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experimental data and test procedure are presented. Also obtained was basic
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Ex s . .
: ABSTRACT
§ ; An analytical method for predicting the thermal cycle life
é; capability of non-tubular regeneratively cooled thrust -chambers
E. was developed. Included in the method are the effect of time

dependent creep damage and strain range dependent fatigue damzge.
The method was calibrated ‘using material mechanical properties,

isothermal fatigue and tensile creep specimen data,

T,
T,

Isothermal cyclic data on laboratory speciméng to determine the
effect of strain rate, temperature, strain range and tensile and/or
compression hold time on fatigue life of four candidate rocket
engine thrust chamber matzrials was obtained. The experimer:f2l
data und test procedure are presented. Also obtained was basic
material data .on the materials of interest.

hadendaai DAL T WISl MRS B N 6

™
1 Supporting thermal analyses were conducteéd and regeneratively
& ccoled thrust chambers were Qesigned“for‘subsquent fabrication
a8 ‘e g 3TV g o ) Py .
3 and. hot fire cycle testing to verify the 1ife prediction.
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{1*’ INTRODUCTION i
] | :
H The next generation of 3)quid rocket engine thrust chambers will employ non-
§ tubular construction methods and will have a requirement for long life and
? nultiple re-use. The pracilcality of producing non-tubular thrust chambers of
gé the candidate materials has beén demonstrated over 2 range of thrust and chamber .
: pressure levels. However, very little effort has been expended in evaluating the i ;
§ long life characteristics of such chambefs. |
o |
’ ; The Air Force Rocket Propulsion‘iaboratory (AFRPL) awarded the Rocketdyne Division, t
z< Rockwell Interritional, a contract to analytically and w«perimentally explore the é
I long life characteristics of nen-tubular thrust chambers. This program was (.
% " entitled "Investigation of the Thermal Féuigue Characteristics of Non-Tubular P
4 Regeneratively Cooled Thrust Chambers (F046) 1~-70-C-0014), - ? .
o} ~. ~ S
- ?7 The objective of this program was to () define design criteria for the thermal
f} cycling capability of non-tubular regeneratively cooled thrust chambers, and ’
- { (2} to demonstrate this cycling capability. |
:

The results of the first part -Phase I - Development of Design Criteria are

presented herein. The Results of Phase II - Thermal Cycling Demonstration are
presented in Volume ITI. -
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€ive discrete tasks:
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SUMMARY

S e ,, T R S M 2 -
T . FE~ T N Ha ~ -~ . - on F-“&J

Phase I of this program (entitled Development of Design Criteria) consisted of

Final Design - Regeneratively Cooled, Thrust Chambers
Final.Desizn - Calorimeter Thrust Chambér Assembly o

| Task I - Preliminary Design

g Task II - Thermal Fatigue Analysis

f Task III - Maierials and Panel uasting
{ Task IV -

5 Task V -

Task I consisted of a,praiimina;y thermal analysis effort to establish predicted

i operating temperatures anid coolant passage geometry for use in subsequent analysis

the regeneratively .cooleéd thrust chambers,
; design were:

Propellants

Thrust (vacuum), 1b

Nozzle Expansion Ratio

Chumber Pressure (maximum), psic

(o/£)

Mixture Ratio (nominal)

3 0,/H,
FylH,

I GV VAU I SO O U %

Throttié Ratio
Number of Restarts
Total Life, hours

eratively cooled chambers were:

[

; and laboratory test effort. For continuity a point design was established for

Pertinent parameters of this point

02/H2 and FZ/HZ

3300 e
60:1
750

6:1
12:1 .
9:1
750

-

Further, the chambers designed in Task IV and Y were to intetface with AFRPL
designed injectors. Materials of interest for the hot gas wall of the regen-



-

o ——

Wrought Nickel
- Sintered Nickel (us processed by the Rocketdyne powder metallurgy process)

Zirconium-Copper
NARloy«Z (a Rocketdyne-develor .a copper alloy)

} It is noted tﬁét,although the Phase I effort was centered around ‘the point design
discussed previously the results were to be spplicable to thrust chambers of any
thrust levei.

TASK I - PRELIMINARY DESIGN
The Task I effort consisteéd of a preliminary thermal analysis ‘to establish typical

. 7 operation conditions and chamber design criteria for use in the subsequent tasks
: of Phase 1.

Chambers employing the materials of interest were thermaliv analyzed for op<ration
{ with both 0-2/H2 and F,Z/H2 propellants. Initial analysis was .conducted using a
theoretical heat flux profile. The analysis was then modified as hot fire test
data became available €frsm the AFRPL.

~

TASK 11 - THERMAL FATIGUE ANALYSIS

:; In this task the thermal fatigue 1life of non-tubuluarT regeneratively cocled thrust
' chambers was evaluated by the individual accumulation of fatigue and creep damage.
A survey of candidate analytical techniques for predicting fatipue life was com-

pleted. The one selected for use, and modified to account for varying temperature

, experienced during the strain cycle was Manson's Universal Slopes Equation (Ref. 1
i and 13). This equation is stated as:
.,.‘ . - A *% ’-F‘ . T
/‘C N ‘\'t"m - 0’12 06 - 6
~ = S R' S g— .
& €y = P=E )“f teg Ng

where

RSO,




'
- v e e e

iy ,, = PO [T - ~ -~ 3V A S ¥ CAER [ - LT -
By *® total calcuieted strain range
Ftu = ultimate tensile strength
E = Ysung's modulus .
- . 100
€e = fracture ductility, 1n TO0-RA

RA

n

percent reduction in area

The 1life prediction analyses is based on thé theory that failure depends on the
accumulation of creep and fatigue damage (Fig, 1).

Ia this theory creep damage is evaluated from the stress-time-temperature cycle
and fatigue damage from the strain-time measurement cycle. Tsothermal fatigue
test -data {discussed later) on the materials of interest was used to calibrate

~—.

the analysis.

TASK III - MATERIALS AND PANEL TESTI:!G

To support ‘the Task I aiid Task II analytical efforts, materials and panel test
efforts ‘were conducted to determine basic material data and isothermal fatigue
data cn the materials of interest. Major points with respect to the relative
properties of the zirconium-copper and NARioy-Z alloys were:

e

(1) The NARloy-Z has significantly higher strength over the entire -

temperature range.

(2) The zirconium copper has somewhat higher elongation and
reduction of area properties.

(3) The~éigvated temperature thermal conductivity of the two
alloys is virtually the same,

(4) The NARloy-Z exhibits significantly better strass rupture
properties.
T

(S) The NARloy-Z -exhibited longer isothermal fatigue life for
similar conditions. ’

L
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(6) Siow strain rate tests significantly ecffected the life of
_zirconium-copper but had no effect on .the NARloy-Z.

{7) Isothermal fatigue testing with hold time at peak tenisile
strain lowered the life of both alloys.

The differential temperature fatigue tests and the panel test efforts.conducted
as a part of this task showed promise; however, their development was considered
beyond the scope of this. program,

TASK IV - FINAL DESIGN - REGENFRATIVELY COOLED THRUST CHAMBERS

Non-tubular regeneratively ccfiéd chambers employing spun and\machined wrought
nickel-200, Zirconium-copper and NARloy-Z wetre designed -using the thermal analysis

results of Task I. Chamber closecut was annealed eiectroformed nickel.

Operating criteria were:

Thrust, 1b 3300
Chamber Pressure, psia 750
Propellants Oilﬁé
Mixture Ratio (o/f) 6:1

!/

The nickel-200 chamber incorporated 72 step width channels, 0,040 inches wide in
the nozzle and throat region and 0.080 wide in the ccmbustion zone. Passage
height svas varied from 0,030 inch in the throat to -0.090 in the combustion zone
and nozzle while the hot gas wall thickness was ¢.025 throughout;

The two copper alloy chambers were identical and incorporated 4C constant width
(0.080) variable depth channels (0.064 in the throat to 0.120 in combustion zone
and nozzle). The hot gas wall thickness was 0,035 throughout.

As discussed previously all chembers had an annealed electroforméd nickel closure
and were designed to. interface with the AFRPL injectors.

-
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u R4 TASK V - CALORIMETER THRUST-CHAMBER ASSEMBLY' DESIGN 3

f . -’} T — 3 -
To aid ir establishing an experimental heat flux profile for use in defining the i
thermal envi.onmént that the regeneratively cooled chambers were exposed to, & '

calorimeter thrust chamber assembly was designed. The :assembly consisted of a
" cal wrimeter -thrust chamber and a coaxial element injector. The calorimeter cham-

Lg okt ee Tally Eadadityl
i ’ Lika ‘ﬁ
[ !" ‘.... «an >

ber incorporated 16 circumferential coolant passages machined into an OFHC-copper
liner with an -electroformed nickel closure. Individual water coolant manifolds

.Ww

were incorporated into each passage such that bulk temperature rise of the water
in each passage could be used to establish a heat flux profile.

b d

T e
RIS DI

LY

The ifijector was a 40 elément coaxial design with = rigimesh face built to an ‘
AFRPL design. : , ”T
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: | DISCUSSION

This program was undertaken with *fe objective of defining design
criteria for the thermal cycling capability of non-tubular regen-

oo
v ——— = =

eratively cosled chrust chambers and to demonstrate this cycling
.

. capability. The program effort was. divided into two phases:

1

2

Phase I, - Development of Design Criteria
Phase II - Thermal Cycling Demonstration

The results of the Phase 1 effort are presented herein, Results

of Phase II are presented in Volume 2 of this report.
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‘; PHASE I - DEVELOPMENT OF DESIGN -GRITERIA
4l
b .
H !
3‘ During Phase I desigh criteria were developed for regeneratively cooled thrust § r
§i chambers operating under the following conditions: i
P -
ié Propellants Qz(ﬂz and FZ/H2
’ f Thrust (vacuum), 1b 3300
b Nozzle Expansion Ratio 601
: % Chamlier ‘Pressure (maximum), psia 750
:§, Mixture Ratio (o/f)
gﬁ 02/55 6:1’Nominai, 5:1 to 7:1 Range
|7 'F2/H2 12:1 Nominal, 10:1 to 13:1 Range i
i- . Throttle Ratio 5:1 ;
;: Coolant H2
%‘ Number of Restarts 750
Y Totai Operating Life, hours 5 B
B b

1 The initial propellant combination selected for this program was FZ/HZ; however,
as the program progessed it became apparent that the most prohzbié appli-ations
for long life regeneratively cooled thrust chambers would use the‘-Oa/H2 propellant
combinations. This fact, combined with the fact that comparable test results

é _ (thermal -environment) could be achieved with‘oz/ﬂ2 at significantly lower cost

E (fluorine is ‘much more expensive than oxygen), resulted in a contract change to

include the Qg/Hé propellant combination in the analytical effort and to design

e ——.

the hot firing hardware for iise with 02/!{2 propellants, :
| ‘Inlet Temperature (at € = 60), R 70 B
)é Inlet Pressure (at € =-60), psia
£ : Full Thrust 1200
i ‘Minimum Thrust (9:1 Throttle Point) 150 -
-

-Coolant Pressure Drop (goal), psia -

Full Thrust 200
Minimum Thrust 7 25
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The thrust chamber internal contour was specified by AFRPL drawing No. X69B16164
(Fig., 2). The only difference bétweern the 02/H2 and the FZ/HZ,was that the com-
bustion zone of the 02/112 chambers was 1 inch longer than that of the FZ/H2
chamber. It .was felt that the 02/H2 chamber would’ require a .greater combustor
length to assure attainment of gocd combustion performance. The hot firing hard-
ware of Phase Il was to use this same contour but havé a truncated nozzle (e = 4)
to allow testing at site ambient pressures. Non-tubular fabrication methods were
to ‘be used for the thrust chambers and materials of interest were:

Wrought Nickel 200
Sintered Nickel
Zixconium Copper
NARloy-2Z

In: addition a calorimerer thrust chamber assembly was designund, fabricated and
tested to est.llish the heat flux profile to be used in the design of the regen-~
eratively cooled chambers. The calorimuter chamber had the same contour as the
02/H2 regeneratively cooled..chambers.

The Phase 1 effort consisted of five discrete tasks:

Task I - Preliminary Design

Task II < Thermal Fatigue-Analysis

Task III - Materials and Panel Testing

Task IV = Final Design - Regeneratively Cooled: Thrust Chambers
Task. V - Final Design - Calorimeter Thrust Chamber Assembly

A detailed discussion of the results of each task is presented in subsequent
sections of this report.
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TASK I -~ PRELIMINARY. DESIGN

-V - TR
P

R4

Task I involved a preliminary thermal analysis effort to establish predicted wall
temparature and coolant passage geometsy for use in -subsequeni analysis, désign
and laboratory test effort of Phase I. ‘Sequentially the -analysis was completed

- in the following order.

‘Initially, the Nickel 200 and the two copper alloy chambers were analyzed for
operation with F*‘Z/H2 and OZ/HZ propellants using a theoretical heat fiux profile,
As noted previously theoriginal propellant combination was F /H§3 however, this
was later changed to O /H based on consideration of most probable application
and reduced propellant cost -during the Phase II hot fire test effort. ‘

Gk aainr cld ot d duai M U GC R AR i b
Ed > N 3 " N
N .

Initial Thermal Analysis - F /H, Propellants ' -

A% .

The initial thermal analys*s of the nickel and copper alldy chamber was completed
for . /H propelldnt at 4 mixtuve ratio of 12:1 using. the theoreticai heat flux
piof:le shown in Fig. 3. This profile was detersiined using the- ‘Rocketdyne Boundary
Layer Program and assumed a combustion -efficiency of 99 percent, -

The first case analyzed for the nickel ché;gér considered 60 -constant width T
chaninels running from € = 4 to the injector face. Pertinent parameters are
shown in Fig. 4. Two dimensional isothermal plots are shown:-in- Fig. 5. Re-
sulting wall tempefatureSnwere 1365 to 1488 F; considered too aigh for a long
1ife. thrust -chamber. (A preliminary life unalysis ‘had indicated that maximum P
wall temperature should be: limited to ~1400 F to achisve the 750 thermal cycle §AA.E

goal).

Consequently, a design refinement was initiated which considered 72 coolsnt R
channels and a step change in channél‘w;dﬁhiﬁt a plane 2 inches upstream and \
1 inch downstream -of the throat plane. Resulting temperatures (based:on a

two-dimensional analysis) plus other poertinent parameters are shown in Fig. 6

and 7 for the full thrus: and throttlsd cases respectively.
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In 2 sinilar manne?¢ the NARloy~Z and’ zirconium-céppur <¢hambess were thermally
analyzed (tke thérmal contluctivity of the two dldoys ie nearly the same so that
the analysis is:applicablé‘to»eithar<matefial)‘ £0 eStabliéh—chgﬁnel geometry
and ¢oolant req&ireméﬁts when oparéting with fluorine-hydrogen p?@pellants at a

mixture ratio of 12:1, Results are shown in Fig. 8 through 13 fof-tWO—cgndidate

designs. - = -

In addition d parametric analysis. was. conducted on the nickel-200 chamber to
determine sensitivity of the deslgn variations in channel . dimehsions, wail

thickness, etc.

The two-dimensional gas-side wall femperature;may ke decreased by increasing the
number of channels and decreasing the channei width in the throat region. The

corresponding increase din pressure ¢rop is partially compensated by widening the

channel ingghe.iézgle and injector -ond anﬂAthigping the wall slightly.. j&? effect
on wall temperature of varying thése land’ and channel dimensions is shown in
Fig. 14 for the throat région of the nickel 200 chan'er.

In the vicinity of this opérating point the- two-dimensional gas-side wall temp-
erature changes 30 degrées per Q.Oib inch change in land width and 20 degrees
per 0.010 inch change in chg;nei width. Average back wall temperature varies

10 degreas per 0.010 inch(éﬂange in land width and negligibly with channel width.
These are based on a constant coolant mass velocity achieved through adjusting
passage height and number of passages per inch of circumference.

In genoral minimum wall temperature is achieved with minimum land and channel
width at the expense of pressure drop. -

‘Varyihgﬁﬁot;gaflrthicknesé results in a much stronger change in gas-side wall

temperature as seen in Fig. 15, The gradient is 240 degrees per 0.010 inch

--change. in wall thickness at the throat.

Similar plots for the injector end are presented in Fig. 16 and 17, except that
the sum of iand and passage width is used as the parameter for conveniénce since
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Figure 12. Tempefature Distribution for.Throat Section
of NARloy-Z Chamber
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it is re! “=~4 to the throat value by the contraction ratio:

P

w +~w)in-jecxor = & (L+W)

.o L)

throat

At the injector end ‘the gas-side wall temperature varies 35 degrees per 0.010 inch

change in .channel width. Average back wall temperature ckanges 22 degrees per

0.010 inch change in land width, reaching a maximum; then declining with incfeasing i:
land due to the two-dimensional ‘heat flow to the back of the channel. Gas-side 145

wall temperature -decreases 100 degrees per 0.010 inch decrease in wall thicknéss

e
(S

at ‘the injector end.

A4

e

Revised Thermal Analysis - F,/H, Propellarnts

o
PRI

L i e s o b S

As a result of experimental heat flux data obtainad by the AFRPL in copper heat

RS et e Rk ik

sink chambers the gas side film coefficient was revised (Fig, 18). This film .
coefficient profile was established analytically using thé Rocketdyne Boundary

A b

Layer Program modified to integrite the experimental data from the AFRPL test
1 effort. This experimental data indicated the boundary shouid be initiated approx- (
% imately two inches above the throat. |
¥

et e o s
[

Using this gas-side film coefficient, heat flux profiles were established for
a nickel 200 chamber fng = 14OP'FJ and a copper alloy (NARloy-Z or zirconium-
copper) chamber (ng.= 1000 F). The;e are shown in Fig. 19 and 20, and reflect )
peak ‘neat flux values of 27.1 Btu/in.-sec for the nickel 200 design and 27.6 Btu/in,-

iy
4
[l
A

# g

Bt N s vt

sec for the copper alloy designs; occurring at the same point, ~0.10 i. thes forward

of the geometric throat.

e aNhmee W

Ao e Al A o S 1 i e At e e,

£ Nickel 200 Thrust Chamber. Resulting analysis on the nickel 200 char.ér estab-

i lished a coolant circuit geometry consisting of 72 channels. These channels are
% 0.040 inches wide from the exit (e = 4) to -2.75 inches forward of the throat :
g; where a step width increase to 0,080 inches is made. The passage height varies - %
?? from 0.020 inch at the exit and injector ends tc 0.030 inch at the throat. The §§§
R - <%
I passage pressure drop predicted is slightly below 300 psi with a 10 psi exit loss. f:%
g ‘Bulk temperature rise is 410'F, The predicted two dimensional gas-side wall N
- ’;F, N - ,‘1
Y !
¥ §
e 3
i i
1% 29 1
‘,\~ 3 -
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GAS SIDE FILM COEFFICIENT, BTU/JN?»SE‘C-R
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Figure 18. Gas-Side Film Coefficient Distribution
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Figure 19.
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temperatures (Fig. 21) are close ¢o 1450 F from the throat upstream to about
-2.75 inches decreasing somewhat uniformly to 12060 F at the injector and 700 F

at the nozzle exit.
Chamber operating conditions are summarized in Fig. 22,

Copper Alloy Thrust Chambers. Using the heat flux profile presented previously

(Fig. 20), the ébpper alloy chambers were also analyzed. As discussed previously,
‘the elevated temperature thermal conductivities of the ‘two copper alloys are )
virtually the same, therefore, the chambers can be identical from a thermal A
standpoint. ) '

The thermal analysis showed that 60 constant=width (0.055 inches) channels were
suitable for these désigns. Passage height varied from 0.090 inch at the exit
and injector ends to 0.046 inches in the throat and 0.030 at -2.25 inches above
‘the throat., Pressure drop in the .coolant passage was about 240 psi with a 30 psi
exit loss, and bulk temperature riie of 428 F. TwoFdimensiohalvgas-side wall
temperatures were about 1000 F from the throat to -2.25 inches uvpstream (Fig. 23).
Chamber operating conditions -are summarized in Fig. 24,

Initial Thermal Analysis O,/H. Propellant
- = - T - % (A’ A ™

Copper Alloy Chamber. The NARloy-Z and zirconium-copper thrust chambers were

also analyzéd)for operation with “OZ/HQ propellants under the conditions specified
previously and an assuma3 injector combustion efficiency (nc*) of 99 percent,

(The use of 02/!{2 propellant insteady of Ez/Hé provides :a comparable thermal
environment with reduced propellant cost). A boundary layer analysis of the
combustor .contour with a 6 inch length results in the gas-side film coefficient
distribution chown in Fig. 25 for LQZ/H2. The -combustor for the 02/H2 design

was 1 inch longer than that for the F2/H2 design to assiire good combustion
efficiency was achieved. The 30 percent increase in film coefficient (as com-
pared to the F2/H2 d;iq}xis largely compensated by lower combustion tEmperdfure

to yield an only siightly'higher peak heat flux (28 Btu/in.z-sec) at the sonic

point (Fig, 26). Integrated heat load is aboqt 44 percent higher with L02/H2
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an the longer (6 inch): combustor. -This heat flux profile was used to establish
i the' =oolant channel geometry for both copper alloy chambére, The design was 7
\éptiﬁizqd“fot 200 R hydrogen inlet at an .area ratip of 4:1, This simulates the
approximate bulk térpérature at -an area ratio-of 411 -of a -cooled 60:1 nozzle
with an inlet temperature of ‘65 R. The désiga -consisted of 40 channéis 0.080
inchss wide with a nomimal wall thickness 6570;035 inches. The coolant pressure
drop was 125 psi based .on an inlet pressure of 1200 psia, The coolant pressure
profiles (totél and static) are prééentéd’in Fig. 27,

o
L .

The wall temperature profile is shown in Fig. 28, In the throat region the wall
temperaturs is below 900 F. Near the injector the wall temperatura increases to B
about 900-F, Also shoun in PFig, 28 for comparison is a témperature profile for
the' sarie chamber but using ambient temperature Hydrogen as the coolant, The
. coolant flowrate wags increased in the case of ambient hydrogen in -order to-match
throat wall tenperatures and, hopefully, the.mal strains. Consideration was
given to thé use of ambient temperature hydrogew as the ccolant since this would
preclude the need for delivery of conditioned hydrogen to the hardware and ‘to
allow for testing with coolant flow in parallel with the injector hydrogen. £flow,
It is apparent; however, that the back wall temperatures fof the ambient inlet R
hydroge.. are almost 200 F higher than the nominal (200 R inlet temperature) design. z
The theriial $trains. ave, therefore, not as severe for the awbient -hydrogen case %
considered as compared to the nominal design conditions. Reduced flowrate for ?
the ambient hydrogen case would increase the theimal strains but would also in- b
f
1
i
1
|
|
|

P

Y. el

T

ol

ST

PR,

crease the maximum wall temperatures,

1ckel-200 Chamber. The nickel-200 chamber, which wss originally aralyzed for
operatidn‘wifh fluorine hydrogen-piopellants was. reanalyzed for use with oxygen-
hydrogen pfopéllants and ambient temperature hydrogen coolant. Coolant channel
height and flowrate wore adjusted such that the chamber would operate with gas- i
side wall temperatures similar to those with cryégenic coolant. It was recognized, f
however, that the back wall temperature would be much higher resulting in a lower !
thermal strain range than that experienced bx;gmcompardble chamber  cooied with 3
eryogetiic hydrogen. J ~
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The modifications to ‘the mickel-200 chanber design were as follows., The wall
thickness was reduced to u uniform 0.025 inch. ‘The 0.040 inch passage width

extended frem. -2.75 inches above the fg;aat_tquthc exit, The passage width
stepped to 0.080 inches wide at -2.75 inEhes and &stended to the injector end.
Passage height taperedifrom 0.090 inch at the injector to 0.0305 at the throat
and back to 0,090 inch :at the exit end, A

Revised Thermal Analysi. - 0,/H, Propellants

The thermal analysis of the nickel and copper alloy chamber was revised based on
experimental heat flux data obtained by the AFRPL. This.data was obtained from

a copper water-cooled calorimeter chambér utilizing OZ/Héxptopellants at a ‘mixture
ratio of about 6:1. The nominal chamber pressure was 743 psia. The resulting
heat flux profile for the calorimeter chamber is preﬁented‘in:Fig. 29. The
original design heat flux profile is also preseénted for comparison purposes.

It is é;pareht that the experimentai heat flux is considérably lower than the
design value in the combustion zone region. The low heat flux values near the
injector face are typical of coaxial type 1n3ectors. The ‘high design value in
this region was selected to provide considerable margin of safety: in case of

injector streaking. ] .

The experimental throat heat flux is about 31 Btu/in.z-sec compared 'to a pre- {
dicted value of 28 Btu/in.z;sec. These heat flux levels are based on a nominal
hot-gas wall temperature of 1200 F. The sllght 'y higher (510 percent) .throzt

heat flux level does not signif;caﬁtly effect the chamber operating limits as )
vill ‘be shown. !

The revised heat flux p*olee was used in cor;unctlon with the ‘Tegenerative cooiing
analysis to predict the coolant bulk temperature rise znd chamber wall temperature

proiiles. In order to accomplish the‘comnuter*analys1s it was necessary to. con- ;
vert the heat flux profile to a combustion .gas coaveéctive film coefficient (h ) V

profile. This was accomplxshed using the relation:
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It wa; assumed that the hot .gas wall tempefature‘(ng) of the calorimeter chamber
was 1200 F for purposes of determining the film coefficient. A more detailed
evaluation of the heat filux data would be required to determine actual wall
‘temiperatures and thereby incrcase the accuracy of the film coefficient profile.
The uniform wall temperatare assumpticn is sufficiently accurate (+ 10 percent)
for the preliminary thrust chamber analysis. The resulting film coefficient
profile is shown in Fig. 30 and the heat flux profile I3 shown in Fig 31,

The niékelkzoo\thrustAchamﬁéiawas then ‘analyzed using the experimentil results
discussed prevjously. A nominal hydrogesn coolant flowrate of 0.65 1lb/sec was
selected to obtain a. direct cemparison. to cooled chamber test resuits. The
resulting coolant pressure, ‘coolant bulk temderature and hot-gas wall témperature
profiles are presented in Fig, 32, 33 wnd 34, respectively.

~
e Y M

The nominal coolant bulk temperdtuie rise is estiinated to be 306 F. The maximum
hot gas wall temperature is about 1480 F :and occurs slightly upstream of the
throat. Near the injector the wall temperature detredses to less than 700: F..

The copper-alloy thrust chambers wexe also .analyzed at various operating con-
ditions using the experimental combustion gas comvective heat transfer results.,
The: chamber was analyzed at nominal qperating conditions (P, = 750 psia, MR = 6,
wc = 1.07 1b/séc) with ambient and conditioned temperature hydrogei. The con-
ditioned hydrogen inlet temperature. (360 R) was selected so as to deliver ambient
temperature propellant to tﬁe injector:zﬁ'a—fegenerative cocling configuration.

Over-cooled operation with ambient inlel tomperature hydrogen was also investigated
at chamber pressures of 750, 500, -and 30D psias

These analyses were done Sinéé‘itaﬁéﬁ planned ‘to conduct the initjal hot firing :
tests of both -chanbers at lower chamber pressure using ambient temperature _ . s
hydrogen as the coolant in a bypass: fiode. In this manner the environment is less
severe than at the design point, reducing the risk to the hardware—dufing initial ;_f

.
_ » .
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testing and providing experimental data to verify predicted -operating conditions.
Further: this allowed for the cation of testing with either :ambient temperature
hydrogen or -conditioned hydrogen, providing maximum flexibility and lowest possibie
test cost.

The results of this study are summarized in Table 1. Coolant pressure and temp-
eratures as well as resultant hot .wall and back wall temperatures at seleétéd
locations are presented in the Table, The nominal coolant*outigt’pressure was
selected as 1000 psia. This pressure is sufficient to provide a regenerative
cooling capability if desired. Lower inlet pressures would result in sligntly
higher pressure drops.-due to decreased hydrogen density. The :coolant bulk temp-
erature and wall temperatures are relatively insensitive to absolute coolant
pressure level,

The coolant pressure profile  and bulk temperaturé profile are presented. in
Fig. 35 and 36, respectively for nominel chamber operation with ambient hydrogen,

TASK II - THERMAL FATIGUE ANALYSIS 7 B

Thermal fatigue life of non-tubular wall regeneratively cooled: thrust chambers
was evaluated by the individual accumulation of fatigue and creep rupture damage. -
This is a generally ‘accepted prgcedurg-for isothermal coiditions (Ref, L thtqugh f ;
5). Evaluation of the thermal fatigue problem, where temperature varies during , é
the fatigue process, has been given some attention (Ref. 6, 7, and 8) but, due A_Q
to its complexity, little has ‘been done to formalize a method of damage cvalua- 7
tion. For the creep rupture part of the problem, 2 generally accepted method’ ,é;
of incremental -evaluation under variable: stress conditions is in,u§§ (Ref.. 9) ‘
and is extended in this report to cover variable temperature cbnditigns. In
addition an incramental method: is introduced for the evaluation of fatigue
damage due to strain cycling under varying temperature conditious.

Methods of evaluating life in a thermal fatigue environment, where:strains, ;
stresses and temperature vary, can be separated into three ;evglsvfdr analysis: -,
macroscopic, microscopic and submicroscopic. It was the purposé -of this program ;
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to dévelop the analyses at thie macfoscopic level. At thij level, the average
‘behavior of relatively 1irge volumes of material is -ifiportant and the analysis

' ! T
Stk K %
A 3

is based on what are believed to be predominant factors in the damage process,
These factois inciude the variation -of material mechanical properties with

aad creep effects. No ‘attempt is made in this evaluation to: include the in-

:
L
7
§
]
§i
i

.

fluence. of epvironment or variation in material metallurgical structure.

Fatigue life was determined by two approaches for a variable temperature-strain
cycie. Gne used a médificagion of the"“hethod of universal slopes", a.correla-
tion equation based oh material tensile properties, déveloped by S.. S. Manson

at NASA Lewis. The materidl -properties used in the equatioh{were averaged over
the temperature range. The other method used the gVerage isothermal fatigue

1ife aver the témperature range obtained: from specimen test data in an incre-
mental évaiuation over the temperature-strain.cycle. The lattér method was
-given'préferencé over the correldtion equation since it was. based on- experimental
data. After the fatigue life was determined, ‘the fatigue damage was individually
assessed following Miner's rule (Ref. 15). This is défined as the incrémental
damage as determined by the actual number of cycles at the strain range of interest
divided by the allowable ﬁymberxéf*cyciés-at that strain range. A

Creep rupture daﬁagé was, .evaluated .using ithe "life fraction" rile as the time at
stress divided by the time to rupture at the same stress and temperature,

A sample problém is presented in the final pages of th's sec-ion to demcnstrate
the application of the analysis method to the ‘thrust chamber hot gas wall,

tquation Selection

T

—~——

Analytical methods .of predicting fatigue life at ‘rodm temgerature are well known
(Ref. 10, 11, and 12) and were investigated at the start of ;he-progfam-for
elevated temperature application. At t'e time, ;ﬁe Coffin equation was selected
sincé it fit ambient data conservatively. %Thi§‘is whete




The Coffin equation is based on crack imitiation as the failure criteria for data
correlation and gives a lower ‘plastic strain range for a given cyclic life.
equation was developed for predicting room temperature cycle life and was to-be
modified for elevated temperature effects based;, in part, on the work done by

Taira (Ref. 2).

that considers ‘the influenceof creep at elevated temperature on low and inter-
médiate cycle life for a constant temperature test was used. The zethod, :
on the Manson's :universal slopes equation (Ref. 1 and 13) correlates -elastic, ?
plastic and creep rupture properties at elevated temperature with the fatigue

jife of laboratory specimens tested &t constant elevated temperature at a given

total strain range.

where

M ™

tu

By

™
th

The tensile properties are determined at the elévated temperature of interest at
conventional strain ratas.

During the program, a more comprehensive correlation equation

o - TR e - I ;e ., B R -y e "o
B S SR SN S0 aTR LT ey BT A T N O T LT e e E T

-5
1/2 e f

frag%ure ductility, as defined as in (100/(100-RA))
% reéduction in area from a standard tensile test
the completely reversed plastic strain range, in./in.

-¢ycles to failure

The universal sicpes equation is stated as

N 12 - .’06 7".6

F,
:455()f + o8Ny

total calculated strain rdnge
total calculated strain range
Young's modulus

fracture ductility,. ln -—%22-

percent reduction in area

The merit of ‘using tensile properties obtained at strain
rates comparable to the .cyclic strain rates is 1rdica¢ca ‘hy Manson and must be kept
in mind for more accurate estimates.
‘ngted as' the failure criteria.

Complete sepaxag1on of the ‘specimen is desig-
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. l i: Modificaticit of the rniversal slopes equatxon was done daring this program to i
,;\ i account for the varying temperature of the strain cycle, Taira's experiments
' M with several <teéls demonstrated that it is reasonable to expect that such a
? modification would be realistic (Ref. 2), Taira's results showed the: existeénce
i

of ‘an equivalent censtant tsmperature. strain cycle where fatiyue life was equal.
to that obtained for a variable temperature strain cycle for the same strain

T range.

Lifc Prediction _Analvsis - -

The basic theory used in the life prediction analysis is. that failgre depends on
the accumulation of creep and fatigue damage. The thermal fatigue analysis
method is -built on this theory. Data obtained from isothermal fatigue specimens
are used to ‘calibrate the method. )

The life analysis. in general is based on a definition of che stress-stra ain-time-
temperature history of the material during each operating duty cycie. Creep

damage is evaluated from the stress-time-temperature cycle and fatigue damage
from the strain-time-temperature cycle. The life analysis logic applied to the
thrust chamber hot gas wall is-given in Fig. 37.

The thrust chamber hot gas wall is structurally modeled t> analytically det2rmine
the 'stresses and strains due to themmal a.d oressure loads. Either manual methods
of analysis or finite element computer methods that have been developed are used
to obtain the strains and stresses., The ana1y51s is based on a detailed deter-

mination of component temperitires and loads at engine start, mainstage (steady
state) and cutoff conditions. Once the stress-strain-time-temperature history
is known, the cyclic life tan be calculated.

e

L

Effect1ve Stra1n. Before the isothermal strain controlled low cycle fatigue data

is used 1n "life determination, it is necessary to relate the strains in the test

specimen to the strains in the thrust chambér hot gas wall. Effective strain is
used for the relationship and defines the uniaxial equivalent of the multiaxial

i

A strain state in the- specimen and chamber wall. The effective strain, Eepr 3.
e “ e
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-derived from the Von Miscd criteria and the constant volume assumption, is given

by
1/2

€.. = _,(E £ jz + (€, - € )2 + (e, - € )2 -
££ =3 2 2 3: ' 3 1 -

ﬁ

where eln.ﬁ,, and €. are the three principle strains -on an element of material.

L IR o ‘
The logic is iliustrated in Fig. 38.

IhérmalfFatigue Damagg;énaiysis. The thermal fatigue dariage anaiysis makes use

of one of %0 apuroachﬂs in the individual evaluation. of fatigue damage for a
varxable temperature-strain. cycle. One approach utilizes a modification. of the

"method- of universal slopes" wh;dh~i§:basgd on mgterial tensile properties. The

sther mgthad“utiliges isothermal fatigue data in an ifcremental evaluation of the
.damage from the strain cycle. The method iﬂvolving the isothermal fatigue data
is given preference since it uses :experimental data rather than a correlation
equation and would ‘be more accurate.

Thermal Fatﬁgye Damage Ana1)s1s Us1ng the Method of Un1versa1 Slopes. The thermal
fatzgue damage analysis which makes use of the nethod of universal slopes is
graphically illustrated in- Fiz. 39. The method is used when isothermal fatigue
data is wnavailable. The r‘ra1n1ng process with temperature varying is considered

_incrementally. Allowable cyclic life, N Py for the strain range, s is based on

avérage values for the Ftu/E ratio -and RA obtained over the temperature range-
of the calculated strain cycle. Fatigue damage is then determined by Miner's
rulé (Ref. 15) which is the linear summation of the required or actual number

e N
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of cycles, n, to be imposed on the material divided by the allowable number cf
cycles, Nf, vredicted for the material at the specific strain range, €t of
interest. Plotsof F " E and RA versus temperaturs for the materials 1nvest1gated
in this program are g1ven later in Task 1I1.

Tnermal Fatigue Dgg_ge Anu~ysis Using Isothermal Fatlgue Data. A better method

of determining fatigué‘damage using 1sothermal fatlgue data is schematically
illustrated in Fig. 40. Tﬁe straining process with varying temperature is con-
sidered incrementally. A -plot of fatigue life versus temperature for the specific
strain range of interest is the key element in the incremental techniqus. The
cycles to f?ilure for the: strain range of interest is obtained for eachﬁgémp-
eraturn from the corresponding isothermal strain-cycle -curve. The number Qf
allbwaile‘cyclés, Nf, for the strain range, €5 is found by averaging the value
of Ng over the operating temperature range. Fatigue damage is assessed by
Miner's rule, the summation of ‘the actual number of cycles, n, divided by the
number of allowable :cycles, Nf, for the specific strain Tange, €.

Creep Damagp Analxsls. ‘Total creep damage for the total duration is determined

by fie summation of the ratios of time spent at a particilar stress to the time
to rupture at that stress.

w2 (45),

~ An illustration of the summation process- is given in Fig, 41, If the temperature

is varying ‘simultansously with the stress, the time to rupture curve for the
specific temperature is used for each stress increment. The time to rupture data
that is used in this report is obtained from monotonic load based creep rupture
tests. This has been shown to be conservative by Halford (Ref. 16), who
obtained ‘the time:to rupture from a ”cyélic" crecp rupture test. ''Cyciic" crcep
rupture data is obtained from an isothermal test that is run at zero net strain.
In the test a tensile stress is applied and held constant until a decired amount
of tensile creep strain is accumulated, the process is raversed. under compressive
stress until a similar amount of net compressive cresp strain is accumylated,
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‘The specimen is cycled in this manner until failure when the time to rupture

for the testing is recorded. This is believed to better simulate service con-

ditions since it eliminates: the life shortening influence of area reduction,

void coalescence and necking ifistability of the monotonic creep tests which are
normally not present in an engineering structure., At the design cgpditipﬁs .
imposed on' the thrust chamber of this program the creep damage compofient on the
thrust chamber wall is small and little inaccuracy is irtroduced using monotonic
‘creep rupture data. On future designs where operating conditions such as
reduced coolant flowrate or available préssure drop or higher heat flux forces
the design further into the materidl creep range, use of .cyclic creep: rupture

"data will be of more importance,

Damage During Stress Relaxation. Damage during the stress relazation part .of
the‘thruét éhamberAduty ;yéle.is a special condition that needs to be evaluated.
The procedure followed during stress relaxation, when the stress is varying with
time, is t0 evaluate the damage as the accumulation of -the incremental creép
damage, ¢c. The increment of creep rupture damage is set equal to the integral
of the time at stress over the: time to rupture at that stress (Ref. 17}

t. - .
_ i dt : .
by, = f = Equation 1
o T
A@c = creep rupture damage for a stress cycle of
-duration, ti
. dt = increment of time at the instantaneous stress, &

t. = time to rupture at the instantaneous stress, ¢

To solve the creep damage integral under the condition of stress. decaying at
constant strain; two-relstions are used,

N

t = Ko
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do

] 1/E i~ t € =0 _ i
3 » - E = Young's:Modulus - J
] e
3 Creep: strain data versus time at constant stress and temperaturé are used to
‘- obtain the creep law constants K and N.

By cofbining the above equatiofis, the stress at time, t, is

AN

; B )

o = [t KE (N-1) + so*(l‘N)] \T-‘N‘  Equatién 2

3

%’ vhere 8 = initial stress (at time = 0.0}

5‘

f A plot of stress versus the Larson<Miller parameter is used: to represent rupture

] time, tr, ag a function of stréss and temperature.

%\>‘1og c = AP C

P = T (20 + log t) s
T = absolute temperature, F .
t. = rupture time, hours . '

A and C.are material constants so that
..( £%. + 20 ) i

Substitution of Equation 2 in Equation 3 and Zquation 3 in Equation 1 and in-
tegrating,giVes the creep Tupture idamage incremont, A¢c,'fgr the holdtime, ti‘

1
t D wee— 10
T, ‘OAT

Equation 3

C _ +
ATt 0 , (1-N)
s o AT0 | [E@-pe - s,
c KE + -1 '
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The total creep damage,'¢c, is given by

Ad

<>
1]
1

c

Creep rate law and Stress versus. Larson-Miller parameter curve constants for
NARloy-2 are furnished in Task III.

Total Damage. Thé equation used to calculate the total damage; ¢t’ caused by the
interaction of fatigué and crezep -takes :the following form:

¢t = ¢f + ¢c
where
(P.t = total damage - for the
) . . variable
¢, = fatigue damage temperature
¢, = creep-damage cyele

Calculation of the individual fatigue and creep damage .components have already
‘been discussed. Thé total damage is found as the sum of the two components with
the total equal to one at failuré. Thermal fatigue life is calculated as the
reciprocal of the total damdge per cycle based on the :ebove. Observation. pre-
sented by other investigatoy$ (Ref, 4; 5, 18, and 19) indicate that a more
complex ‘interaction equatio* betwedn: fatigue and creéﬁ'damége may be more accu-
rate in that a total damage summation of less than one can cause failure, however
there was no data available to substantiate this.

Application of Analysis Methéds

An example is discussed ir this section to demonstrzte the method of determining
the thermal fatigué life of ‘the thrust chamber ‘hot .gas. wall, The details -of the
heat transfer, stress and strain analysis are not included since they de not add
to the understanding-of the life -analysis:method. o
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Dgscripﬁion of Problem. The thrust chambér wall is subjected to a. duty cycle
__ témperature range of 80 F to 870"F resultaig in ‘an?‘é?)i'lfg;giv‘e strain range of

0.0135 4n./in. The stress-struin-time-history of the duty cycle is skétched.
5 below,

. A G

A

=

» : Thrist Chamber Wali Material: NARloy-Z
k| i F Hold Time = 2 Séconds
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- " Isothormal Fatigué Damage Analysis. ?iztigué life, Ng, is obtained for the duty
- cycle effective strain range of ‘0.0135 in./in. from Fig, 42,

g N. = 7200 cycles (bost £it)
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Fatigue dar.ge, M., for the duty cycle is jetermined from:

M, 5 —i
f 'Nf
1
& = 77 ~.
-~ oY _4'
A = 1.39x10

Tnexmal Fatigue Damage Analysis. Using isothermal fatigue data; fatigue damage
i5 calculated for thérduiy cycle usiﬁg’a life cycle Versus temperature curve as
an alternative method of analysis, Fig:. 43. The curve is constructed from the

isothermal fatigue data of Task 111 for the effective strain range of 0.0135

The data used for the construction is tabulated below:

Temperatuxe Cyéléxzb.failure )

(F) (8D

70 4500

300 3200

500 14,500

750 10,000
1000 8,600
1200 3,100

The average number of cycles to failure (fo\\for the 80 F to 870 F temperatuze
range of the .thermal cycle as detemmined from the curve of Fig. 43 is:
Nf = 8200 cycles

Fatigue damage, A¢f, for the duty cycle is detérmired fyom:

- '“n Y
oo (1)

€
t
Ap, = 1
£ wm
bhe = 1.22% 107

70
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Figure 43, (ycle-Temperature Curve




Pnﬂ;edufb;for calculating fatiguc dsmage using the method: of universal slopes is )

included fox cémpsrison. Average values uf F /E &nd Ra for tiie 80 F 'to 870 F

‘temperature range are determined from curves of these propertics versus température,
3 ’ '

tul = 2,132 x 107
E - i

avg

3 :
(RAJ?vé 63.4

Givens

€, = 0.0135 in./in,

=

Ng is:calculated by substituting the above values in:

+ i

3.5 ('%L,) n { 100 .. ]
et * .4 a}'g T IJIOO-iRAi VS’ .

& ﬁ;lz : " * N%(ﬁ i Py

Ne = 2000 cycles

Fatigus damége, Ad,, for the duty ciale is determined from:

Ad = o
£ xdf

Ab. = 1
£ X

-4

) bde = 5.00 x 10

o
« .

The calculatios: by tne universal slopes method indicates a fatigue damage fraction
that is conservative (higher) by a 3.5 factor when compared to the calculation of
part (&) based on isothernal faiigue data,

Cresop -Damage Analysis. Creep damage is calculated for the two second hold-time
when ‘he material in the hot gas wall is held at a constant level of compressive
strain. The creep damsge occurring during strain cycling is considered to be

© e c o e ———— A
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included in the basic zero hold-time fatigue data since the data is obtained at

a strain rate similar to- that experienced during the transient portion of the
duty cycle.

The creep damage for the duty cycle, A¢c, is calculated from:

1 t.
20 ey s R I
_ AT10T ﬂ (1-N)
M = I TAT LY ;E(E (N-1) & + So ]
where t. = — hours
A1 3600
T = 870F + 460 F = 1330 F
S6 = 20.2 KSI (from cyclic o-¢ data at g = .0135 and 870 F)
E = 12,500 KSI (from same data as So)
A = -9.0518 x 107>
C = 3.815
_oq . From Table 2 and 3
K = 1002 - 531 x 1074 and Figure 44
N £ 14.6
- -5
&, = 7.23 x 10
Total Damage and Life Prediction. The total! . i~ Sor a thermal fatigue ‘:"}

duty cycle is given by:

No = Moy + B, :
R -5, :
pp, = 107% 4+ 723 x 107
uf, = 2.133 x 1074 ‘




TR,
3

T

Table 2. Str;é‘s?; vs. Lurson-Miller Paremeter

Constants for NARloy-Z

For logoo=AP + C
where
P=T (20 + log tr)'
A = -9.0158 x 10-5, C = 3.815
T = temperature, R
O = stress, ksi
tf -= time, hr

Tablé 3. Creep Rate Law Constants

Temperature,
P N X
700 7 19.2 2,9 x 10731
800 6. 9.6 x 10725
900 13.9 1.0 x 10739
N 6
1000 12.5 6.2 x 10
1200 8.7 4.5 x 10°°
o = stress, ksi
€ = strain rate, in./in./hr

Data from Refé’i’éqge 22
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3 The life prediction is given by the reciprocal of the total damage per cycle.
. .1
Life = oo
Adg )

Life = 4670 Cycles

TASK IIT ~ MATERIALS AND PANEL TESTING

The purpose of Task III was to obtain basic material properties -and fatigue

properties on the materials of interest. This involved assimilation of available
data as well as laboratory testing to obtain (1) basic materials properties,

(2)- isothermal fatigue data, (3) thermal fatigue data, and (4) thermal cycling
tests of panels. Results of each are presented in the following paragraphs.

Material Properties

- Basic physical properties of the materials of interest are presented in Eig. 44
- through 55. The NARloy=Z and zirconium-copper data were generated on this pro-
gram, vhile the-ﬂicke1-£561daté were taken from the literature and: the powder
metéllurgy nickel data were taken from a previous program.

The material properties were determined using established test parameters and
techniques. Thermal conductivity of the two copper alloys was determined on
small (0.25 dia by 0.060 to 0.125 long) bars by measuring thermal diffusivity on

the apparatus shown in Fig. 56 and cpnvertihg to thermal conductivity by means
of the -equarion

K = o .
p° :
where-
K = thermal conductivity
¢ = thermal diffusivity
C_ = specific heat

P
p < density
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Figure 47. Thermal Conductivity of NARloy-Z and o
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As a reference OFHC copper bars were also tested and resurts (Fig, 47 ) presented
on a percentage of OFHC copper conductivity.

Isothermul Fatipue Tests

)

Isothermal fatigue testing was performed on laberatory specimens of NARloyéz;
zirconium-copper, sintered nickel and wrought nickel-200 to determine the effect

of strain rate, temperature, strain range and tensile and/or compressive hold
time on fatigue life.

e e e+ b v e e

o

The low cycle strain controlled fatigue tests were run on an MIS Universal testing I
machine. The strain range of "ths tests was ccntrolled by the output of a linear i~
variable differential transformer (LVDT) that is a component of the extensometer

attached to the specimen. Thé axial surface strains were calibrated as a function

of extensometer displacement using strain gages on the specimen gage length. This i {
calibration was done at ambient temperature and 400 F, ‘A quartz lamp furnace was )
used to radiantly heat the spacimen for the elevated temperature testing. The ;

-t

furnace was water cooled, and purged with argon to minimize specimen oxidization.
The NARloy-Z and zirconium copper syecimens weiéktésted at various temperatures ' ?
ranging from 70 F to 1200 F, at_axial surf.ce strain ranges of 0.75 to 2.1 per- ‘
cent,. and strain rates of 0.1 and 0.01 in./in./sec, Sintered nickel spec¢imens

were teésted at 70 F, 1000 F and 1400 F at axial surface strain ranges of 1.0 and
2.0 percent and a strain rate of 0.2 in./in./sec, Initizl tensile load drop was !
used a5 the failure criteria. Some Life tests were runs with.15 seconds tensile | :
and/or compressive hold times. 7 / e

The- results éan be summarized as: follows: : - )

1. The NARloy-Z material exhibited longer life than the zirconium-copper
for similar conditjons of isothermal low cycle fatigue testing.

s s e
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2. The zirconium-copper cycle life is redvzéd by a factor of two by testing
at a slower strain rate while the NARloy-Z cycle life was unaffected for
tests conducted at 1000 F and the same strain range.

3. Hold time at peak tensile strain lowers specimen life for NARloy-Z and

zirconium copper.

4. The onset -of rapid tensile load drop was inconclusive as a failure
criteria for testing with hold time at peak compressive strain.

5, Nickel-200 material exhibited longer life than the power metailurgy
nickel for similar test conditions.

A detailed discussion of test procedures, specimen design, test results, etc. is
presented in. the following paragraphs.

Test Plan., The isothermal fatigue tests were conducted to investigate the effect
of méférial, temperature, strain rate and: held time at ﬁeak strain -on elevated
temperature fatigue life. The four strain controlied waveforms (illustrated in
Fig.57 ) investigated were wore zero hold time, tensile hold time, compressive

‘hold time and equal tensile and compressive hold time.

Test Description. Low cycle strain controlled fatigue tests were run dat constant

ambient and elevated temperature on an electro-hydraulic MTS Universal Testing
Machine. The main components in the test setup aré depicted s¢hematically in
Fig. 58 and 59,

The top ram of the MTS loading system introduced axial displacement to the
specimen. The ram notion was contrclled by the voltage output of a linear vari-
sble differentianl transformer that is part of the extensometer attached to the
specimen. Since the extensometer hangs from the specimen, it measures only
displacement of the specimen gage length. The extensometer was calibrated using
strain gages in the specimen gage length. The specimen axial Surface strain yas
obtained as a known function of extensometer displacement. This is discussed in
detail under specimen calibratiss,
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A quartz lamp furnace was used to radiantly heat the specimen for the elevated
temperature testing.

to the specimen as depicted in Fig, 59, Temperaturé control was maintained with-

in 3 degrees F.

The normal sequerice followed during elevated temperature testing: is as follows:

1,

2,

3.

7.

The specimen was installed' in the top pull arm.

The top rdm was lowered till the specimen rests on the bottom
pull arm.

The specimen was secured to the bottom pull arm with the load on
the specimen kept to a minimum,

The extensometer grips were attached to the specimen,

a. The électronic hookup was made and LVDT core was
centered in the coil,

-

Thie- furnace was placed around the specimen (deleted for ambierit

temperature ‘testing).

a. Thermocouples were connected,

b. The cooling water and argon gas attachments were made.

c. The specimen was heated ‘to the test temperature maintaining
zero load on the specimen.

The test amplitude, fr:quency ‘(snd hold time) were set on the
MTS machine conirols.

The MTS machine was put in "strain control" (extensometer LVDT)
and testing was started. Load, extensometer deflection and ram
stroke signals were recorded on an oscillogram,

a, A polaroid snapshot of the load-extensometer deflection

ysteresis loop was ‘taken from the oscilloscope.

The data acquisitich-network is schématically illustrated in Fig, 62, ™

T Bt
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The furnace was water cooled and purged with argon to-

prevent specimen oxidation. The furnace was controlled by~ cnermocouples attacheéa
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and is water cooled just .outside of the furnace.

Tast. F;xture Des;gn and Alignment. The fixture assembly (Fig. 61) was designed

to be as rlgzd as poss1ble to minimize deflections during compression loading.
The buttonhead specimen. grip was designed to minimize high temperature creep
The fixture consists of
“he Quad-
Flliptlca; radiation heating furnace, shown in phantom on Fig, 61, fits around

which was encountered on earlie: threaded specimenc.
upper and lower pull bar assemblies and the extensometer assembly.

the rull bairs and provides a heated zone of approximately 10.0 inches long.
pull bar has a Rene 41 split flange grip which bolts down on the buttonhead ends
The Rene 41 studs and A-286 nuts which hold the split flanges
in place are oxidized in air prior to usé to provide a high -temperature anti-

of the specimen.
seize coating. The studs are long enough to extend out of thié hot zone of the
pull bars so that the stud to pull bar threads will not present éhy galling
problems.

The part of the pull bars that is heated by the furnace is made -of Inconel 718
‘Beyond the coolent circuit the
top pull bar body is welded to a CRES flange and the bottom pull bar body is
welded to a CRES yoke.

The joint bérween the top pull bar and the ram of the MIS machire consists of a

collar threaded onto the ram and a flange -on the pull bar which is preloaded
against the end of the ram by six bolts through the ccllar. The pull bar can be
-ddjusted for angularity and concentricity by moving Sideways sllgntly or differ-

entially torqueing the six bolis.

The joint between the bottom pull bar and the load cell on the baseé of the MTS
machine consists of a spherical seat that can be moved sideways and angled: for
alignment. The joint is preloaded by applying a tension load in excess: of the
operating loads to the pull bar with the:MTS machine .and torquelng WO spzral

washers against each other fo take up :any slack in the jeint: When rhe load is
released the joint is preloaded.
frame, anspecﬁgr sirain gaged épgcimeh is iﬂstéliéd to*obtain system alighvient
within- 200 wicro-inches ﬁér inéh.

Jolnt above the load cell (Fig. 92},

96
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Figure 61. Test Fixture for Isothermal oo
Fatigue Tests
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The axial extensometer assembly consists of grips which clamp to notches in the
body of the specimen, rods which transfer motior.to the center of the lower pull
bar and a microformer to measure thé strain. The core of the microformer is sus-
pended from one notch and t*~ transformer from the other notch so that the relative

-t

L
-

N

RN e

motion between core and transformer is equal to the motion between notches.

o~ or
Rt Bl ¥ SEVTENIVA N

¢ The Quad-Elliptical radiation heating furnace conté{ns four quartz lamps which
E are focused on the specimen by elliptical water cooled reflectors. The furnace
‘has- provisions for purging the heated zone with inert gas. The furnace is

TS YT NPT T "v'.\iww_ TYCIRT 4T N e ey
-
AV RCTOR

supported from the MTS machine ‘frame and is moved into place around the pull bars

e o

during tosting. “—
_¢,’:“’»~ -~ :j
Specimen Design. The test spscimen geometrii: features that involve special con-

siderations are the tubulstr shape; the ivraifwt gage length and the 3/4-inch

transition radius to the/ gage length, A sketch of the specimen is given in ;‘
Fig. 63. The tubular sliape was chosen to represent a typical thrust chamber wall . {1
thickness (~ 0,035 inches). In addition, thero is access for sooling if a thermal H
fatigue test is desirgd while retaining similarity between isothermal and thermal
g fatigue specimen. The straight section in the Specimen gage length is provided
for the lo.ation of strain gages used for calibration. The 3/4:inch radius is
provided to reduce the strain concentration in;iE?lspecimgnxgage’length. Early

i L

in the program a 1/4<inch radius spzcimen was used. The strzin concentration in

o
v

the specimen gage length was suspected to be -e€xcessive. A computer analys.s was

-made which shewed that a 3/4-inch radius ‘specimen would reduce this eSfect. The

- large radius makes the strals-distribution more unifoxm. The ‘improvement in the
strain distribution effected by the radius was datefﬁiﬁed for a solid nickel-200
specimen. A comparison of the strain ratio, as shown in Table 4, at the center
of the specimen gage length for 1/4-inch and 3/4-inch radii was used as a measure
of the improvement. The ratio was checked at 70 F and 1400 F with an.average

2 improvement of 28 percent.
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Table 4.

Strain Distribution Improvement

AY 4

Sewuemt

70F

~ 1400F

-

PERCENT le, '% ,ez /ez

!

‘PERCENT

1174 IN. RADIUS

1374 IN. RADIUS:

1.95

1.61 1}

‘j 27‘5

IMPROVEDAH

12.71

3.6k
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1.26

| 29.0

IMPROVED*

% % IMPROVED- »-

£ /e - [e /e
4 Z < 2
'( 2 ’:>1/k;a . <' 2 7

_(eg

/e
.EZ'J 174 R

2

O

————
2 P

R S A



—
of

ko e o s sate i et
A

FaEN

Specimen Fabrication

The NARloy-Z, zirconium-copper and nickel-200 specimens were machined from forged
plates using the same parameters anu prccedu:eérestablished for thrust chamber
fabrication. The powder metallurgy nickel specimens were fabricated using
specially blended nickel powders and a two-step pressiug and sintering procedure
previously established at Rocketdyne.

The nickel powder blend was. processed: by blending and pressing into bars a mixture
of 80 percent medium mesh (7-9 microns) powder with 20 percent fine mesh (2-3
microns) powder. These bars were thén crushed, pulverized and screened to a

50-150 micron mesh and biended (in. n80-20 percent ratio) with additional fine
powders to form the powder blend to be used in making the hatdware. The resulting
powdér‘blond'has very high purity, good compaction, ductility and floWing parameters
{required fbfﬂhigh fill densities), excellent sinterability, and good grain

strength allowing for precision machining of as-pressed hardware,

The nickel powder was initially packed and pressed at 55,000 psig while at
ambient temperature., This was followed by sintering of the free stggggng“part
at 2300 F for three hours. Following this the specimens were machined to final
configuration for laboratory testiﬁg.

Specimen Calibration. Specimen calibration was performed under both static and
dynamic conditions using strain gages mounted on the specimen. Calibration was
made at 70 F and 400 F for each of three strain ranges for the NARloy-Z and

zirconium-copper -materials and' each of two strain ranges for the Nickel-2000

and: sintered ni¢kel. The upper bound calibration temperature was 400-F since

it was the limiting temperature of the strain gages. Typical curves of st~ain
versus extensometer displacement obtained from calibration are plbtéia:in Fig. 64
through 67, The average strain of two strain gagesAlocated 180 degrees épart on
the specimen gage is plotted. The gages measured surface strain in the axial
direction. During calibration the MTS machine displacement was impcsed manually.
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:Calibration of Extonsometer Deflection with Strain Gages
at Room Temparature
Zirconium-Copper Heat 329-6 i
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- - . . - — ]
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Figure 64, Isothermal Fatigue Test Extensometer Defleccion vs Strain §
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Calibration of Extensometer Deflection with Strain Gages
at Room Temperature
Nickel-200
Specimen N-13-C
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The calibration was made in compression corresponding to the first direction
the material is strained during #is use. 'The strain=displacement relationship ‘
from the first quarter .cycle was used to set the extensometer displacement
amplitude for each test as illustrated below.

Displacement 4 N
(Strain) / Time

N .

First Quarter Cycling

This vas done to eliminate the effect of cycling on the strain-displacement
relationship so the data could be applied directly to the life analysis of the
engine hot gas wall. After the initial calibration the specimen was manually and
dynamically cycled at the tést displacemant to verify that the static output
equaled the dynamic -output. The strain gage output for the manual cycles was:
read on a portable strain recorder. The dynamic output was read frei the record

of an oscillegraph as the specimen was cycled. The manual and dynamic verification

was repeated at 400 F, In .all cases, the readings were the same,

A computer analysis of a test specimen was porformed early in the program to
determine the influence on experimental accuracy of testing beyond the calibra-
tion temperature range. The specimen geometry .used in this analysis was the
solid 1/4-inch diameter gage length with a 1/4-inch radius transition section,
Fig, 68. Nickel-200 was used for the specimen meterial, Using the room temp-
erature calibratiogJ&éta to predict the strain for a given displacement ag;iébo F,
the error introduced was calculated. The tesults.are summarized in Eié, 69.
Based cn the rasults for maximum:test strain amplitude, € , of .011 in./in. an
error of 10 percent would be estimated., The error would te on the conservative
side since the results would indicate the strain to be lower than ‘it actually
is, giving a lower life for the strain amplitude than would be the case for the
real value..
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CALCULATED

EXTENSOMETER STRAIN

DI SPLACEMENT AMPL I TUDE
5, IN. €, IN.JIN,

- — - . S e TG, T AT TDY R STEMT, T A WIITRL
e ST e N ET TwATRY A7 w7 e wamw o [ R ~ I Lo A B i . > TR TR, 2T TBYE T OTT Fo 2
O STt ML s AT A A B ARSI FECRIES LG SRS MOt A ’z N 2 R & BRIV N
- - PN RN e N .
S T :
T A bt s v e et e e e - - e e = e o e v e i e S iy ARGy ke,

CALCULATED
STRAIN:

AMPL I TUDE

€, IN./IN.

PERCEMT*
DIFFERENCE

34

1400F 70F
0.00216 0.0076 0.0075 =7.6
‘0.00390 0.0147 0.0132 -11.3
000585 0.0227 0.0200 =i3.5

At ot ba b i Lo

€, - €
* XA = !"002 —2%F 100

Z70F ' -

The negative sign: indlcates the Imposed strain at 1400F Is
underestimated based on the room temperature calibration.

LS S :

P

Figure 69. Specimen and Computer Model
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Test Results., Isothermal strain controlied low cysle fﬁtigue data obtained qn'thg
materials of interest (NARloy-Z, zirconium-copper, g¢intered nickel and wrought
nickel-200) arl presented in this section,

It is noted that before the isothermal low cycle fatigue data was plotted, the
axial surface strain range for each test was changed to 'the effective sﬁréiﬁ
range using the vesults of a finite element sleastic-plastic computer anaiysisrof
the specimen as discugsed previously in Task II. This is done to provi&e~fhe
methed of relating the stirains in the test specimen to those in any general
spplication.. 7

Ay i e T e T AT NS A O T T AT R e
v AN ) ) o
N

The onset. of rapid tonsile load drop detected from tensile load-cycle plats was. E
used to determine the number of cycles to failure for cach test. Piots of

typical ténsile load-cycle data are given for zirconium-copper in Fig. 70 to
illustigte the method. 7 e
- * :
The basic éycle 1ife dats (zero hold time) for ‘the NARloy-Z and zirconium. copper
are presentsd in two ways for each:material (Fig. 71 through 83): a composite .
plot is given for g1l data points at all test temperatures and a sicond set of
plots is given for the data at each test temperature. Data on ‘the composite .
plots, Fig. 41 and 42, are fitted either by a curve obtained using a modified
form of the Universal Slopes Manson. equation discussed previously (Raf. 24), z;

based on aVérage material properties for the temperature range, or by a curve
obtained for the "best fit" to.the data. The "best fit" was found using & ‘
numerical procedure that permits thé choice of curve constants that minimize the. = .
standard deviation of the data, For zifconium-ccppér, the modified Universal

1
-l ¢

Siopes and "best fit" curves are translated up or down to .define the corresponding
upper or lower bound of thé data: 1t is worth noting that the slope of the :
zirconium-copper and the NARloy-Z "best fit" curvos differ markedly from ‘the gy
slope of ‘the respective modified Universal Slopes curves. For HARloy‘ZL the |
~ modified Universal Slopes curve plots below the data and is translated up- to. '

dafine both the lowsr -and uppe? bounds. The "best fit" curve is translgtéd
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up or down to dafine 'the upper and lower bounds. A cémparison of the "best Tit'"
<urves for NARloy-Z and zirconjumscgpper is. shown in Fig.'84 , It indicates that

cyclic 1ife of NARloysZ is "on51derab1y £greaisy than that of zirconium-
coppe‘ over ‘the full 5¢ ra1n range of inters't.

The ssééh&‘Sét of plétsAgiven'for‘tﬁe NARloy-Z and zirconium-copper data at each
test tempsrature are also f»ruished with "bost fit'.curves, These individual
tompgrature plots give a detter. dcfxnltiou of the dsta than the comp051te plots

‘but more datd is neédéd to verify the accuracy 6£ thie cuivé constants,

Aif of the NARloy-Z and’ zirconjum-copper’ tests except £Wo:were Xun at a strain

rate of 0l imu/ins/sec, Thesé: ty0; on¢ per material, werentqg»at 0.91 in./in./sec,.

1006-F and an axial surface strain raige of 2.1 percen;. “The: Tesults are included

in the cyéle 11fe plots -G£ Fig. 42 and 71

Several tesés}wiﬁﬁ 15 second'Hold times at péak strain weré run .on both NARloy-2Z
and Zirconiww-coppér specimens. Data where cyclic 1i£e cotild berdgterﬁinéd”gre
plotted: in Fig. 76,}17,'32,)ah&?§3.: Thesé inciuded two tests of NAR16y-2Z .and
two bﬁ'zirconigm-ccﬂper'aiﬁ with i§asecon§ hold times at peak teasile strain,
The NARicy-7 tests wére rum at 1200 F and 1.5 percent axial surface strain rangé
and 1000. F and 2.1 percent axial sutfacg‘straiﬁ range. The accuracy .of the
latter-test~point,is quesgianablefbecauSe'a 170 Hz noise at 10 percent of the
test strain range was present on the 2,1 percent strain. range. This noise was
associated with the hydraulic pump used on the MIS machine. This could reduce
the recorded cyclic life, The zirconium-copper tests were run at 1200 F and

2.1 percent .axial surface strain range, All hold times at 3jeak tensile strain
lowered. life. Cycles to failure could not be determined for the tests containing
compreSSiVb hold time because the onset of rapid tensile load drop could not be:
detected from the load-cycle plots. ‘Examples of this are .een in Fig. 85, 86,
and 87 ., In one case, specimen cracking was observéd vithout any discernible
load drop. The materials were apparently too weak at the 1000 F and 1200 F test
temperature té respond with othér than a gradual load decay.
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Figure 87, Load Trace for NARloy-Z Compressive Hold Time Test
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Cycle Yife was obtained for wrought nickel-200 for two axial surface ranges:
1 percent and 2 percent and three temperatures 70 F, 1000 F and 1400 F, Fig, 88,
Two- tests of the powder metallurgy nickel were completed at 1400 F, one at 1 pervent

IV T

-and the other -at 2 percent axial surface strain range. The nickel 200 material
had :more cyclic 1ife than the powder metallurgy nickel at the 1400 F test condition.

[+

The one hold time test at peak compressive strain run on nickel 299 material at
2 percent axial surface strain gave inconclusive results,

bk S Y R s

3 Differential Temperature Fatigue Tests

In addition to the isothermal fatigue test effort discussed previously, considera-
tion was also given to conducting différential temperature fatigue tests on

appropriate specimens, In this type of testing the specimen is totally restrained
¢ while being heated from ambient %o some Predectermined elevated temperature. level
and then cooled to ambient. This imposes an aAT type of strain on the: specimen
é more closely duplicating the environment of a thrust chamber than the isothermal

fatigue testing.

Specimen Design. Two types of specimens (Fig..89 ), tubular and beam-type, were

- designed; The tubuiar specimen cousists of a tube restrained at both ends while
being cyclically resistance heated and air cooled. The temperature gradient is
: established in the beam-type specimen by electron beam heating the upper tip of
the beam while cooling the remainder by flowing water through a cylindrical

coolant passage. A comparison of the advantages and disadvantages of the two
types of specimens is made in Tabie S,

: Test Results. Feasibility testing was conducted ‘on both types of specimens; Tests

N

'on the tubular specimens showed a large, axial temperature gradient (~ 100 F) over i
- the 1/2 inch gage length. A$§ a result it becaméﬁgirtually impossible to quanti-

tatively determine the magnitude of the strain iﬁposed on the specimen.
Beam type specimens of both NARloy-Z and nickel-200 were tested to determine the

temperature distribution., A 30 XW Sciaky electron beam welder was used for
heating. The beam was defocused to cover the 3/16-inch specimen width and
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oscillated .over thé length of the sbé&iﬁéﬁ at a frequency of 60 cps. In the
initial tests the EB w2lder sine wave generitor was used resulting in hot spots

; at either -end of the swept length and someé -errazic non-uniférmity in temperature,
Intergranular cracking was observed in the hotter area. of the nickel specimen
after 136 cycles undér these rather severe conditions. The NARlcy-Z specimen
showed fairly good temperature uniformity in the middle third of the specimen,
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Subsequent .o the above tests an- ogcilloscope was ﬁgég to gensrate a tridngular
‘wave at temperatures high enough tg'visggliy monitor terperature uniformity.
This modification resulted in greatly improved temperature uniformity. Problems
noted with. this test effort weré (1) slow heating cycle and (2) extreme surface

roughening zlong the rib whexe the -electron beam was concentrated.
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It wis £21t at_the conclusiei of these tests that the beam type specimen could

c bYe wadified sid developed to the peint that meaningful quantitative differsntial
tenpergture fotigue dats could be obtained if the surface roughnéss problem -could
be resolved .and adequate heating and cooling rates could be established. However,
it was felt that development of this techniqié was outside the scope of this
pregism and: all further effort was terminated in. favor of more effort on the
isothermdl fatigue ‘testing.
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Panel Testing
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Consideration was also given to the possibility of laboratory testing panels :

Tepresentative of non-tubular thrust chambers. The objective was to establish ;

.a low-cost laboratory test techniaue which would producé thermal and 'structural

environment comparable to that experisnced by'tﬁe’thrust*chambcr during hot ;

firing, To accomplish this the .panels required a heat input of suff.c¢ient magni- X
i
i
£

o—— — et

tude to simulete the hot gas wall temperature of typical thrust chambers and
sufficient coolant to establish a4 thermal gradient through the panel comparable
to- that. experienced by a thrust chamber.
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Candidate Heating‘Technlques, Candida e.héaiiﬁg.techﬁiqﬁes-thsﬁfwéfa evaluatad

to accomp11sh this goal included'

(1) eleftrical (resistance): -
(2) 1laser

(3) induction heating
(4) electron beam heating

A brief discussion of .each follows.

Electrical Heating. iectrical (resistance} heating of tést panals was
‘considered possible wusing the electrically fieated tube tester located in the
Propulsion Research Araa at .Sénta Sgsana; Briefly, this fixsurz -would congls;
of a panel brazed: between two copper bus bars. Heating is aécomgliéhgd hy
passing an electrical current fﬁfoughyiﬂe specimen by way of the ‘bus bai..
Cooling is accomplished by passing hydrogen ;hféhéh the panel ond .the suirounding
environment is oxygen. This tast fixturs has the advantage of testing ?qngls_in
an environment similar to that of .zn actual~tht§st chamber; lowever, qnly‘fﬁé
‘hot gas wall is simulated. In addition, the tempep&éﬁréAg:adiegt through a
resistaice hoated, surface cooled paiiel is appioximately Half that through &n
equivaleﬁfqppnél wgigﬁiis suffgcgfheafed;gn&¢sﬁr§acq cooled, =

Laser Heatzﬂg. Cursory evaluation resalted in the conc;usion that there
was ‘no available lassr which had sufficient power to heat a panel to any sign-

nlflcant heat flux 1eve1

Induction. Héating. High frequency induction heating was..dlso evaiuated as
a 90531ble panol hea*1ng technlque. Restilts indicated that induction heatlng_
was capable of surfice heating a nickel panel of 1 to 1-1/2 square inchés to é
heat £lux level equivalent to ‘that of the pbint design thrfust chamber. angggrx
due t3 its higher theriia} conductivity, the ability to successfully heat thé
copper alloy panels such that a large thermal gradient could-be estzblished
through the panel was questionable. Panels in this test fixture cculd bz
tested in either an air or argon environment or .a vacuum -and be cooled with

wster or nitrcgen‘
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significant thermal gradient on tha pamel. Since the panel is surface heated 3

Selection of Heating Technaque ‘Evaluation of thesé heating techniques with

‘Electron Beam Heating. ‘The use of an electrosn beam welder to heat the

Aﬁanelgwwgé also éonsiaaied {and ultimately selected for experiméntal evaluation),

In this set up thes panel would be mounted inside a vacuum chamber and 1nterna11y
cooled with water or nmtroggn. Surface heating is accomplished vhen the -electron
bedin is :scanned over the pansl surface. The power of the -eléctron béam gun. is :
such that a. surface ares of O.S’ﬁn;2~an bé -heated tosapproiimgtély 20-2;,Btul§nuz- , ?
sec; approaching the peak ‘heat £lux values of the point design and .establishing a :

gnd surface cooled, the theniial giadients aré quite similar to those in a thrust :
chamber. )

bl s

the electron Héam neatingyxephnlqg@ £a1 experimental -evaludtion,

were to be water cooled using an éxiSting:wgtér pump capagble of delivering 5 .gpm
.at préssures -greater than 1500 psig. .-

-channel geometry,

7ment§‘which_remain¢daquipézclbse to ampiant indicated that a reasonable. thermal
gradieat was being imposed on the penel., There was indicition of hot spots on

respect to ¢he establlsheé criteria discussed previously led to the: eelectlon of

PR P,

The equipment for this effort was an sxisting 3C kilowatt électronAbgam:ﬂgldéf
logated:1n~thg‘53perimgntar Manufacturing Depértméni at Rockétdyne. The panels

Y .

~——

Thé powat of this machine would theoretically allow fatigue teésting of panels up
to l-inch squaré; with final size dependent on materidl, beam efficiency and

F9851bility Evaluaylon. Experiméntal evaluuffbns of the electron‘béam heating :

chnlque was' Lnder:aken asing ins*rumented nickel-260. parels as shown in Fig, 90 :
and 91. Tests on the first panel wore encouraying in that an ares approximately §
0.37 x 0.5C ifichés was appdrently being uniformly heéated. Temperatur¢ measure-
ménts taksn by the surface thermoccupleos agreed fairly well with the -¢ptical

pyrometer measurements of -the hot. surface. Also\bsék:wall temperature:measurg- - )

.
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the surface of each thermocoupie and the surraces showed considerable rcughening.
This roughening appeared to be cathodic etching, apparently due to the electron
bombardment of the surface., Subsequent sectioning showed surface roughness and
cracks-$to a depth c£~0.004 inches.

A second panel was subsequently tested with the: thermocouple holes plugged with
braze alloy to eliminate. the hot spots. However, tests on this panel also
exhibitedlgpt spots and considerable surface roughness.

It was apparent at this time that two problems existed with this type of testing

.and’ resolution of both was necessary before meaningful fatigue data could be

obtained. ‘These were (1) accurate determination and repeatab111ty of surface
temperature and (2) elimi ition of surface roughening.

It was decided to forego any additional effort in this area in favor of more

~ isothormal fatigue testiag. It is noted, however, that this is an area that

should be- explored in more -depth since the successful development of a panel test
technique would greatly enhance the capability to accurately predict thrust
chamber 1life.

PHASE I - TASK IV - FINAL DESIGN

~ REGENERATIVELY COOLED THRUST CHAMBER

Presented in this section is & detailed design description of the non-tubular
regeneratively cooled thrust chambers which wore fabricated and ‘tested in Phase II.
These chambers: were fabricated with spun and machined liners and electroformed
nickel clgsuras using procedures develcped on a previous program (Ref, 235 Liner
materials: w~“'*nickel 200 for the F2/H design and copper alloy (zirconium copper
and NARloy-Z). for the O /H designs. As discussed previously ‘the internal con-
tour of the chambers was sbecified by the AFRPL (Fig. 2). The nozzles were
truncated to a lesser .area ratio to facilitate manufacturing and testing at site
ambient pressure, Design criteria are listed in Table 6.
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Table 6.

Thrust Chamber Design Criteria

140°

Thrust, 1b 3300 3200 -
‘Propellant : szﬂz 0, /H,
Mixture Ratin (o/f) T 611 6:1
{.. Chamber ‘Pressure,. psia . 750 750 —-
Coolant Hé: i ‘ﬁ%
‘Expansion Area Ratio | 4 4
Contraction ratio 4 2 4
Chamber Length (injector fece | 6.0 { 5.0
to throat centerline), in, ,
Hot Gas Wall Material Zirconium- 7} Nickel-200'
| -Copper f
) NARloy-Z .
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These chambers were designed to interface with AFRPL designed injectors (discussed
later in Task V). A description of each follows.

Nickel-200 Thrust Chamber

The nickel-200 liner for this chamber contains 72 step width, variable depth channsls
as -shown in Fig.-92.. The coolant passage width is 0,040 inches frome = 4 to a
point 2,88 inches upstream of the throat., From hers forward the passage width
\Ifiﬂ;OBO; accomplished as a step change in width thus agllowing manufacture by
‘conventional cutters. The hot gas wall thickness was a constant 0.025 inches
throughout.

Covlant circuit closeout and chamber structure was provided by the iise of annealed
electroformed nickel. Expérimental evaluation on: another program at Rocketdyne had
shown as-deposited electroformed nickel to be susceptible to hydrogen embrittlement
when stressed into the plastic region while exposed to hydrogen. This evaluation
had ‘also shown the resistance of electroformed nicksl to hydrogen could be markedly
improved by the -use of a thin copper barrier between the hydrogen and electro-
‘formed nickel or by subjecting the dectroformed nickel to a moderadte temperature
(600 to 900 F) "annealing" cycle prior to exposureé to hydrogen. Experimental
testing of both was underway at Rockotdyne, however, the finziization of processing
parameters ‘for the coppor barrier had not proceeded to the same point for annealing
"of the electroformed nickel. Consequently it was decided to. use the annealed
electroformed nickel approach for the closure. It is noted that subsequent
metallurgical evaluation of the two copper alioy chambers after the cyclic test
series showed no signs of hydrcgen embrittlement of the electroformed nickel
closute, The manifolds and closure were designed to .assure that‘gr055ryie1ding

of the annealed electroformed nickel closure does not oécur while exposed to
hydrogen.

The forward flange and coolant outlat manifold was designed to interface with the

7ﬁf;§§gPL supplied injector. Injector to chamber sealing was accomplished by using

redundant metal O-rings with the 0-ring grooves machined into the injector flange.
The aft flange and coolant inlet manif.ld incorporated provisions for bolting on
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a pressure test plate. The flanges were TIG brazed to the thrust chamber liner
and electroformed nickel closeout. The axial loads were -taken through the end
joints to the thrust chamber liner and the rélatively thin manifold closeout is
attached to the electroformed nickel. The flanges were made of 3041 stainigss

:steel .and all fittings were -of 300 series stainless steel.

The .coolant manifolding was designed with a single inlet and a single outlet.
Quarter inch diameter Swagelok fittings were provided on the inlet and outlet
manifolds for coolant bulk temperature meéasurements, Quarter inch diameter AN
fittings were provided on each manifold for coolant inlet and outlet pressure
measurements. The complete chamber is shown in Fig. 93.

Copper Alloy Thrust Chambers

The copper alloy thrust chambers are identical in design except for liner material.
The liners, shown in Fig. 94, are of spun and machined NARloy-Z and zirconium-
copper and incorporate 40 constant width, variable deptn. coolant passages

0.080 inches wide, The hot gas wall thickness was 0.080 inbhés. As discussed
previously, the internal contour ‘was identical to that of the nickel chamber
except ‘the combustion zone length was increased by 1-inch to assure adequate

- combustion performance with 0,/H, propellant.

The coolant circitit closure and chamber structure is provided by annedled electro-

‘formed nickel as discussed for the nickel chamber. ~

The coolant manifolding and flange design are identical to the Mickel-200 thrust
chamber, Since the manifolds were conservatively sized for the nickel thrust
chambef flowrates, mo size increase was found nacessary for the increased flow-
rate used by thg=co§per alloy thrust chambers.

‘Minor dimensional changes were made in the flange and electroform nickel contouxs

to- accommodate- the differsnt channel heights used with the copper alloy chamber

.designs. The complete chamber is shown-in Fig. 95,
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Figure 93,

Final Assembly Thermal Fatigue
7hrust Chamber (Nickel-200 Liner)
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PHASE I - TASX V - CALORIMETER THRUST CHAMBER ASSEMBLY DESIGN

In order to obtain a heat flux profile for the injector to be used in the Phase II
test ¢ifort, a calorimeter thrust chamber assembly was designed. This assembly

- consists of an -OFHC copper hot gas wall ‘thrust chamber with circumferential water
coolant passages and a coaxial element injector of AFRPL design. A design
description :of each follows. 7

Calorimeter7Thfust,Chamber

The original AFRPL calorimeter thrust chamber design, X69T16199, was modified to
incorporate the same internal contour as the copper alloy regeneratively cooled
Agﬁru§t\chambers, the 6-inch injector to throat length, and to facilitate fabrica-
tion by kocketdyﬂeb The injector and exit end flange designs were also: changed

to the same interface specifications as the regeneratively cooled thrust chambers.
The revised thrust chamber de51gn is shovn in Fig. 96 and operating parameters

are shown below:

Chamber Pressure, psia 750
Mixture Ratio 6:1
Propellants IJOZIGH2
i Coolant Water
N " Coolant Inlet Pressure, psia 1000
Coolant Total Flowrate, gpm 100
Coolant Inlet Temperature Ambient

‘The thrust chamber liner is machined from.an OFHC copper billet. The liner con-
tains 16 circumferential coolant grooves. All grooves are 0,250 inches wide and
have a hot gas wali thickneéss of 0.125 inches. The passage depth is constant for
‘each passage and varies from 0.125 inches at the injector end to 0,060 at the
throat,

The coolsnt circuit closeout and structural shell is annealed electroformed nickel.
The 'shell is annealed to improve brazesbility to tubes and flanges.

147

[ ¥




L

IR

T
5

O

YR | TR YT

s

e ,W‘i‘f )

b0 R At

w P ooy

"'W \

fo S

.ﬁi_ \\
e TS g

FIROLL ASE St SR O )

RSP AP e ¢ '-/.6@

;
e
i
!

4

E— Rt SRR v o E
— e —
: 8 — -1
L e
\ (o
2 3 - ~

o
%\\',,
) 2

',

aexs ‘Siefone)nvrw L48

o W31y mtw ]
AW bulpras, Py L, T
AT OLy. I3 O i)

;ﬁ;%”;;.‘,:;’\kﬁ
R 3 \ o~
™ e

Sl 1L Aot Tvars
GOV LN -0 P St P %, £
PRICLELD 07 5¢°™ P 8 I 0
AVBCLD hon e,

o d

(22t o) 5 Bt}

E
&

- —

- D

%4

— LR . Ak A et
N i 5 "ﬁ:&"‘ﬁx\i Sl et ek S S o RS g e Ttz B 58 WEL e o vl BETMS oo wE e e




$

‘ B\

IR

Z.
RN

B P e A A T A S PO s A A o I T o= RN T N =
! ) R o T SRR T A e T e I SR e A SR -2 Y
P - - rore Lt ey SEETAWN o iy £330
it B e Y A A ..o Foe .‘ . e Eiheii _,.{’ v G
G- .
- - .
; -
: . o i 7 i
e A1 . _ S - _.r___v —r -4 { : } 3 - 3
5 B o PG E. | PAVAASE | 2J71 TR [ MCIAT OM | o™ 4 P 3 =
F- AT | owwra | Framy | s} ws e, 1l e X e 'Y (awer) E
2 5T T Avend Low =
3 30 T St3_ V.
i ‘g = 4 5 7420
3 2 1060 \_ us® ,2, T “n____i‘
TN ei9z YY) e s
r, 4wo. ce3 ™ e
prreel 2ot 3oL z - oo
) ™
=
% aadl i) (Za) L] f’
A0 .08 1400 5 LMo
RN T
# - ettt ——————
She (st meow 298 [T ré0_ L SO
BN 57,318, Al 2793 5554 __,..——-—-J
XWID farons, 2 BT 2, e T &7y -
a:;‘ An::::m o - 442 Y]
e 4TI L [SIR X
g ’ =1 s
S, s
1 v
q [Ta¥ oo

Ve d
"- - Xrey
sgea — &Love (xv)
o G — — 3.3
) = E‘]‘
. ¢ R —
L . - ’\
£ns) . - .
7 ; R TIRPAIANN
5 / T A T
- A
1
. B
r
5
A . -

% 2 s e A X it e




3 : _ ) " ‘Figure 96.

AT IRIEL. MR BRI AN T LT T RIS LETTROTT
g, it fod - . i
BEIPUPIIC S0 Mot wiall oA v e e e PP PN M e wm
: : ; R T I R =
X graei: ]Y'rn—u l ’ B e
T T, l:;;-'q-nn
.vm TR _ o et v i
. - o ars s m ~
S s[EI7wrc 3 mar Parrs
7ene 7.586 ; o] gL susir Mier
1,088 i 14 - 2 )__: oty . .
ravs 7eat 1 ' — ™ ['“-T‘v'r‘.b
. A b -
ARG TR oLV :
sl desrmr e acrt aver st S
H i
) :
!
i i
. - ) :
i
B ;
” !
- ~f- H
- - 3
. ~ o
- -
B A i
. gt
- A K
z kS BB 4
o - : - - g5
R .
- ) ;
a0 $uD 08 ~gu3i VT R e N
gy rel-Sy e mu ar, - - -
@Ww.n Feast wot T m MG Sere PP S OOTINS - =z S e
- (OIAYT LTI D FB 8- £ SIS NI ARG D PF e e e -
LYY mmmﬁ(ww{v_m’m Loty T rvi
& AORETENL MLl “""_“ L mm PRI S FodRoid 2 3b 08 sLVER V8. ik M0 P MG PO =B ¥ =
N2 At b £ G105 0 STVAL, e el e L D R e T S L k= E -
‘m,—-.—-‘:‘:nw’ b orr-iibdtialie - Pt ST 46D k1t s SO0t G ey AT LY H
DRI I AR LU Conatl MIMED — . N KB
X s, - 2] e ‘mm
A . saee e e —
C) B A 7 57 LT P B PVl O Y. | cuccrseassyar -
A PNIRNAE N
AL AT .
: ] e {3} RSOO3TIGK T} |-
o . S e YR YT
— 3 - - e R W .

Chamber Assembly of Theimal o

~rkt1gue Calorimeter - - -

- ' 148

T R

>4
[
2
-
Y, . . . . N Lo
L Py e L T ~ ~
’: - gy Apipe & g v P oo PRt S e Pl P w ATy s ~ — — Wy v aer SR - R T




E .
[

&,
2

ey %

x

Vi s e g, 1550753 gyt s TP ST G rne W

e - A A -

s

g

freery

.

o T SR ST e o g e s an - N - -
R At L S R 2 L N a AT D g T AP T T A ar i Amn AL e r vy e

cn ‘ ot TR S e R T el T R W R L, e o T TR prer
. A B . SR
i
- " .. R T o L WA g dns, Wi
3 R g e N AR S e o T o g g 4R Y By, BTN e s RTINS S QR fmg sns .
W ot n et e, Wi ® oL s & Foar sttt LS mmrue e hmen o SN 698l 2 PR T~ A . - S et B e v RO T iy

The coolant manifolding consists of an individual inlet and outlet tube, 180 degrees
opposed, for each coolant channel. There are, therefore, 16 inlet tubes and 16 out-
let tubes. The tubes are TIG brazed over holes drilled through: the electroformed 'S

Structural shell,

The tubes that go through the top flange into the two top grooves are press. fit

into the electroformed nickel and TIG welded to the outside diameter of the flange.
The press fit seal into the electroformed nickel prevents excessive leakage be-

tween ‘the top two grooves. and the weld joint to the flange seals against external g
leakage. The manifold tubes are made of 321 CRES. The thrust chamber flanges are
made of 304L CRES and are TIG brazed-to the electroformed nickel structural shell.
A chamber pressure tap is located between grooves No. 4 and 5 at a distance of }
2.25 inches from the injector face. 3

Coaxial Injector

The injector assembly, Fig, 97 and 98, is identical to the AFRPL design with the
exception of changes to add structural support to the rigimesh face. Seventeen
nickel posts are threaded. through the nickel face into the intermediate manifold
plate, The manifold was also made thicker which necessitated moving and increasing
the number of distribution holes to the oxidizer cavity, The flow area of the
distribution holes was held constant and the number of holes was increased to

12 so that they could be positioned half way between the entrances of each of the

12 elements in the outer row of the injector.
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CONCLUSIONS AND RECOMMENDATIONS

The results of the Phasé I .ffort were highly encouraging in the area.of analysis
and laboratory fatigue testing, Considerable progress wés made in developing the
analytical tools for predicting the thermal cycle life -capability of non-tubular
regeneratively cooled thrust chambers. Also the thermal analysis effort laid the
initial groundwork in exploring design and/or operational innovations which -could
be incorporated on an engine to increase life capability. The isothermal fatigue
test procedures and specimen design represent great strides in producing the data
more diréectly applicable to the thrust chambers and: in establishing the life cap-
ability of the candidate materials. The differential fatigue and panel test

efforts shewed promise; however, it was apparent that successful development .of
the laboratory test techniques to the point where they would yield meaningful
quantitative data was beyond the scope of this prograii,

Based on these results sevéral recommendations for future effort can ‘be made..
These are: oo~

1. Conduct additional iscthiermal. fatigue testing to establish s failure
critéria. for cyclic testing with hold times at peak compressive strain:
and to- repeat questionable test data.

s e

2. Conduct more isothermal fatigue testing, data reduction and ana;ysis

to determine creep rate lawmaterial constants for the relaxation
process at peak tensile and: compressive strain.

3. Conduct additional isothermal fatigue testing to more accurately '
define the fatigue cuive ccnstants as a function of temperature, "

‘4, Conduct isothermal fatiéﬁe tests. on various heats of material ahd,oﬁ_,
specimens machined directly from spun liners ‘to-determine effect of
chemical composition variances and processing on the material fatigue
capability.
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Dgepen‘thé analytical and experimental evaluation of candidate panel
test techniques to determine if an economically feasible technique
can be developed which more'cibsely resembies the thermal and strain
environment cf a regeneratively cooled thrust chamber. 7

6. The life analysis methods should be verified by comparison with the
results from additiondl rocket engine duty cycle testing.

7. Cyclic creep rupture data should be obtained and used in place of
monotaonic creep rupture data to reduce the -conservatism in evaluating
creep rupture damage. Part of the effort would include the development
of a testiprocédqre to obtain the data. The test procedure requires
the introduction of a load reversal after the desired creep strain

has accumulated on each side of the hysteresis loop.

Thermal fatigue and duty cycle simulation test data should be obtained

to more accurately refine life analysis. The thermal fatigue test run

in strain control involves developing the test technique to independently
vary temperature and strain. The accuracy of the inrremental approach.
adopted in the .analysis can, therefore, be evaluated. The duty cycle
simulation requiris the development of a test procedure to switch from

deflection to load control and tack within thé cycle.

The latest fatigue life prediction theories should be evalrated for

inclusion into thermal fatigue~1ife prediction methods. These include
Coffin's approach involving a frequency modified life (Ref, 20) and
Manson's partitioning of the total strain range into plastic anéﬁc;eep
components (Ref, 21).
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