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Introduction

The Air Force Astronautics Laboratory (AFAL) 1is currently pursinrg
development of a high performance, high chamber pressure, compict engine
concept which wuses Nitrogen Tetroxide (N204), and Monomethyi Hydrazire
(CH3NHNH2), as propellants, This engine, designated the XLR-132, is designed
to transfer Air Force payloads from low earth orbit to higher operationral
orbits,

A critical comporent required for development of this engire is a
durable, high performance injector, Several electro-deposited nickel
injectors were desigred and tested by the Pocketdyne Division of Pockwell
Interrationral under the Breadboard XLR-132 contract. After several 10 second
tests, damage caused by chemical attack, erosion, or a combination of the two
was observed around the injector orifices. More severe damage was found
following a U0 second firing. Several solutions were applied to alleviate the
orifice erosion problem. Included among them were a fuel lag shut Jdown,
operation with cool N204, and chrome, rhenium, and gold platirgs applied to
the injector face, These remedies did not prove effective at hindering

orifice ecrosion,

Pecert progress on a Small Business Innovative Research (SBIP) contract
maraged by AFAL has allowed Ultramet to develop a chemical vapor deposition
process for iridium, This process was used to plate a Pocketdyne IP&D
worknorse injector with iridium, The Rocketdyne iridium-plated irj::ztor was
loaned Uo AFAL for evaluation of plating durability. This techri:i. report

describes the hardware, test procedure used to evaluate the iridium plating,

and test results,
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$\£ Project Summary
B
B
Yy
S Four hot firings were conducted in February 1987 at the AFAL Rocket Motor
s
:*: Frngire C(omplex, Experimertal Area 1-52C, Following the fourth firing the
.‘_-u:-
Qﬁj injector was removed from the thrust stand for inspection, A Bausch amd Lomb
)
. :: Stereomicroscope was used to inspect the injector face and showed that the
_;?p iridium platinrg failed to protect the injector face, However, valuable
o
? Ad insights into the attack mechanism were gained,. Previous explanations
(N
N proposed to account for the orifice damage relied on a mechanism involving
-.\'
!;:. reaction between N204 and nickel within the orifice. Inspection of the
'\':‘\.
A orifice damage which occured on the iridium-plated injector suggests an attack
Moo
o mechanism step involving combustion gases and originating or the surface,
2
o Hardware Description
A
N
TN:: Four primary pieces of hardware, designed and manufactured by Rocketdyne
YRS
‘G
;ﬁ;: were used in this program: an IR&D like-doublet workhorse injector, an
L% .S

)

i:;h cooled calorimetric adapter section,

::§% The injector tested on this program was a PRocketlyne-owned, IP&D
‘::) injector, The injector consisted of a stainless steel body with two layers of
s 9.080 inch-thick electro-deposited nickel

[\
‘ 4
&

acoustic cavity ring, a water-cooled calorimetric thrust chamber, and a water-

forming the face and fuel and

oxidizer orifices, A chemical vapor deposition process was used to deposit a

Sk
o

layer of iridium approximately 0,0008 inch thick on the injector face,

o
4

2.4

A thin

layer of iridium was also deposited within the irjector orifices.

A

A close-up

R
L

2

of the iridium plated injector is shown in Figure 1.
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Figure 1, Iridium Plated Injector Face

The impingement pattern, which consists o like-on-like doublet elements,
is shown schematically in Figure 2. Both oxidizer and fuel orifices are 0.0135
inch 1in diameter. The boundary layer coolant holes are 0,010 inch ir

diameter.

Acoustic damping of the injector was provided by a copper, water-cooled

*l
\ ; - . . s
\$%: acoustic cavity ring with 12 goid plated cavity dividers, The acoustic cavity
T
LY.
-5ES ring is also Rocketdyne-owned IR&D hardware,
P .
?.F The water-cooled calorimetric thrust chamber was designed and
Loy
A manufactured by Pocketdyne for AFAL's Storable Advanced Rocket Technology
TN
;:i (STAR  Tech) program. The calorimetric thrust chamber consists of a NARloy A
(g
."‘L lirer and OFHC copper spacers brazed to a 347 stainless steel housing. The
LY
b,
AN
?i” surface of the NARloy A liner exposed to hot gases is protected by electro-
".f’:-
"y .
g depositea gold.
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fj Figure 2. Injector Impingement Pattern

o
,; The thrust chamber has 10 radial coolant passages and each water-coolant
K, inlet port has its accompanying exit port at 180 degrees, in the same axial
~)
N plane. Table 1 describes the thrust chamber characterictics and coolant
0
i- requirements, A more detailed description of the thrust chamber is available
‘, in Ref, 1. T
W)
:2 A  PRocketdyne-owned water-cooled adapter segment was used to attach the J
N
h AFAL thrust chamber to the IR&D injector, The adapter segment is 2.5 inches
b3 ir lenygth and construction is similar to the calorimetric thrust chamber. The
1

l
'§; adapter segment has six radial coolant passages. Minimum required coolant
W

G

flowrate to the adapter is 10 lbm/sec and the maximum is 20 lbm/sec.
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Table 1. Calorimetric Thrust Chamber Characteristic and Coolart Pequirements
COOLANT FLOW INTERNAL AVG AXIAL AVG EXPAN, REQD APPROX.
PORT CHAN. COOLED POSITION WATER FLOW COMBUSTION
NO. (NO.) SURFACE, FROM THROAT, MINIMUM, PRESSURE,
SQ. IN. INCH Aavg/At 1b/SEC PSIA
1 1 4.53 -3.10 -7.46 1.4 1500
2 2&3 6.39 -2.59 -6.96 2.0 1500
3 445 6.04 -1.99 -6.01 2.3 1500
4 6&7 5.50 -1.3¢9 -4.68 2.6 1500
5 8&9 4.67 -0.79 -3.14 3.3 1500
6 10&11 2.61 -0.2¢9 ~-1.68 3.4 1500
7 12813 1.59 10 1.C3 3.8 15C0
8 14815 1.85 49 1.33 1.8 378
Q 16417 2.9 .89 2.25 1.5 153
10 18%19 2.69 1.22 3.212 0.8 80
Exit location (from throat) 1.345 INCH
Exit Diameter 2.67 INCH
Exit Expansion Ratio Ae/At 4.42
Total Cooiant Flcw
Chamber 22.9 b/s
Facility Description
All testing on this program was conducted at Experimental Area 1-52C.
The propellant feed system in use at this area is showr schematically in
Figure 3. Gaseous nitrogen, supplied at 6600 psig, is used for propellart

tunk pressurizatior, purgirg, and valve actuation.

w1

™ ‘ '
N\
)

"y n"f
Xl K

ﬁ*)’

Lo R ‘..-.n

AN I .r " \J‘""‘" O ASN I N
""0 ":‘:'h‘ hat '!‘:"J:".:‘Q' .."s l ! \"*' A'R‘ o el o .o X ¢ ¢

-"\1"._

M, w

*4 ~ \“&*& ¢0~¢




RAAA

8 s &
S

4 -

by

‘:4

1
d

” .-‘:_ -

>N

P '

o

4

LAY

o

‘.L:‘l.‘ . .J". -

it tf&

S R

DM

SUPPLY

6600 PSIG 6600 PSIG
A

MAX

GMN, a0 ST
.{

|

N2 O,
1000 GAL

4000 PSI 4000 PSI

GN, 6600 PST

.~JTHERMOCOUPLE

N! Ol
CATCH

) LEGEND ’ T L—é%
" U=y
SOLENOID VALVE -E .
[ f [ i
TURBINE FLOWMETER -
Jrutcron.

. LI
CHAMSE b
ES VENTURT VALVE

JAR\

———

h
RV

.

Y ')‘:ﬁ *.

“I U PLAP

AP

Y.
P
a2 | o

-
P4

7

CTSAL®

%

&

Figure 3. Experimental Area 1-52C Propellant Feed System

A 5000 1bf horizontal thrust stard was used for axial thrust measurement,
Total thrust 1is measured by three parallel load cells, which are National
Bur=au of Standards traceable, and are accurate to 0.10% of full scale.

Thrust chamber de-ionized coolant water is supplied from two 300 <cubic

foot tanks at 2350 psig.

Instrumentation

Figure U4 shows a schematic diagram of the instrumentation used on this

erngine, Turbinre flowneters were used to measure the propellant flowrates,
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Accuracy of both the fuel and oxidizer flowmeters was 0.5%. Two pressure
transducers were used to measure chamber pressure., Water coolart flowrates to
the acoustic cavity ring, the adapter segment, and tne 10 thrust chamber
coolant chanrels were measured with turbine flowmeters, Pressure and
temperature of the irlet and outlet coolant water was measured on the acoustic
cavity ring, and each of the thrust chamber coolant charnels. Water coolant
pressure and temperature was measured on the adapter segment inlet, but data
for the outlet coolant water could not be obtaired due to a limited number of

data acquisition channels.

INJECTOR

— em s L N

ACCUSTIC CAVITY RiNG ~———-=  H20

— ADAPTER

el THRUST CHAMBER .

H20 e H20

Figure 4, Thrust Chamber assembly Irnstrumertation
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Test Resulls

A total of tour tests were conducted at the Fxperimertal Area. A typical
hot fire sequence 1s shown schematically in Figure 5. The first two tests were
snort duratior firirgs corducted to check out the facility feed system, data
acquisition and cortrol system, and hardware integrity. The third test was a

10 seconrd duration firing, ard thne fourth test was a 40 second firing.

DURATION
SUTOFE
WATER Vl[ln/\:ll()N CUITort
NTQO SNTETY
COOLANT CUIOrfF
MAIN OPEN :
A MANSTAGE || ML LAG, 300 Ms ]

ARA

TIUMS
G /5is

K Cniortow)]

~
v orr . T TIIFXTIT
RPN B MMH MAIN - S22
AREP PP . AQR 2223 2

212333k ~ N SN

P S| 175 M5 LAG :
//"': ) 1770 PS1 e © -1 15D PSI O NTO AND MY
L7700 [PURGES AT START PUNGES AT
A (Y AREY
4..;,?.“77;;7f:I7 Curof ¥
PRV PRPBPRPPRI RS PRYE] ¥ - LR SRR,

START CUTOFF

Figure 5. Hot Fire Sequence Logic

Table 2 preserts the chamber pressure, mixture ratio, ard propellant
flowrates achieved on eacn firing. Chamber pressure was measured with two
Taber strair  gage pressure trarsducers, The difference Dbetween the two

trarsducers  was seldom more than 0,4%, The JANNAF method, [Pef., 2], for

Jeterninirg  effective chamber pressure from wall static pressure measurements



B
Oy
i)
“a.
-]

o
e X
T was used to compute the chamber pressures listed in Table 2. The propellant
ot
\;f filowrates listed in Taole 2 represent a time average over the duration of the
v

o« firing. During the test firing propellant flowraies rarely varied more than

A

i 0.3% from the average,

X2

1
”Nl Table 2, STAR Tech Iridium Plated Injector
L)

"-l

s Test No. 1 2 3 4

Jh
: Duration (s) 2 2 10 40
N
P\ .

) :. Cumulative
b, Time (s) 2 4 14 54
o
)
Atmospheric

- Pressure (psic) 12.8 132 132 13.0
b

o Cnamber
o Pressure (psig) 1479 1470 1492 1502
7
o~ Chcmber

N Pressure (psia) 1482 1483 1505 1515
&
R -

-.c Oxidizer

) Flowrcte (Ibm/s) 7.18 728 7.36 7.42
.\_:

i cue

":3 Fowrcte (lbm,’s)  3.71 358 362 3.6°
4
o - Viature Retio 1.94 203 233 206

(]

)
i
W
s&, Performance parameters calculated from the data collected during each
n_‘.
LM

'. test are listed 1n Table 3, Fxperimental values for chamber pressure, total
(7

o 2o propellant flowrate, and tnrust were time averaged and then used to calculate
-

c¥ and Isp. Tne throat area used for the C* calculatior was adjusted for

P

thermal effects according to the JANNAF procedures givern in Ref, 2. The
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JANNAF procedure predicted a 0,36% increase in throat area due to therinal
expansion. Also listed in Table 3 are theoretical values of C* calculated with

ODE according to the JANNAF procedures given in PRef. 3.

Table 3. STAR Tech Iridium Plated Injector performance

Test No. 1

(8]
(V]
~

Total Propellant
Flowrgte ('bm,’s) 10.89 10.86 3095  11.08

Faciity
Thrust {ibf) 2588 2389 2641 2646

CdA, fuel (in2)  0.0443 0.0443 0.0443 0.0446

Cd4, ox (in2) 0.0683 0.0685 0.0694 0.0705

'sp {Ibf s,’lbom) 2431 2452 247.3 246.4
Measurea Cs

(£2,'s) 5607 5589 5610 5621
Theoreticai

Cx (f:/s) 5788 5774 57786 5770
Cx =fficiency 96.9 86.8 97.1 37.4

Calorimetric data for the acoustic cavity rirg and STAP Tech combustion
chamber 1is given 1in Table 4, Calorimetric data for the 2.5 inch adapter

segment was not obtaired due to a shortage of data acquisition channels,

1o
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2&; Table 4, STAR Tech Iridium Plated Injector

’ Test No. 1 3 4

n

'::' AC Ring 57.6 84.0 84.2 78.1
?:

.:p Combusticn

?" Chamber

gl Channel No.

ii'

149
: 1 - 6.96 7.20-3.55 8.63-9.42
w 2 7.69 8.73 9.01-10.3 10.2-11.1

Rt 3 7.84 850 884-1'0 10.6-125

- 4 9.35 9.35 9.72-11.6 11.1—13.3

A 5 14.0 135 13.7-17.1 157-18.8

»:: 6 24.4 245 23.9-29.9 27.5-31.7
;;- 7 26.9 27.3 27.8-29.9 29.3-30.7
) 8 25.5 28.6 29.9--30.7 30.2-32.1

¢ 9 7.76 6.97 7.55 7.56

N 10 4.95 4.30 4.92 4.48
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The main

. Sl

0 of the injector face.

»',::‘ Table 3
N firings. As shown in Table 3,
‘: remained high despite the orifice
? the C* performance
t

jﬁ similar like-doublet injector.

XLP=132 injector were 97-98% [PRef

- =g N L] » " 4% -qv - 3
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durability of the iridium plating.

presents performance data which was acquired

objective of this series of test firings was to

Following the fourth firing,

during

evaluate the
the hardware
was removed from the test stand and disassembled to permit detailed inspection
Severe erosion was found on the oxidizer orifices, A

detailed description of the orifice damage is given in the following section,

the test

the C* efficiency was approximately 97%, and

erosion.

Measured C* efficiencies for the

4],

11

WA, x‘x"\-.

I3s

This data compares favorably with

data acquired during Breadboard XLR-132

o
"‘\ "'n\-\

testing of a

Breadboard
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Propellant flowrates and pressure drop across the injector manifold were
used to calculate the injector flow resistance., ‘ne results for each test are
presented as CDA values ir Table 3. The CDA values for both the oxidizer and
fuel manifolds remained fairly constant throughout the test series, indicating
that flow resistance across the injector was rot changed sigrificantly by
erosiorn of the injector orifices.

Calorimetric data obtained during each test firing is presented in Table
4, The STAP Tech combustion chamber was designed to reach thermal equilibrium
in less than 0.5 seconds, Inspection of the calorimeter data for tests 3 and
4 revealed increasing heat flux throughout the duration of the firing. In
additior, heat flux at the start of Test 4 is close to the high heat flux
obtained at the end of Test 3., To illustrate this pheromera more clearly,
Figure 06 shows calorimetric data for selected channrels plotted as a function

of time.

Heat Flux (BTU/s)

35
Channel 7
30 A ‘_4-‘;;. ————————
Channnl £ P
- | /I
Channel 5 25 R
Laaene' 4 20
Channer S . - -
15 -
Chearel 2 i e T - -
. SRS o
[
e
|
5 ! ' L _ : [ Lo
0 5 10 15 20 25 \0 A8 40 45 S0 55

Cumuiative Time (s)

Figure 6. STAP Tech Calorimeter Data
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Disassembly and inspection of the hardware following Test 4 revealed
increased surface roughness of the combustion chamber due to metallie
deposits. The deposit locations correspond to channels where increased heat
flux was observed. A possible explanation is that increased surface roughness
due to metallic deposits caused a corresponding increase in the heat transfer
coefficient. The deposited material was probably nickel which eroded away

from the injector face. Similar phenomena was observed on the Breadboard XLR-

132 program,

Damage Description

Two distinct regions of damage can be identified on the injector face.
These two regions correspond closely to the fuel-rich and oxidizer-rich
regions of the injector. The oxidizer-rich region occurs in the center and
extends out approximately 1,54 inches. The fuel rich region extends from a
radius of 1.54 inches to 1.75 inches. Figure 7 shows the location of the

oxidizer-rich and fuel-rich regions.

Figure 7, 1Injector Mixture Ratio Distribution
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¥ Damage throughout the entire injector face is always more severe on the

v oxidizer orifices, However, withirn the fuel-rich region damage to the oxidizer
2

, orifices 1is especially severe, The damage to the oxidizer orifices in this
()

;\ﬂ region extends deeper and wider thar that which has occurred on similar
[

> oxidizer orifices located in the oxidizer rich region. Figures 8 and 9§ show

N the pattern of attack which is typical on oxidizer orifices in the fuel rich

~ region, The damage typically extends over a region from the oxidizer lip out

iy

: to 0.003-0,.0C7 irch with the a depth of damage usually 0,006-0.013 inch,. The
‘.'d

3w erosion undercuts the surface, as can be seen in Figure 8 from the 8 to 12

y o'clock position,

o Figure 8, Damaged Oxidizer Orifice
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A unique phenomenon which has been observed in the fuel rich region of
this injector 1is the existence of free standing iridium tubes within the
damaged oxidizer orifices. In Figure 9, part of an iridium tube is evident at
the 9 o'clock position, It appears that the nrickel substrate is
preferentially attacked, 1leaving a free standing tube, or wall, of iridium in
) the orifice, This phenomenon was not observed on similar injectors which had

been coated with chromium, rhenium, or gold.
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Figure 9. _Damaged Oxidizer Orifice with Iridium Tube
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N o, In orifices where part, or all, of the iridium tube has been removed,
sharp, Jjagged edges are observable., This is evident in Figure 3 at 9 o'clock

and in Figure 10 at 4 o'clock. This would suggest that removal of the iridium
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tube was due to shear stress from the flowing propellant, rather than by

chemical attack.

Figure 10, Damaged Oxidizer Orifice With Iridium Tube

Another interesting pnenomenon observed on the oxidizer orifices in the
fuel-rich region is the existence of molten metal in the damaged area. The
molten material is distinguishable due to its smooth surface and apparent lack
of grain boundaries (sece Figures 9 and 11), It is most likely that the molten
metal 1is nickel which melts at 2651F, as opposed to iridium which melts at
4u3gr, A possible explanation ot this phenemona is that melting occurred due

to local heating from an extremely exothermic reaction.
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Figure 11,

On

severe,

right).

orifices

area

progressed

fuel

Although

orifice has cracked at 9 o'clock.
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orifice in Figure 12 also shows some damage at the 3

and
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The
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Figure

oxidizer orifice exhibits features typical of damaged

Damaged Oxidizer Orifice With Melted Metal in Damaged Area

some of the oxidizer orifices in the fuel-rich region damage is

12 shows an oxidizer (lower left), and fuel orifice (upper

in the fuel rich region, Molten metal is noticeable in the damaged

undercut surface is evident, However, the damage has

as far as it has on other oxidizer orifices in this region,

it's

!

v

oy

not clear in the photo, the iridium plating within the
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The crack is approximately 0.007 inch deep,
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Oxidizer (lower left) and Fuel (upper right) Orifices

Damage in the injector's oxidizer rich region is less severe than that
which has occurred in the fuel rich region, Oxidizer orifices are
preferrentially attacked, although fuel orifices also show signs of damage.
Damage 1is usually confined to a narrow region surrounding the orifice and has
eaten down behind the iridium which was plated withirn the orifice, Figures
13, 14, and 15 illustrate the predominate pattern and severiivy of attack to
oxidizer orifices in the center region. Figure 16 shows an oxidizer orifice,
located near the center, which has been more severely attacked. The iridium
plating ir the orifice has been tcrn away, and local melting has occurred from

6 to 9 o'clock.
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Figure 13. Damaged Oxidizer Orifice in Oxidizer Rich Region
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Figure 14, Damaged Oxidizer Orifice in Oxidizer PRich Region
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a2l e

- o

L e L, LYY N

Figure 16, Damaped Oxidizer Orifice in Oxidizer Pich Pegion
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Fuel orifices in the oxidizer rich center region also exhibit signs of

attack., On the fuel orifice in Figure 17 pitting of the orifice 1ip is

P
Ly 4 A
"2 .J‘J‘.‘ ';‘J

evident, Figure 18 shows a fuel orifice which has been attacked at the 6
4 o'clock position, The damage on fuel orifices is similar to that observed on

- the oxidizer orifices in this region, but is not as severe,
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Figure 17. Damaged Fuel Orifice in Oxidizer Rich Pegion
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. Figure 18. Damaged Fuel Orifice in Oxidizer Rich Pegion

In contrast to the fuel and oxidizer damage, all of the boundary layer

L%
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coolant orifices, as well as the area immediately surrounding them, are in

S

good conrdition. A typical boundary layer coolant orifice is shown in Figure
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-.' Figure 19. Boundary lLayer Coolant Orifice.
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:’c Observations

W)

(%

iI

: The following observations have been made during our examination of the
.

2 damaged injector:

b 1) Both fuel and oxidizer orifices exhibit signs of damage, however,
' damage to the oxidizer orifices is always more severe than the fuel
o" orifices.

)

()

N 2) Damage has progressed farthest on oxidizer orifices in the fuel-rich
;:' region of the injector.
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3) Other than a correlation of damage severity to mixture ratio zone,

\ there was no apparent orientation with the physical characteristics

of the injector, such as the orifice pattern, propellant inlets, or

; acoustic cavity locations.
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