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ABSTRACT

The chamber walls of two water-cooled calorimetric combustors of different
chamber lengths were eleciroplated with nickel of different thickness to investigate
decreasing the temperature of the substrate copper wall and prolonging thrust
chambers life. Combustion tests were conducted using liquid oxygen {LOX) ~gaseous
hydrogen, LOX ~gaseous methane, and LOX “R]J-1] propellants. The maximum
chamber pressure was 12 MPa and the maximum heat flux reached 120 MW, “m®
For both the LOX, hydrogen and LOX, methane propellants, heat flux values
measured at the throat section of the nickel plated chambers were 20—30% less than
those measured for the bare copper chamber walls. This infers that subcritical
microcracks cbserved within the nickel layer functioned to relax the layer's thermal
stress and to cause a higher thermal resistance than expected. On the other hand,
the test results of the LOX “R]J1-] propellant showed that the wall material and “or
temperature, the presence of hydrogen, and the injection pattern of propellants ali
affected the characteristics of carbon deposition on the chamber wall. It was also
experimentally revealed that at the same mixture ratio the heat flux values in the
presence of carbon deposition were lowered by 50% compared to those in the absence
of carbon deposition.

Both nickel layers survived approximalely 30 firing tests having a total duration of
600 s. The durability and reliability of the nickel plating were verified, there by
showing that a thin layer of nickel plating is useful for decreasing the heat load of

high pressure thrust chambers.

Keywords : heat transfer, rocket combustor, nickel plating, thermal resistance, carbon

deposition
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Nomenclature

c* characteristic velocity

Cg coefficient of simplified Bartz's equation
F fuel

hg hot gas side heat transfer coefficient

k thermal conductivity

0] oxidizer

OF mixture ratio of oxidizer mass flow rate
to fuel one
q heat flux

X axial distance from throat

Pc chamber pressure

R thermal resistance

Tad adiabatic wall temperature of hot gas
Tsat saturation temperature of water
ATsat wall superheat

Twg hot - gas-side wall temperature
t thickness

nc* characteristic velocity efficiency
Subscript

Cu copper or copper substrate

cyl. cylindrical

exp experimental

f.c. injector face plate cooling

max. maximum

Ni nickel or nickel layer

sat saturation

th throat

w chamber wall

wg hot - gas-side wall surface
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1. Introduction

High pressure liquid rocket engines using
liquid oxygen (LOX) liquid hydrogen andor
LOX ~hydrocarbon propellants are being studied
for possible use in the next generation of heavy
space launch vehicles. Liquid hydrogen, liquid
methane, and heavy hydrocarbon of the RP-1
class are the most feasible fuels for these
High pressure LOX_ “hydrocarbon

rocket engines with liquid hydrogen as coolant

engines.

are also feasible to avoid the coking problems

of hydrocarbon coolant.

The present authors previously reported the
heat transfer characteristics of several pro-
pellants, namely, LOX/hydrogen, LOX “meth-
ane and LOX RJ-1],

calorimetric chambers with bare copper cham-

using water-cooled
ber walls!. They also discussed the thermal
resistance of the carbon layer deposited on the
copper chamberwalls in the case of LOX R]-
1].

Heat fluxes of high pressure chambers are as
high as 100 MW _“nf, and with most coolants
except liquid hydrogen, it becomes difficult to
cool the walls. One way to reduce high heat
flux is to use a thermal barrier, such as a
ceramic coating, on the hot-gas-side wall
However, the ceramic coating easily causes
spaliing or flaws wunder high temperature
gradient conditions due to the mismatch of the
thermal expansion between the ceramic layer
and the metal substrate. Extensive work on
ceramic coating systems has been done’, but
these systems are not employed in practical use
because of the lack of reliabitity and durability.
Such functionally gradient materials might be

promising, but they are still under study™*'.

Another way to use a thermal barrier is to

plate high temperature metal, such as nickel, on
the chamber wall. However, thermal conduc-
tivity of high temperature metals is higher than
that of ceramics. Therefore, a thick coating of
the metal is required to obtain high thermal
resistance. Such a coating might cause great
thermal stress across tHe coated layer and
result in separation of the two metals at their
interface.  Not much is known about the
durability of such plated metals under high heat
flux nor about their effective thermal conduc-

tivity.

The formation of carbon layer on the thrust
chamber wall greatly reduces the heat flux from
the combustion gas and thus protects the
chamber wall from reaching excessively high
temperature.  Though the carbon deposition
was affected by the combustion gas condition
near the wall, it does not affect the combustion
phenomena apparently. At this point, it differs
from the carbon fouling phenomena in automo-
bile engines and gas turbine engines. The
characteristics of carbon deposition are quite
complicated and the thermal resistance of the
carbon layer deposited on the conventional
copper chamber walls was discussed in the
previous report'. The temperature of a high-

temperature-metal coated layer is usually

higher than that
the coated

of the bare copper wall

because laver functions as an

insulation layer. The characteristics of carbon
deposition on the high-temperature surface of
the metal plated layer have not been previously
examined well.

The effect of hydrogen on carbon formation
on nickel and iren surfaces was reported in a
laboratory study’. However, the carbon deposi-
tion characteristics in the presence of hydrogen
should be clarified in the case of hydrocarbon-

hydrogen dua! fuel combustion of hydrogen-

This document is provided by JAXA.
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cooled LOX ~hydrocarbon rocket engines.
The purpose of this study is, therefore,

(1) to examine the characteristics of heat
transfer to nickel plated chamber walls cooled
with water by using several propellants,
namely, LOX ~hydrogen, LOX_ “methane and
LOX,/R]J-1], and

(2) to study the thermal resistance and the
durability of the nickel plating using the
chamber walls of two water-cooled calorime-
tric combustors which had different chamber
lengths and been electroplated with nickel of

different thickness.

FUEL FOR FUEL FOR
COMBUSTION  COOLING

e

2. Experiments

2.1 Injectors

Injectors with 18 coaxial elements were used
in LOX ~hydrogen and LOX,“methane firing
tests. Twelve film cooling holes were drilled
into the periphery of the regimesh face plate of
each injector. The injectors’ geometries are
shown in Fig.1 and their operating character-
in Table 1.
Two injectors, 12-elements FOF and OFO

impinging types, were employed in LOX “RJ-1]

istics are described

tests. Transpiration cooling with gaseous
hydrogen or helium was employed to protect
the regimesh face plates of these two injectors.

The geometry of the injector with OFO im-

N |
Injection element
Faceplate view
Fig. 1 Injector with coaxial elements
Table T Range of Test Conditions

Propellants Chamber Injector Number Pc O/F nc*

of Tests MPa %
LOX H* 23ch. coaxial 13 29 - 90 58 -9.9 96 - 99
LOX ~CH* 27ch. coaxial 8 35- 55 24 - 45 93 - 96
LOX RJ-1] 23ch. FOF imp. 14 7.0 -123 2.4 - 3.2 90 - 95
LOX “RJ-1} 23ch. FOF imp. 3 7.2 -10.2 26 -29 97 - 98
LOX “R]-1} 27ch. OFO imp. 19 71 - 73 2.2 -32 96 - 98

This document is provided by JAXA.
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pinging elements is shown in Fig. 2. The
pattern and impinging angle of the injector with
FOF impinging elements were the same as
those of the one with OFO impinging elements.
The diameter of fuel holes of FOF elements
was 0.9 mm and that of the oxidizer was 1.9

mim.

2.2 Chambers

Two water-cooled calorimetric chambers with
nickel plated surface walls were used to mea-
sure the axial distribution of heat flux to the
They consisted of 23 or 27

circumferential cooling channels, respectively,

chamber wall.

and had the same inner contours with the
of the region of
The length of the 27-channel chamber

was 50 mm longer than that of the 23-channel

exception the cylindrical

section.

chamber.
etric chamber is shown in Fig. 3.

The fabrication process was as follows:

The cooling channels were machined into an
OFHC copper shell and nickel was then plated

on the inside wall of the shell. The thickness

The geometry of 23-channe] calorim-

of the nickel layer shown in Fig. 4 was deter-
mined to be between from 0.05 to 0.2 mm in
the first trial.
depended on the plating conditions and it was

The thickness of the nickel layer

difficult to get uniferm thickness distribution
along the axis of the chamber because ef the
complicated nozzle configuration. The shell was
then covered with stainless steel outer rings by
means of electron beam welding. The cooling
side of the channels had small triangular fins
in order to

positioned at 30-degree angles

enhance heat transfer coefficients on the

coolant side.!

A water-cooled cavity ring was installed to
suppress the combustion instability in cases
where LOX_ “methane and LOX RJ-1] pro-
pellants were used.

Five thermocouples were installed in the
chamber wall through the land between the
neighboring cooling channels to determine the
hot gas side-wall temperature. The iwo wall

thermocouples at the throat section consisted of

porous plate ®72
T T
N y H A T PN
\ / 21’—1> Do=$1.25 ga 0°° HH oo JH
¢ / \ m / \
LO2 / Dt = 0.95 A ‘*”f %;\M N |
\ ‘&1 \\\\'\\ L\\Qo }E 00\ | OeO ¢ ( OO\ES\
S =4 sz T O 41
Ry 77 LT {////_77@?%><1§ ‘{93 Ok gﬁ}*
//,/\,{/5/// //442/5 2 AT AT
B NN NANAY Ei o M 000 TR © )E?
LO2 / 65 PR e
\ / = N 5/000\{;“) 0°®
\\ /1 Hz N i H’(]L;,//

injection element

Fig. 2

face-plate view

Injector with OFO impinging elements
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a Chromeland Alume] wire 0.045 mm in diame-
ter inside a sheath made of 0.25 mm stainless
steel tubing. The other thermocouples con-
sisted of 0.09 mm Chromel “Constantan wire
inside a 0.5 mm sheath. Probes were fixed by
high thermal conductive epoxy resin at the

bottom of drilled holes located 1.0 mm from the

COOLING WATER
INLET
+

hot gas side surface.
The water inlet and outlet temperatures were
Chromel,~Constantan

couples inserted in a inlet manifold and each

measured by thermo-
outlet manifold.
The water flow rate of each channel was

measured by a calibrated orifice and the each

COOLING WATER

EEF;—J'V

CAVITY—\

I
| S ¢ | o g 00 e g
€ |
ot

OUTLET

ACOUSTIC CAVITY RING

Fig. 3 Water-cooled calorimetric chamber

g_ B 23 ch. chamber
3001 © 27 ch. chamber

0

(-]

c

"4

< 200

L

e}

| 9

> 100

=
0

-200

-100

Distance from throat

(mm)

Fig. 4 Axial thickness distribution of nickel plating
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propellant flow rate was measured by a turbine
flowmeter.

Five pressure transducers were mounted on
the cooling channel outer rings to determine the
saturation temperature in the ceoling channels.

The thrust of the chamber was not measured
because of the large quantity of rigid hardware

mounted on the test assembly.

2.3 Test
A schematic diagram

Facility
of the water-cooled
combustion test facility is shown in Fig. 5.

Details of the test facility are shown in Ref. 1.
3.Test Results

3.1 Test Conditions

combustion pressure range of 3.5 to 12 MPa
and a sea level thrust range of 3 to 7 kN.
Test conditions and the achieved C* efficiencies
are summarized in Table 1.

At f{irst, the short chamber was used In
LOX “room temperature gaseous hydrogen and
LOX “RJ-1] combustion tests.

In the LOX ~“gaseous hydrogen firing tests,
the durability of the nickel layer and the
thermal resistance of the layer were examined.
For exact comparison to study the thermal
resistance of the nickel layer .as a thermal
barrier, combustion tests were carefully con-
ducted under the same conditions as in previ-
ous tests' in which a 23-channel chamber with

a bare copper wall and the same injector was

Firing tests were carried out, covering a used. Chamber pressures, mixture ratios and
&N, G,
! st
GCH, /GH Stgck ack
RJ-1J Tank Water Tank
GOz GHz 0.1m3 0.7m?3
30MPa 8MP a

Ignitor

R

Combustor

Fig. 5 Schematic diagram of test facility
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achieved C* efficiencies of both chambers are
shown in Fig. 6; the same combustion and
heating conditions were accomplished.

then

LOX_ “RJ-1] combustion tests were

conducted. The efficiencies of the two in-
jectors with impinging elements are shown in

Fig. 7 individually.

L LOX/GH,
©® Bare Cu chamber
s 10f & Ni plated chamber
£
®©
! Oa 9972 4 o
¢ 991 991 972 977 97Z
=3
2 oA
[J] 8 d
sa 981 967
&
.% n o= 971A®1002
<
(&)
6 L
5 6 7
Mixture ratio
Fig. 6 Experimental region of LOX GH2
combustion test
100
© OF0 elements pca 7MPa
A FOF elements Pc= 10MPa
0, O,
O
(>
0 o
EE 95 b~ 2 A
5 ZS__45"-""““‘-15&--
]
S
bet
Q
*
] 1 ]
2 2.5 3

Mixture ratio
Fig. 7 Measured C* efficiencies of injectors

with impinging elements

When the injector with FOF elements was

used, the water-cooled cavity ring suffered
damage 2 seconds after ignition at a chamber
pressure of 12 MPa. The short chamber also
suffered melting near the injector end due to
high heat flux at a chamber pressure of 10.4
MPa when the OFO impinging injector was
used. However, the short chamber plated with
nickel survived 30 firing tests with a total

duration of 600 seconds.

Combustion tests using the long chamber
with 27 cooling passages were then conducted
for LOX,”R]-1} and LOX_“methane propellants
at 3.5 to 7 MPa of chamber pressure. Any
carbon deposition was not observed on the
nickel plated chamber wall after each combus-
using LOX,“methane propellants.
Therefore, the heat transfer data of LOX_ “met-

hane propellants were used to evaluate the

tion test

thermal resistance of the nickel layers as in the
case of LOX “hydrogen in which the wall is
apparently clean. The total number of firing
tests of the 27-channel chamber was twenty-

seven. The long chamber is still in use.

3.2 Post-test Examination of the Nickel
Plated Layer
No visible flaws or spalling were observed on

the nickel plated surface walls of either cham-

7 8 6 7 8 9

9 7h| 2 3 4 5 : ;
e L e

Fig. 8 Cross-section of water-cooled chamber
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ber. The 23-channel short chamber was cut in
the axial direction to inspect the aspect around
the interface between the copper substrate and
the nickel layer.

Fig. 8 and Fig. 9 show a cross-section of the
cooling channels around the throat section, and
Fig. 10 a SEM (Scanning Electron
Microscope) photograph of this section. Large

shows

vertical or inclined cracks were cyclically
observed around the throat section as shown in
Fig. 9, while there were not any cracks near
the injector end and nozzle end. These cracks
seem to have been caused by compression
stress due to high temperature difference in the
axial direction.

Fine cracks were also detected around these

Copper substrate

Fig. 3 Cross-section of nickel plated copper wall

Ni Layer

Cu Substrate

Fig. 10 SEM photograph of cracked nickel
plated layer

The inter-

faces between the copper subsirate and the

macrocracks in the throat section.

nickel layer were bonded tightly except around
It is thought that these

were

the large cracks.

subcritical, macro- and micro-cracks
caused by the thermal stress during the start-
up of the first combustion test and that they
relaxed thermal stress due to the mismatch of
thermal expansion of both metals in the follow-
ing tests and prevented crack propagation. The
tightly bonded interfaces except around the
large cracks are thought to have prevented

spaliing of the nickel layer.

3.3 Thermal Resistance of the Nickel Plated
Layer

An example of axial heat flux distribution of
the 23-channel chamber with a nickel plated
layer is compared with that of such a chamber
with a bare copper wall in Fig. 11. The
measured heat fluxes around the throat section
of the nickel plated chamber were about 20%
lower than those of the bare copper chamber.
However, heat fluxes near the injector and in

the nozzle expansion area, where heat f[luxes

120}
o Bare Cu chamber
Ni pl
100} A Ni plated chamber
o LOX/GH o
NE / 2 r
= Pc= 9 MPa
£ 80f A
~ Bff= 6.9 o3
Mex= 97 1 =
x 80 s
iy
-
s 40
=
20 _ gt
o b
pailii .
0 i (1 e
~-200 -100 0] 100
Distance from throat {mum)
Fig. 11 Heat flux distribution of LOX ~GH2

combustion test
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are low and no cracks occurred as mentioned

above, were almost coincident with each other.

Fig. 12 and 13 are the temperature distrib-
utions of both chambers under the conditions
shown in Fig. 11. Hot-gas-side copper wall

temperatures, Twgc, were calculated from

q“px
temperatures and pressures, and boiling heat

measured heat fluxes, measured water

transfer characteristics of 30-degree triangular

LOX/GiH, Bare Cu chamber
Pc= 9 MPa
0/F= 6.9
Ne*= 97 %
Tad
~ 3000}
¥
e 2000}
2
Y
&
F‘-’ 1000f T'gC. —k
0 'y i A i
-200 -100 0 100

(mem)

Fig. 12 Wall temperature distribution of LOX
/GH2 combustion test with bare copper
chamber wall

Distance from throat

LOX/GHZ Ni plated chamber
Pc= 9 MPa
0/F= 6.9
Ne#= 97 1
Tad
———
3000
<
2000
@
-
3
s T /’\
5 - i .
9 L S “\_,__——‘
g 1000 P o __‘_‘--\\ ~~~~~
i T“gcu N
0 i
=200 ~-160 Y} 100

{wem)

Fig. 13 Wall temperature distribution of
LOX,GH2 combustion test with nickel
plated chamber wall

Distance from throat

fins.!

ngcu:Tsat + ATsal + q.exp tCu//k(:u (1)

The actual hot-gas-side nickel temperature,

ngm,

was

determined by comparison of

measured heat fluxes of both chambers con-

sidering the effects of variable properties on

heat transfer®.

N
qCu

hg(Twgn)(Tad - Twew)
hg(Twgc)Tad- Twgc.)

(2)

Hot - gas-side wall temperature of the nickel

layer, T'wgn, was calculated by resolving the

one-dimensional, steady-state heat-conduction

equation assuming that the nickel layer was in

tight contact with the copper substrate.

T’ng = ngCu + Qni tm/km (3)

T'wgn and Twgn should be essentially coinci-

dent with each other if both metals are bonded

rigidly and have no defects. However, the
!
LOX/GH2 LOX/GCH4
Bare Cu chamber (o] D]
Ni plated chamber A v
23 ch. 27 ch.
<L 100 e/l -25 2 —
S 0 ©’
£ sof L aia
L AA
60' V4 'A
3 - o2 A
@ ol
x ’
- o]
g 40 o
i /
i / v/
1/#
20- / L '] 1 1 1 L A
20 40 60 80 100
q max,cal (M /)
Fig. 14 Comparison of measured and

calculated maximum heat fluxes
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actual hot-gas-side nickel iemperature, Twgu,
was larger than the assumed hot-gas-side
nickel temperature, T wgw around the throat
section. This was thought to have been re-
sulted from subcritical cracks around the throat
section which acted as thermal resistance.

The heat fluxes measured at the throat
section are compared in Fig. 14 with those
calculated by the modified Bartz's equation with
the coefficient, Cg=0.023, which was valid in
the cases of LOX ~hydrogen and LOX “metha-
ne propellants’. Measured heat fluxes of the
bare copper chamber walls' correlated well with
values yielded by the modified Bartz's equation
as shown in the figure. But the measured
values of heat fluxes of the nickel plated
chamber walls were 20-30% lower than the
calculated wvalues. These differences were
thought to be due to the thermal resistance of

the nickel layers.

A 23 ch.chamber
V 27 ch.chamber
x=0.mm
- v
0-8— ——%"—__@—-—— v -
o -
—~ 0.5}F
4]
| . -
X
2 0.3k
q—
s
o 0.2}
o
T
O.l 1 i 1 1 1 1.1
1 2 3 5 8 10
Static pressure (MPa)

Fig. 15 Heat flux ratios of nickel plated layer

correlated with static pressures

Heat flux ratios, i.e., the ratios of measured
heat fluxes and calculated wvalues, were then
correlated with static chamber pressures as
shown in Fig. 15. The ratios of heat fluxes are
almost constant between 0.7 and 0.8 as shown

in the figure when the static pressure increas-
ed.

Fig. 16 shows the thermal resistance of two
nickel plated layers with static pressure at the
throat section. The thermal resistance here

was defined as follows:

Thermal resistance of
nickel plated layer = Ry
= (ngm - TWgCu)/QXi (4)

B A 23 ch. chamber
500 |- v 27 ch. chamber
= \V x = 0. om
< 300} %
=
S~
(3]
E
aE
~
200 |-
g ¥4 &
c
Eie]
-+
i
vi
g 10 \V4 VA
2 sof \
o =
=
- L. A%
LN
50 =
-
1 1 1 11 1

2 4 6 8

Static pressure  (MPa)

Fig. 16 Thermal resistance of nickel plated

layer correlated with static pressures
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Though the thicknesses of the two nickel
layers are different from each other, good
resistance and
As the

thermal resistance of solid nickel layers them-

correlation between thermal

static pressure is shown in the figure.

selves were quite small, i.e., in the range of 1.0
to 1.5 Km?> "MW according to Eq.(4)’,

Thermal resistance of

tn ki (4

solid nickel layer =

it was inferred that the pores formed by
microcracks within nickel layers controlled the
thermal resistance between the hot-gas-side
wall surface and the nickel-copper interface.
Though the ratios of heat fluxes are almost
constant between 0.7 and 0.8 as shown in Fig.
15 when the static pressure increased, the
thermal resistance of the nickel layer shown in
Fig. 16

pressure increased.

largely decreased when the static
The reason for this phe-
nomenon is considered as follows:

The ratio of heat flux

expressed as,

Is approximately

Qxi . hg (ngwl) (Tad ’ngNi)
Qe ' hg (Twge) (Tad-Twgc)
]/thu

(l//hgxi) + Ru

1
= — (5)

% shown

As Ry 1s almost proportional to Pc~
in Fig. 16 and hg is known to be proportional
to Pc", hgRy in Eq. (5) is proportional to Pc™'?
and the absolute values of hgRy are from 0.25
to 0.4 in the experimental range. As a result,
the ratios of heat fluxes are almost constant
between 0.7 and 0.8 as shown in Fig. 15. It
was therefore concluded that the thermal

resistance of nickel plated layers decreased

when the static pressure increased as the open

cracks closed resulting an increase in the

contact area.

3.4 Carbon Deposition on the Nickel Plated
Layer
Combustion tests of LOX “RJ-1] propellants
in the presence of hydrogen were carried out.
Two injectors, which had 12 FOF and OFO

impinging type elements, were used.

In the case of the FOF impinging type
injector, which showed lower C* efficiencies
than the OFO type injector, no carbon deposi-
tion was observed on the nickel layer in the
presence of hydrogen. However, carbon depos-
ition was observed on the wall when gaseous
helium rather than hydrogen was supplied. The
wall temperatures variations during combustion
confirmed these phenomena as shown in Fig. 17
and 18.

Fig. 17 are regarded as being quite small and

The wall temperatures variations in
steady in the presence of hydrogen. However,
the fluctuation of the wall temperatures in the
presence of helium shown in Fig. 18 is greater
than that shown in Fig. 17. This means the
carbon layer deposited on the surface wall
suffered build-up and spalling during com-
bustion. '

Maximum heat fluxes at the throat section
with the FOF impinging type injector were
almost constant in the presence of hydrogen in
the range of tested mixture ratios, while
maximum heat fluxes decreased in the presence
of helium when the mixture ratio decreased as
shown in Fig. 19. These different variations of
heat flux were coincident with the observation

of the carbon deposition.

However, in the case of the OFO impinging

type injector, which showed higher C* ef-
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ficiencies than the FOF type injector, carbon
deposition was observed on the nickel layer
even in the presence of hydrogen. The results
are different from those of the FOF impinging
type injector as mentioned above. They also
differed from those of a previous report’ in
which the injector with OFO impinging ele-
menis was used and no carbon deposition was
observed in the absence of hydrogen.

Maximum heat fluxes at the throat section

Run 74 LOzng—1 Jlef.C.
? - b @ Pc
L3
% ~ & Tve .

soF soof T Tetn

P
Tw

10 = 400~

L 3m L 1
0 0 10 20

Time (sec)

Fig. 17 Wall temperature variation of
LOX,RJ-1J combustion test in the
presence of hydrogen

Run 76 L02!RJ-1JIHef' c.
— 2 . O Pc
g g a T"cyl.
20 soo} + T
=z
10} 400} - - o
L. b
oL 300 1” . b

¢ 10 20
Time (sec)

Fig. 18 Wall temperature variation of
LOX RJ-1J combustion test in the
presence of helium

with the OFO impinging type injector with 2%
hydrogen addition greatly decreased when the
mixture ratio decreased as shown in Fig. 18
However, maximum heat fluxes with the FOF
impinging type injector with 2% hydrogen
addition were almost constant in the experi-
mental range of the mixture ratios though the
chamber pressure was 10 MPa, higher than
that of the OFO injector, 7 MPa.

hypothesized that carbon deposition was pro-

It was

moted at lower mixture ratios because fuel rich
combustion and larger thermal resistance of the
carbon layer at lower mixture ratios resulted in
smaller heat fluxes. Based on the experimental
data, it was inferred that the heat flux value in
the presence of carbon deposition was lowered

to 50% of that in the absence of carbon depos-

[-] 0F0 elements (Pc= 7 HPa, 2 Z Hy)
( FOF elements (Pc= 10 HPa, 2 Z Hp)
100 .A FOF elements {Pc= 10 MPa, 2-10 Z He)

80}~ -
WA

(M/n)

q max
[

20}-

0 1 1 1
2 2.5 3
Mixture ratio

Fig. 19 Measured maximum heat flux of
LOX, RJ-1J combustion test as
a function of mixture ratios
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ition at the same mixture ratio of 2.2 at Pc= 7
MPa.

According to these observations and different
variations of heat flux of the two injectors, it is
concluded that chemical reaction near the wall
surface, the presence of hydrogen, the local
mixture ratio, and the resulting wall temperatu-
re and or material compatibility affected the

carbon deposition phenomena.

The effects of various factors on carbon
deposition are thought to be quite complicated
and it is impossible to estimate the thermal
resistance of the carbon layer quantitatively at
this time. Mass flux of the combustion gas
was one such key parameter known as “g
model.”! The effect of the presence of hydro-
gen, high-wall temperature, material compatibi-
lity on carbon deposition and also chemical
reaction near the wall surface should be studied
in detail in order to understand the carbon
deposition phenomena and to “design” optimum
thermal resistance of the carbon layer in the

future.
4, Conclusion

Combustion tests using LOX “gaseous hydro-
gen, LOX ~“gaseous methane and LOX “RJ-1]
as propellants were conducted. Two water-

cooled calorimetric combustors with nickel
plated chamber walls and two types of injec-
tors, a coaxial and an impinging injector, were
used. Gaseous hydrogen was added to the
The cham-
ber pressure was a maximum of 12 MPa and
the heat flux

MW _nf.

hydrocarbon fuel when necessary.

reached a maximum of 120

With regard to LOX ~hydrogen and LOX-

methane propellants, heat flux values mea-

‘caused by these microcracks.

sured at the throat section of a nickel plated
chamber were 20% to 30% lower than values
measured for bare copper chamber walls. It
was inferred that microcracks within the nickel
layer relaxed thermal stress ‘and prevented
crack propagation and that higher thermal
resistance of the layer than expected was
Tightly bonded
interfaces except around the large cracks were
thought to have been prevented spalling of the

nickel layer.

With regard to LOX “RJ1-] propellants, it
was shown that the wall material and, or
temperature, the presence of hydrogen and the
injection pattern of propellants affected the
characteristics of carbon deposition on the
chamber wall It was also experimentally
revealed that the heat flux values in the
presence of carbon deposition were lowered to
50% of those in the absence of carbon deposi-
tion at the same mixture ratios.

The two combustors with nickel plated
chamber walls respectively survived about 30
firing tests with a total duration of 600 sec-
The durability and reliability of the
nickel plating were verified. It was shown that

onds.

thin nickel plating is useful to decrease the

heat load of high pressure thrust chambers.
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