1p,
¢ Rey ¢ _Rey,
T Te Coc 0 8 g (41)
T = | RS (118 Rel-1) (1-e ) e
wg ¢ pg

where the ratio C /C reflects one of the properties differences between the
injected coolant 3fid B%imary gases. A more accurate analysis would use
enthalpy rather than temperature differences. Using this concept in a
derivation similar to Rannie's, one obtains the following relation (Ref. 5);

G u ) G u
[ -3755 G Rey 375G Rep T (42)
ESTH‘“ = [1+(1.18 Re, " "-1) (1-e M .e
w c

A viscosity ratio correction (u /U*) has been included to account for the
change across the sublayer. Thé asterisk denotes an appropriate mean value of
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a parameter in the sublayoer, The enthalpy at the wall (H ) refers to the
enthalpy of the mixture at the wall and s, therefore, not readily obtained
without consideration of the concentration profile of the Injected gas. An
equilibrium concentration profile exists whencver a foretign gas {is Injected
Into the flow of a primary gas, Knowledge of thls profile is necessary not
only for evaluating the enthalpy of the mixture at the wall, but, also, for
use in determining mean sublayer values of various parameters. The calcula-
tion of this profile can he accomplished in the same manner that Rannie
develops for his basic transpiration relation and is given below:

c . I
. -1 ~37-S ¥p0-1 378 ¥poVilg
- G 1 b G u b c,
lg Sc, M 0.1 % g Tk % (43)
Clw_l = l+gz* E;‘(l.lB Reb =1)(1l~e Y| .e

Equation 43 relates the mainstream and wall concentration of the injected gas
as a function of various parameters. To determine the wall concentration, it
is necessary to specify the concentration of the injected gas in the main-
stream (C, ). The usual assumption is that C, =0, thereby implying that all
of the injBcted gas remains in the boundary la§er. Having selected a value

for Clg’ Eq. 43 may be solved for Clw:

Clw =1 -

o}

(44)

where ¢ = righthand side of Eq. 43

The relation (Eq.44) above, used in conjunction with Eq. 42, represents the
solution to the problem of transpiration cooling using foreign gas injection.
The actual solution requires the use of a digital computer because of the
iterative process involved. To perform the necessary calculations, the varia-
tion of viscosity, Schmidt number, and Prandtl number with concentration must
be known, '

Calculations for hydrogen injection into air were performed using the preceed-
ing analytical technique, and were compared with results based on the original
form of the Rannie equation. The variation of tbe parameters of interest with
concentration were obtained from Ref. 17, The results of the analysis are pre-
sented in Fig. 29, where the usual temperature ratio term n = (Tq -7 /va -
T_) 1s presented as a function of the coolant to gas flow ratto‘requirements.
It is apparent that the modified analysis bresented herein predicts consider-
ably less coolant flow required to maintain a given wall termperature than
does the Rannie equation,

The validity of the modified analysis 1s strengthened if a simple heat balance
is considercd. If it {is assumed that the Stanton number (St) is unaffected by
the coolant injection, there results from a simple heat balance the lincar
relation:
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awo_ 71_392_29 (43)

which 1s also plotted in Fig. 29 using the standard relation for Stanton
number:

*
]

St = —-—-&5—— (46)
g P8J x .

It is apparent in Fig, 29 that the Rannic relation and the heat balance rela-
tion are nearly identical., It is known, however, that the effect of '"blowing"
is to reduce the Stanton number and, thereby, the coolant flowrate require-
ments so that che modified analysis appears more appropriate. Horever, be-
cause of the simplicity of the heat balance relationship, it will br used in 1

this study for the transpiration cooling analyses.

Combining Eq. 45 and 46:

hg. fT. - T
x | "aw c
G = ~ l (47)
d CpC ng TC

Therefore, the transpiration cooled area is:

W €
1¢ pc

o = 48
bre = 7T T (48)
=1 hgx

Design Analysis

In determining the effect of transpiration cooling in conjunction with regen-

erative cooling on the design chamber pressure limits, several assumptions must
be made. The required hot-gas wall tewperature, T , was cstablished as 589 K
(LO60R) to meet cycle life, ¢ has been a restrictigé factor. Second, the !
transpiration coolant flowrate will nominally be 3.57% of the total propellant '
mass flowrate to meet the 3% performance loss criteria, 1

; These previous.correlations represent transpiration cooling efficiencies of
100%. ‘The actual hot-gas wall area cooled with transpiration cooling departed
from this value with the assumption of an 85% cooling efficiency. ]




The regeneratlve cooling civeult chosen for this analysis is an uppass clvenlt
which bypasses the throat and combustion chambor surface area to be transpira-
tion cooled,  The transpiratlon coolant flow enters at the same temperature as
the regenerative coolant flow,  The coolant {1s manifolded around a porous wall
through which the coolant transpires through the hot-gas wall and forms a film
that mixes with the Loundary layer. The cooling 1s basically derived from the
heat capacitance of the coolant, Fgure 30 11lustrates the cooling design
analyzed for the 0,/CHI and 09/C3H propellant combination, While 1t is real-
fzoed that the transpirdtion cooland must have a variable pressure along the
Injectlion surface of the porous wall to accommodate the varlable hot~gas flow
condltlons, parameters are averaged over the cooling surface arca. The re-
duced efficienciles are assumed to account for maldistribetion of the cooling.
0,/RP~1 was not considered for transpiration cooling because of the-probabil-
ity of RP-1 coking and plugging the pores of the wall material,

The trauspiration cooled design results are summarized in Table 10 and compared
to the unenhanced chamber pressure limits. The chamber designs are graphically
presented in Fig, 129 through 132 of Appendix D. The nozzle designs are iden=-
tical to those for other thermal barriers as graphically presented in Fig. 108,
112, 137, and 140 of Appendix D. All transpiration cooled designs were at the
guideline chamber pressure limits with the exception of the 2,669,000 N (600,000
1bf) thrust 09/C3Hg.

The chamber geometry reflecting the transpiration-cooled areas and regenera-
tively cooled arcas is summarized in Table 11. The transpiration-cooled area
(AT ) was defined by Eq.48. The transpiration-cooled insert was terminated
jusg downstream of the geometric throat. The attractiveness of this approach
to increase chamber pressure limits 1is dependent on recovering most of the
very high regenerative velocity head at both discharge regions. This would
require some very unique designs in these regions. Practical designs would
not suffice. However, design-optimization of the regenerative-cooled dis-
charge regions and possibly the use of a more optimum wafer-type
transpiration-cooled region should reflect the design limits established by
this study.

ZONED COMBUSTION

Zoned combustion (mixture ratio bias) is a means of normally reducing the wall
heat flux by running the outer perimeter of injector clements at a mixture
ratio below nominal (where the nominal mixture ratio is below stoichiometric)
while running the core elements at a mixture ratio above nominal. 1In theory,
this provides a reduced temperature combustion gas along the wall with a high
temperature core flow. From a cooling standpoint, the most effective case of
zoned combustion would be the Limiting case of film cooling where the outer.
zone mixture ratio, in effect, becomes zero.

Assessment
One method of normally reducing combustor wall heat flux is the use- of low
mixture ratio zones in the clements adjacent to the wall. This is closely akin

to film cooling except, instead of directing fuel streams on or adjacent to
wall, the outer row of clements is reduced in mixture ratio. This reduces the
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TABLE 11,

TRANSPIRATION COOLED COMBUSTION CHAMBER
GEOMETRY AND SURFACE AREAS

ASIAL DISTANCE PRON TIROAT ( INCHES )
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AXIAL DISTANCE FROM TIROAT (cM)
[ X
Thrust Pc Coolant Amcc ATC xinj Tc
Propel lant ; N (1bf) N/cm2 (psia) Pin/Pc c.m2 ’ (inz) cm2 (inz) cm (in) | cem (in)
U T
;'2,669.000 (600K)| 4140 [ (6000) | | .4, 2735 (427} [ 1632{ (253)| 26.2 (10.3) [ 16,5} (6.5)
0,/CH
2 | 667,000 (150K)| 350 | (5000) | 1.6 | )15 (1801 265] (41| 21.8 | ( 8.6) | 6.6 (2.6)
2,669,0001  (600K)} 3240 | (4700) 1.8 3673 [ (569} 1448 (224) 3.7 2.8y L s.2 | (5.96)
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Llocal ¢ lame temperature, and the average gas f Loy tempoerature through a fairly
thick layer adjacont Lo the wall, The disadvimtage of this system {s that the ]
outer row of f[njoct{on cloments typleally involve a high peveentage of the 1
Injected mass,  This Ls ecspoclally trye for smaller cagines where this outoer
aone exceeds halt the totgl fLow,

The outer row mass flow was determined for the three typleal ongine sizes in
the range of interest for this study. Sceveral {toems g0 Into the estimate for
cach of these sizes. For example, the smallest engine was 89,000 N (20,000
Ibl) thrust cengine with a 10.16~¢m (4~1in.) combustion chamber diameter., 7The
first 0.51 em (0.20 in.) radial distance at the injector face was assumed to
be acoustic cavity for providing damping for combustion stability. An esti-
mate was then made of the manifold size and element spacing that would be ox-
pected in an injector of this size and flowrate. The outor zone was taken as
the area outside a median line between the outer element location and the
second row of injection elements all the way to the combustor wall (1ucludiug
that area utilized for the acoustic cavity). The median line between the
outer and the second row of clements was estimated to be 6.60 ¢m (2.6 in.) in
diameter, the area outside of that line being 58% of the total combustor -face
area. Uniform injection mass flux was assumed, which means that 58 percent of
the total mass flow should likewise be injected in thig zone,

The other injector examples are treated in a similar manner. The lavger in-
jectors will require a wider acoustic cavity, and physically larger manifolds. 1
This means that the mean line between the outer row and the second row will be ;
radially further from the wall in a larger chamber, but the percent of area in
the outer zone will decrease. An example, the mean line for a 25.40 em (lo0-
in.) diameter chamber is estimated to be 20.8 cm (8.2 in.) chamber).. The
outer zone percentage for this size chamber is 33% of the total. A similar
technique results in an outer zone area ot 21% for a 63.5 em (25 in.) chamber,

These values are typical for ordinary fabrication techniques, and it is possi--
ble to provide somewhat smaller zones with special attention to design and
fabrication. -Also, different element types result in differing spacing with
elements such as coaxial or triplets requiring wider spaces than the doublet
configuracion assumed in this study. Deliberate interzone mixing also can be
introduced to 1limit the mass percentage involved with the outer wall zone.
Also, an element row can be designed, which has a mixture ratio bias within
the clement zone to reduce the mass fraction involved at the low ratio.  Typi-
cal of this approach 1is the uge of edge-impinging fans .in likc—impinging doub-
let systems, with fan offscet in the outer row (Flg. 31), A1l of theso
techniques have been applied in previous injector destgns with varving degreces
of success, Tho reduction in cooling effectiveness by transverse mixing s

difficult to predict, and becomes even more unpredictible as these alternate A
techniques are used to provide thinner low mixture ratio sections.,  These typoe |
of designs would require use of the Rocketdyne Film-cooling model to determine ’
their effectiveness, §

Specific impulse performance looses and shifts in mixture ratio were determined
for a zoned injector combustor. Criteria for the zoned desipgn were based on
bractical hardware. infector fmp Ingement arca cross sections.  For the three
thrust levels, Table 12 sumnarizes typical chamber and zone dlmenstons and
percentage of total chambor flowrates.
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TABLE 12,

OUTER ZONE

(REDUCED MIXTURE
RATI0)

THRUST, N

(1bf)

89,000 (20,000)
667,000 (150,000)
2,669,000 (600,000)

R mmm amous e em——

CORE ZONE

(HIGH MIXTURE RATI0)

CHAMBER DIAMETER

INCHES

(4)
(10)
(25)

DIAMETER D

ZONED COMBUSTION TINJECTOR MODEIL DESIGN CONSTRAINTS

— = . NOMINAL MIXTURE

RATIO

PERCENTAGE OF
TOTAL FLOW RATE
IN QUTER ZONE

58
53
20.4




|

Table 12 data are applicable for all three propellant combinations (0,/RP-1,
OZ/CH4, 0,/C.Hg), Relative zonal flowrates shown in Table 12 were established
using the“criteéria afforded by minimum stream boundary mixing within the cham-
ber., This was satlsfied by selecting equal stream mass velocitics, (pv=w/A).
The mathematical velationships governing mixture ratio shifts, (core and outer
zone) are given by the following equatlons:

MReng - MROuter 2 _ D 2
A+ Zone CH Core (49)
1 + MR 2
Outer c
Zone ore
MR + A (50)
MR, = —CRE___
Core 1~ A
2 2
D -D
ICore CH gore IOuter Zone
I + vac DCore Vac
Eng > 5
Vac D -D
CH Core
1+
2
Core

Zonal specific impulse was generated using the JANNAF One-Dimensional Kinetics
(ODK) Computer program. Reaction rate data used were those published on

10 January 1977 and represents the latest selected by the JANNAF Performance
Standardization Working Group. Computations werc made for a range of area
ratios. However, for comparative studies, a single area ratio was selected,
e.g., 400 to 1. Kinetic specific impulse is dependent on engine size
relatively a weak function with slight improvements with higher thrust.

Performance analysis results are shown in Fig. 32 through 34. TFor selected
percentages of I vacuum losses, the curves may be used to determine opera-

s X
tional core and outer zone mixture ratios. The general nature of the curves
does show larger performance losses for a fixed outer zone mixture ratio with
higher amounts of outer zone flowrates. Performance sensitivity decrcases with
smaller amounts of outer zone film-cooling requirements.
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Deslgn Analysis

The zoned combustion chamber design analysis utilized a performance loss of 3%,
The zoned combustion mixture ratio and core mixture ratio are depicted in g,
35 for the the three propellant combinations and thrust levels. The thermal
analysis utilized the convective heat tranafer coefficient and adiabatic wall
temperature associlated with the reduced zone mixture ratio. The chamber and
nozzle surface and throat arcas were for the nominal mixture ratic. 1In general,
it was handled as a low mixture ratio case.

The zoned combustion outer zone and core mixture ratio also were based on a con-
stant injection pV and overall nominal mixture ratio. The allocated 3% perfor-
mance loss 1s related to the theoretical performance of the zoned mixture ratio

of the core and outer zone, The theoretical performance for the three propellant
combinations is shown in Fig. 36 as a function of propellant mixture ratio. These
values are based on the JANNAF One-Dimensional Kinetics (ODK) computer program.,

The nominal mixture ratio used for this study is denoted for each propellant com-
bination,

The zoned combustion approach is graphically presented in Fig, 37 for the three
thrust levels for the 02/CH4 propellant comb*nation. The guideline 3% perfor-
mance loss is shown by a 3% vertical displacement from the peak performance
(nominal mixture ratio), The outer zone and core mixture ratio for a constant
injection pV is a straight line intersecting the 3% vertical offset. The slope
of this line is determined by the percentage of outer zone mass flowrate to the
total mass flowrate, as depicted for the three thrust levels. It can be seen
in Fig.37 that the 3% performance loss is associated with the reduced perfor-
mance core and outer zone mixture ratio. Therefore, it can be rationalized
that the characteristic velocity efficiency (nc#*) of the zonal mixture and core
mixture are at the nominal guideline efficiency of 98% as controlled by the
injector/chamber design. This means that the theoretical combustion tempera-
ture of the outer zone would, accordingly, be reduced to reflect 98% nc*. How-
ever, the actual characteristic velocity (e*) for sizing the chamber throat is
3% lower than used for the nominal mixture ratio instead cf the actual c*
presented in the propellant properties figures (Appendix B). The actual c*
bresented in the propellant properties figures reflects an overall mixture ratio
equal to the outer zome mixture ratio,

The hot-gas-side convective heat transfer coefficient (hg) profile used a bound~
ary layer analysis for the six design cases noted in Iab%e 5. As might be ex-
pected, the hg increases for the reduced mixture ratio of the outer zone near
the wall, The boundary layer convective heat transfer coefficient is a function
of the transport properties at the designated chamber pressure, as noted below:

hg 0 —— (52)
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The local heat flux is

1 " (53)
Q/A = hp (T, - lwg)
The zoned combustlon heat [lux can be compared to the nominal mixture ratilo heat
lux by:

0.2 ,¢ 0.6 (1. =T )
) / o aw .
W pone [ Mzone DPzone (nom ) B aone (54)
) b |.1 -
(k/A)Nom. “Zonv Cp Irzonc (IHW lwg)Nom.
Nom,

Although the adiabatic wall temperature (Tgy) is substantially reduced for the
zoned mixture ratio, the zoned heat flux provides little or no benefit toward
inereasing the chamber pressure. This trend is shown in Fig. 38 for the res-
pective mixture ratio and chamber pressure for each propellant combination at the
noted thrust level. The chamber pressure of the zoned combustion design to attain
a 1ife of (250 x 4) eycles is related to tiie nominal uncnhanced design by:

1‘ 1025
,Lzoned comb, = [(Q/A)Nom. ] (55)

W@/

‘P

C Zoned
unenhanced

This results in the unenhanced 09/CH4 design chamber pressure being increased

from 2144 N/cm? (3110 psia) to 2344 N/em2 (3400 psia). Graphic presentation

of this design is presented in Fig.133 and 134, Appendix D. The only other propel-
lant combination and thrust level that would attain a higher chamber pressure would
be the 89,000 N (20,000 1bf) thrust 02/RP-1 design. However, the 89,000 N

(20,000 1bf) thrust 02/RP-1 unenhanced design could not meet the coolant wall
criterion (589 K, 1060 R). Therefore, it was not deemed necessary to evaluate

this zoned combustion design.

Undoubtably, one would expect a reduced heat flux for a lower mixture ratio as
denoted by zoned combustion. However, as previously noted, the outer zone
operates at a n.* = 98% as designed for a constant injection pV. Thercetore,
the analysis is representative of a chamber designed to operate at this mixture
ratto as though it were a constant overall mixture ratio. A theoretical heat
flux plateau exists for all propellant combinations for the mixture ratio dome
region of maximum energy release efficilency. There are Rocketdyne experimental
0,/“2 data that tend to support this trend over a mixture ratio range of 5.0 to
770 for a constant Injection overall mixture ratlo., —.

There arve. also experimental 09/H2 zoned combustion data that contradict this-
analysis, However, these data are primarily for injectors that were designed
for nominal mixture ratio and later modified for reduced outer zone mixture
ratfo to alleviate combustor wall hot spots as a function of cirveumferential
position, These latter injector desfgns do not operate at a constant finjector
PV, It is belioved that zoned combuation provides a heat flux veduction greater
than theoretically predicted because 1t actually suppressses the local heat
fluxes associated with the nonunitormity of local injection mass fluxes and




TR TEERA AR T e ORI R T yyes A o

3
1
w N

0T1®Y 2INIXTK [BUTWON B ZNTJ 383§ I3qEeu)
DpSOUBYUSU] ©3 %nJJ 3ESH I9qUeY) UOIISNqus) pauoz Jo uosiIedwon

(4/0) OILVY TANLXIW
S*s 0°S 5°Z 0°2 S°1
wi T ] T
0ST X0Z —
\ X
s -
\\ 1-d4/%0
.\\..\ /
- R s g e -
vz - N \\\v/ 24009 \\V\Vam
HJ/ 0 I ~e— %X -
009 >< _ ~ - -
— QI\ -
R /
8,55,% 3009 _

P0°1

80°1

[BUTION (v /)

PRYOZ (v /v)

Y3




L

mixture ratio variations off nominal, Besides, 1t 1sg diffticult to helleve
that. zoned combustion has lesg effect in reducing che heat flux than a nonop-
Llmum nominal mixtyre ratio injoctor with o slmilar performance Josgs wheroes
2 I
0 " 56
(R (ncs) (56)
and

(57)

QA o (1 -~ ¢

LS
This reduction in heat flux has been cxperimentally verified ag g function of
perlormance loss, Therefore, a 3% performance loss of a less efficient nominal
mixture ratio injector represents an 11% reduction in heat flux, which is con-
siderably greater than theoretically reflected by zoned combustion. This is
one area that needs experimental verification for 02/hydrocarbon—fueled engines.,

"OTHER" THERMAL BARRIERS

A combination physical and fluid thermal barrier was selected. There were
several combinationsg considered, Transpiration cooling and film cooling were
the contenders as Zluid barriers, each with a 3% performance loss. Zoned com-~
bustion did not show dromising aspects. Ceramic (Zro,) coating and carbon
layer were the physical barrier contenders. The graphite liner did not show
any promising aspects. It was -also determined from design analyses of single
thermal barriers that the combination barrier for 0 /CH, and 02/C3H would
differ from that for 0,/RP-1. The combination of tijo fiuid barriérs was not
considered because of the large performance loss, Although traunspiration cool-
ing showed the greatest chamber pressure.increase potential, it was not se-
lected because of inherent design and fabrication problems and extended
development required to make it operational. It is also a high-risk design
because of potential flow blockage of the micro-injection holes.

Combined Thermal Barriers (021954 and OZZQBHSl

Zr0, ceramic coating plus film cooling was selected as the combined thermal
barfier to provide maximum benefits for increased chamber pressure of the
0,/CH, and 0,/C HS designs. The addition of a carbon layer would provide neg-
l%gibie bene%itg since the selected combination already pushes the channel
height to 4its maximum limit in the regions where a carbon layer would be bene-
ficial. At these high chamber pressures, the carbon layer thickness of these
two propellant combinations ig basically zero in the high mass flux region
(convergence zone and throat),

The 0,/C¢H, and O /CBH designs are summarized 1in Table 13, All designs were

at guldeline chafibef Pressure limits and used reduced P le /Pe. Unenhanced
nozzle designs werce used with adjustments to the attachmgnﬁtarca ratio and
unformed tube diameter . to accommodate the high chamber bressurce., The lower
thrust nozzle designs for the 2r0, enhanced chambers, which were at their reg-
pective P limits, were used for £he combined thrmal barrvier chamboer designs.,
The graphfc Presentation of these chamber and nozzle designs is shown 1in Fig, 135
through 140 of Appendix D, The ceramic -coating (ZrOz) thickness.was nearly
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Ldentical to those previously used for the Zr0, designs., This is realized by
the fact that the additional increase in chambér pressure for the combined
thermal barrier is assoclated with tho addition of film cooling. As previous-
ly shown, the film cooling produces a near uniform heat flux reduction along
the chamber length, Therefore, nearly the same ceramic coating thicknesses
are required for the guideline ZrO2 surface temperature 1imit.

Combined Thermal Barrier (OZ/PR—l)

A carbon layer thermal barrier is extremely overpowering for the OO/RP—l pro-
pellant combination, as previously noted. The next most efficient thermal
barrier is a Zr0, ceramic coating, as defined for the other two propellant
combinations. Tﬁerefore, a carbon layer plus Zr0O, ceramic coating was se-~
lected for the combined 0./RP-1 thermal barrier. “This combination represents
the best thermal barrier(§) for the 0 /RP~1 designs. This combination has a
great benefit over the combined thermil barriers of the other propellant com-

binations since it represents no performance loss. The 02/RP—1 barriers are
both physical therwal barriers.

A "short chamber", 2,669,000 N (600,000 1bf), thrust chamber was evaluated
for this study. The Zr0, ceramic coating was applied between the injector
end and chamber throat. “The thickness was 0.0030 cm (0.0012 in.) in the
throat region and high heat flux convergent region. The lower heat flux
region utilized 0.0046 cm (0.0018 in.). These ceramic coating thicknesses
are typical of those used for the previcus ceramic coating studies. These
thicknesses represent optimum thicknesses for the guideline ceramic coating
surface temperature limit.

At high chamber pressures, the carbon layer thickness diminishes in the Ehroat
region., The maximum chamber pressure that could be cooled was 3448 N/em” (5000
psia). This is lower than the other two propellant combination limits. but

is quite spectacular since the unenhanced design Pc limit was 896 N/cm” (1300
psia). This design is shown in Fig. 141 of Appendix D. Because of the high
chamber pressure, the nozzle design requires a carbon layer or ceramic coating
thermal barrier for approximately one~-third of the nozzle length starting at
the attachment to the combustion chamber. The coolant flow split between the
chamber and nozzle was 50/50%, typical of other split flow designs.
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ENHANCED DESTCGN COMPARTSON

Lach of the seven enhanced techniques were presented Independently. A compar-
1son of ecach enhancement as related to the maximam increased chamber pressure
for the propellant combination Is presented in Table 14, The enhancements
represent (4 x 250) cycles and are compared to the unenhanced chamber pressure,

The best enhancement is the combined thermal barriers.  These are /Zr0, ceramic
coating and film cooling for the 0,)/Cl-i4 and UZ/C,H propellant combinidtion and
ZrO2 ceramic coating and carbon layer for the o ;Rg-l. The second best en-
hanCement is transpiration cooling for the 02/Cﬁ and O,/C3H propcellant com~
bination and carbon layer for the OZ/RP—l propel?ant combina?ion. It should

be-noted that cach fluid thermal ba¥rier represents a 3Y performance loss.

A coemparison is shown in.Fig, 39 and 40 for the %r0 ceramic-coated designs
and the carbon layer designs. 1In summary, a carboil layer thermal barrier
provides a significant increase in P for the 0,/RP-1 designs, where a Zr0
barrier has little impact on the desggns. A Zr0, coating provides a signigi-

cant increase in P for the 0,/CH, and 0,/C.H deésigns, where a carbon layer
A ¢ 2 4 2" 7378
has a negligible effect.

The Zr0, ceramic coating provides the third best and film cooling provides
the fouFth best thermal barriers for all propellant combinations. Transpira-
tion cooling, which is the sccond best thermal barrier for 0,/CH, and 02/C 8’
is not applicable for O /RP-1 because of coking temperature fimitfations? is
analyzed, transpiration cooling’require5~development of very special designs
and may be less effective than analyzed because of the coolant velocity head
loss potential. However, a wafer-type transpiration-cooled design may result
in typical ratings, as noted.

The rating of enhanced cooling (thermal barriers) for each propellant combina-

tion is shown below (a rating of 1 represents the best enhancement and 7
represents the least effective-enhancement):

Rating for Maximum P,

Enhancement -
OZ/CHh 02/C3H8 OZ/RP |

Physical Barrier

Carbon Layer 5 5 2
Zr02 Ceramic Coating 3 3 3
Graphite Liner 7 7 7

Fluid Barrier (3% performance Loss)

Film Cooling 4 4 4
Transpiration Cooling 2 2 DNA
Zoned Combustion 6 . 6 6

Combined Barriers

2r0,/Film Cooling 1 | -~
Carnon/ZrOz -- .- |
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Film cooling is the fourth best thermal barrier for all propellant combinations.
sarbon layer is £ifth best for (),,/Cl'll,+ and 0,/C,H, designs, providing neglipgible
hbenef tta, However, carbon layer®is the No, 1 aingle thermal barvicr for ()2/1{1’-1,
belng sccond only to a combined thermal barrier.

Theoretically, zoned combustion has negligible or no enhancement benefits, A
graphite liner is not applicable for high heat flux (high chamber pressure)
designs from a fabrication and installation standpoint,

Many of the enhanced designs are at their chamber pressure limits with reduced

(Pin'-t/Pc) ratio. Therefore, a representative maximum chamber pressure as a
func%?on of thrust cannot be presented graphically.
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SENSTTIVLLY STUDIES

These sensitivity studics ovaluwated eyelie Tife as a functlon of chamber pres-
sure and RP-1 docompositlon temperature tmpact on chamber pressure Iimits,

LLRE SENS LTV LY

A life sensbtivity study was conducted to define the Influence of the eyelle

Fatigue 1ife sround rule on maximum chamber pressure, The 2,669,000 N (600,000

Ibi) OQ/CH unenhanced chamber deslgn was selected for this study, 7The (Pcn./

Pa o) ol this design should bo typleal of that attainahlo for .the other
1009§t A i L

propellant combinations and Lthrust levels,

The 1000 cyele (4 x 250) baseline unenhanced design maximum pressurce was 2144
N/em® (3110 psia).? Life sensitivicy unalygcs were conducted at chgmber preg-
sures of 2482, N/cm” (3600 psia), 2895 N/cm” (4200 psia), 3102 N/em™ (4500 psia),
and 3309 N/cm (4800 psia). The increascd chamber pPressure designs utilized
rédduced channel heights, The wall thickness was increased for each design to
accommodate a higher operating pressure stress level.  The wall thickness, maxi-
mum gas-side wall temperature, strain range, and cycle life are shown in Table
15, All designs reflect arp JP = 1,8 and approximately 50/50% coolant
flowrate split between the cﬁg$gér and nozzle. The chamber pressure to cyclic
lifevrelationship is shown in Fig. 41 . This trend should be typical for the
other propellant combinations and thrust level (ignoring RP-1 T ) since the
baseline 1000 cycle designs represent similar gas-side wall temp&rutures Ty,
and the nozzle AP of series flow designs arc insignificant. A

The 1life of the higher chamber pressure designs ig questionable at NARloy~27
surface temperatures (T ) above 867 K (1560 R). Although it is not recommended
to operate above this tgﬁperature, the low cycle fatigue curve for NARloy-2

was extended to accommodate the higher surface temperatures at the higher
chamber pPressures, as noted in Fig. 42. This 922 K (1660 R) curve is based on
limited data obtained from isothermal uniaxial fatigue specimens,

02/RP—1 DECOMPOSITION SENSITIVITY STUDY

Respectable chamber pressures were not attained for the 0,/RP-1 uncunhanced and
enhanced "long chamber" designs. This is primarily attributed to: (1) the low
coolant wall temperature required to negate coking and (2) the long chamber
length typically associated for 8as generator cycle liquid/liquid Injection
systems to meet perlormance criteria with conventional type Injectors. Theore-
fore, it was difficult to compare the cooling capabilities of RP-1 to the

other hydrocarbon-fueled engines using Cli4 and C3“8'

Reviewing the 0., /RpP-1 analyses for "long chambers" reflect unfavorable operating
conditions for §11 uncnhanced and enhanced designs except for the 89,000 N
(20,000 1bf) thrust design with a carbon layer.  The Rp-1 carbon layer provides
a large thermal resistance throughout the chambery length except for the local
high mass flux throat region.  This allowed the 89,000 N (20,000 1bFf) thrust
chamber to mect the coolant wall temperature criterion of 589 K (l060 R) at a.
chamber pressure of 1379 N/cm (ZOOQ psia) although the unenhanced design could
nee meet this criterion at 690 N/cem® (1000 psia). The Larger thrust enhanced

A




. (ogg1) Aomo.\NNooy .
b x 0g s°¢ Liol IXARVEY T 879 (0ogH) otee
i . (otL1) (9€0°/090°) .
¥ X Sy g°s 056 160°7251 8°9 (oosy)  foig
ﬁ (5491) (£€0°/£50°)
(soy1) (8z0°/250°) .
y X 0Z1 vz 19/ LL0° /ZE1" 8°9 (009€)  zgye
Syl 920°/S40°
¥ X gsz 0°Z ( *Nummv ( ¢WON\N~ mN I°s (ot 1€) LA A4
Ax.uv D P AC: wo 3 Ammmav wd/N
(sa1342) (3usdxa4) sanjexadwa Ssauyo Ty, dTzzZoN m;:mmwum
ay17 a8uey ITeM Trey o3 Jaquey)
urexig UnuTXep Iauueyn Iaqureyn
1 9T = um\HMAZHm

K

(YI9RVHD LSN¥HI (39T 000°009) N 000699z

AQLS ALTAILISNAS FJIT DITDXAD 40 AGVIBINS  "¢T FIgVL

%..~C

HI "0 QIDNVHNIND)

102




v
13queyy “Hy/%o

(39T 000°009) N 000°699°Z A3TATaTSULS @311 *Iy 2an81g
g (SIT0XD) F4IT FTIKD
0001 00S  00tY 00¢ 002 001
1 YT r—j T T T T .
] -1 0001
C . (@]
“ M 000Z |~ M
3 = =
S 1 ¥ fuvl
3 = : =~
jgvt o
5. = =
. o n?
R w2 [77]
1 02 t wn
4 S 000 .. 1000z g
2 s : T—— m
2 M\al M .!/f:{l" . _
= 0007 & T —_ W
T el - oo0s ™
000S e
3 m S L
s 0009 ¥LYQ TYINIWIYIXT In0gy Of —— —1 0oo¥
e 000S

103




hea e o
Z-LOTYVN 3ySnoim 103 soain) an3118g 9124y moq *Zhp 2an31g
o $312A3 40 ¥3IaWAN _
000°0% 000} 00t
[r71 1 I [TV T 1T 11 T ]
Z A9 Q3aIAIQ YIVQ 1S3L
‘WAWINIW @3123dX3
(40971)
/s (¥ 0951)
/// \\\\ . —
\ i
(40121 oL woes) !
AZL9 OL Aw6T M (4 0991)
N 76
_

o~

(LN30¥3d) 39NWY NIVYyLS

[2a]

S Te——

L04

-

>



IR al i et g r— T TR ————

destpn could not meet this erftevion at conslderably lLower chamber pressure,
This s attributed to the fact that the larger thrust chambor lenpgth (Injector
to throat) wis three times longer than the lower thrust chamber length,  This
additfonal leapth retards the cooling capabllity associated with an inervased
Injector=end bulk temperature and a reduced coolant mass lux for a tixed

P i.lllul'/l‘(‘ ratio,

The 02/RP-1 gas generator cycle sensltivity analyses utilized gas—pas Inject fon
chamber contours typical ol the 02/0H4 and 09/Cyllg designs. 1t assumed that
98 energy velease efffcieney can he obtalned with the short chamber utilizing
A micro-ovifice type of injector. This injector would requirve development but
is a possibility for a liquid-liquid gas generator cycle system. The 2,669,000
(600,000 1bf) thrust level design was sclected for analysis because of its
potential booster appllcation and the additional design benefits provided by a
split flow chamber/nozzle system for an 09/RP-1 gas generator cycle engine,
The sensitivity study defined the chamber pressure limits for an unenhanced
design and an enhanced carbon layer design as a function of coolant wall tem-
perature, as shown in Fig. 43,

Portinent design analysis parameters are shown in Table 16. 0Off-set design
points were established for an enecrgy release efficicency of 96% by accounting
for the reduced combustion temperature. This represents design points for a
typical type liquid-gas injector. The large thermal resistance of the carbon
drives the chamnel height to its maximum for two-thirds of the chamber length,

Graphic design presentations are shown in YFig. 142 and 143 for the 1172 N/em?
(3500 psia) unenhanced chamber and nozzle, and in Fig. 144 and 145 for the 2413
N/cm?2 (1700 psia) carbon layer enhanced combustion chamber with an unenhanced
nozzle.
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TECHINOLOGY TDENTIFLCATION
Recommended technology ftems to be considered for follow-on work are summarized
below, These suggested arcas requiving experimental dnvestigation are hased on
the results of this analytical study. }
1. Carbon Layer Deposition (0p/RP-1
This is particularly important since the 02/RP-1 chamber must rely on
a carbon layer to be cooled at competitive chamber sressures of other
hydrocarbon-fueled cngines. 1
2. RP-1 Coking Temperature Limit
The chamber pressure limit is very sensitive to the maximum allowable
coolant wall surface temperature. Coking limits also should be
evaluated with additives to increase the coking temperature limit. ]
3. Ceramic Coating (Zr09)
This provides a substantial increase in chamber pressure when applied
to the combustion chamber. For high chamber pressures, a thickness
less than 0.005 em (0.002 in.) is required. Application of extremely
thin coatings and hot-fire testing is merited.
3
4. Film Cooling ]
Performance degradation and cooling cfficiencics need be experiment-
ally determined.
| 5. Zoned Combustion
i Analytically, this provides an insignificant increasc in chamber
pressurc. This needs experimental evaluation of performance loss and
thermal characteristics.
| 1
Y
L
b
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CONCLUSIONS

Both the unenhanced and enhanced designs refleet an increase 1in chamber preg-
sure for a decreascd thrust level when cyelic 1life 1s the primary fixed
criterion. Another contribuior to thig trend 1s the shorter length and largor
contractlon area ratio of the low thrust designs for a 98% energy release
efficiency., Thig chamber pressure to thiust trend is reversed for the 0,/Rp-1
designs where the coolant wall temperature 1is the limiting criterion (to“meet
the coking temperature limit) instead of life~limited,

The greatest increase in chamber pressure can be attained by a combined thermal
barrier. This combination is a zrQ ceramic coating with film cooling for the
02/CH4 and 0 /C3H propellant combination, and a Zro ceramic coating with a
carbon layer“fof éhe OZ/RP—l propellant combination,

The best single heat barrier is transpiration cooling for the 0O /CH, and
OZ/CBHS propellant combination and a carbon layer for the 0,/RP=1 propellant
combination, <

The highest chamber Pressures can be attained for the 0,/cH propellant com-
bination. The 0 /RP-1 Propellant combination reflects %he iowest cooling limits
which is primari y attributed to a low RP-] decomposition temperature. Another
limitation for the 0,/RpP-1 Propellant combination is development of a - high per-
formance liquid—gasvmicro-orifice injector to allow use of a "short chamber"
typical of the other two propellant combination, The 0,/Rp-1 unenhanced
designs are only competitive for a "short chamber" and %f an inhibitor is used
to increase the coking temperature limit,

The gas generator cycle engine system provides a slight chamber pPressure bene-
fit over the staged combustion cycle engine assuming the same energy release
efficiency can be obtained for either cycle.

out any ‘thermal barriers for the enhanced thermal barrier combustion chambers.
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APPENDIX A

COMBUSTION CHAMBER AND NOZZLE MATERIAL PROPERTIES

appendix. These broperties were used for the 1life analysis and structural design

of this study. The basis for the selection of these materi ,
presented. NARloy-Z was selected for the combustion chamber liner, which used i
an electroformed nickel closeout structure. Inconel 718.was the load-carrying ?
structure for the combustion chamber and nozzle. A-286 was uscd for the nozzle ]

tube material. The above materials are identical to those currently being used
on the Space Shuttle Main Engine (SSME).

|
The combustion chamber and nozzle material properties are presented in this {
l

als was previously
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Thermal Expansion for Wrought NARloy-2z

Figure 4¢.
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Thermal Conductivity of NARloy-2Z

Figure 49.
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Figure 54. Thermal conductivity of Wrought A-286



APPENDIX B
COMBUSTION HOT-GAS PROPELLANT PROPERTIES

Combustion gas properties and performance were generated for the propellant com-
binations considered in this study. Rocketdyne's Free-Energy Program uses an
up-to-date JANNAF flame species data file and has been found to yield results

in agreement with NASA's program and the JANNAF ODE program. Flame properties
computed In the combustion chamber, at the throat, and at specified nozzle
stations included: temperature, enthalpy, entropy, heat capacities (shifting
and frozen), gammas (shifting and frozen), effective molecular welght, density, .
viscosity, thermal conductivity, Prandtl number, and composition. g

A sample computer program printout of data available for LOX/CH, propellants is
shown in Table 17, The first part of this table indicates the full shifting
characteristic velocity for the operating conditions. The second part contains 3
the gas physical and thermodynamic properties and compositivn in the combustion ‘
chamber aund at every expansion area ratio station selected. The third part
summarizes performance parameters such as thrust coefficilent and specific
impulse for each expansion area ratio chosen, at vacuum, and at design altitude.

It also summarizes exit temperature and pressure conditions for each expansion
area ratio,

Combustion gas properties for the propellant combinations at nominal mixture 3
ratio (OZ/RP—l at MR = 2,8:1, 02/O3H8 at MR = 3,1:1, and OZ/CH4 at MR = 3,5:1)
are shown as functions of chamber pressure in Fig. 55 and 56. The combustion

gas properties evaluated for zoned mixture ratio enhancement are presented in
Fig, 57 through 62,

The combustion gas temperature was corrected from the theoretical value by using
the study guidelines specified energy release efficiency (n %) of 98% in the
following manner: ¢

. - 2
10 = 10 x (nc*)
actual theory

The characteristic velocity (c*) also was corrected for N &+ In generating the
combustion gas properties, the following fuel temperature§ were used for calcul-
ating the heat of formation:

RP-1: 461 K (830 R)
C3H8: 344 K (630 R)
CH4: 390 X (700 R)

Results from the Free-knergy Program where the RP-1 fuel temperature was varicd
showed that the property variations with change in the fuel temperature are in-
significant (less than 1%) for the ranges of this study,
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APPENDIX C

GRAPHIC PRESENTATION OF UNENHANCED COMBUSTION CHAMBER
AND NOZZLE DESIGNS
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APPENDIX D

GRAPHIC PRESENTATION OF COMBUSTION CHAMBER AND NOZZLE DESIGNS
FOR ENHANCED THERMAL BARRIERS AND
SENSITIVITY STUDIES ]

The detailed combustion chamber and nozzle design analyses are presented in
this appendix. Graphic presentations describe the operating parameters, cool=-
ant passage geometry, hot-gas wall geometry, and heat transfer characteristies.

The combustion chamber and nozzle designs are presented in the sequence noted

in the Enhanced Designs and Sensitivity Studies section in the main body of
the report,
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(600,000 1bf), Coolant Pin/Pc = 1.8, Combustion Chamber at
Pc = 2758 N/cm2 (4000 psia)._(Ceramic.Coating Enhancement on
Combustion Chamber)
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Coolent Pln/Pc = 1,8, Combustion Chamber at Pc = 3448 N/cm2 (5000 psia)

(Combined Carbon Layer and Zircontium Oxide Enhancement )
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Parameters for the 02/RP-1, MR = 2,8, F = 2,669,000 N (600,000 1bf),
Coolant Pin/Pc = 1.8, Nozzle at Pc = 2413 N/cm2 (3500 psia)

Carbon Layer Enhancement on Combustion Chamber (Short Chamber) (RP-1.wo.m_
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NOMENCLATURR
A area ;
Btu sritdsh thermal units 1
Cd discharge coefficient
CH4 methane, fuel propellant
Cp specific heat
CBHS propane, fuel propellant
Dh hydraulic diameter
DL throat diameter
F thrust, N (1bf)
Ftu ultimate strength safety factor ’
Fty yield strength safety factor 3
G mass flux (W/A = pV) .
hc coolant convective heat transfer coefficient
hg hot-gas convective heat transfer coefficient
s specific impulse_. ]
degrees Kelvin
thermal conductivity
length 1
MR mixture ratic (o/f) 1
Nf number of load cycles to failure
Nst Stanton number b
O2 oxygen, oxidizer propellant i
p pressure 1
Pc combustion gas chamber pressure
l’in coolant inlet pressure
) Pr Prandtl number
Q heat load
Q/A heat flux )
R radius or degrees Rankine i
| Re Reynolds number @
3 ry inside tube radius |
; r, outside tube radius j
|
i
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SUBSCRIPTS

bl - Rl

‘aw

“bw

G

w 0 o0

.1

vac

GREEK

222

AP

(oW
=

H

rocket fuel propellant

throat radius

t lme

ad tabatic wall temperature
coolant bulk temperature
backwall structure temperature
combustfon or coolant temperature
coolant side wall temperature
gas slde wall temperature
coolant flowrate

hot-gas flowrate

thickness

bulk

coolant or combustion
film

gas

sea level

vacuum

coolant pressurc drop

area ratio or strain

angular displacement

creep damage fraction or curvature enhancement
fatigue damage fraction

surface roughness enhancement

specific heat ratio

cnergy release efficiency or combustion ef ficiency

density
bending stress
shear stress

viscosity
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FILM COOLING
B

c
P

=

» L 13 oo®»

>

1
Subscripts

> 0 ;| 0

0]

fe

Creek

u

dimensionless parameter

specific heat at constant pressure .

mass flow per unit area

constant in correlation

heat transfer coefficient

Lewis number

molecular weight

Prandtl number

wetted perimeter

Reynolds number based on distance

ratio of injection to free stream mass flux
injection slot height

temperature

flowrate

distance from injection point along surface

correction length for wall jet region

adiabatic wall conditions
coolant or ‘“amber conditions
film

free stream gas

zero film cooling conditions
coolant gas interface

coolant injection slot

film coolant

affectiveness and efficiency
constant in correlation
specific heat ratio

density

film thickness

viscosity
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