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Deposit Formation and Heat-Transfer Characteristics
of Hydrocarbon Rocket Fuels

Anthony J. Giovanetti,* Louis J. Spadaccini,t and Eugene J. Szetelat
United Technologies Research Center, East Hartford, Connecticut

An experimental research program was undertaken to investigate the thermal stability and heat-transfer
characteristics of several hydrocarbon fuels under conditions that simulate high-pressure cooling systems of
rocket engines. The rates of carbon deposition in heated copper and nickel-plated copper tubes were deter-
mined for RP-1, propane, and natural gas using a continuous flow test apparatus that permitted independent
variation and evaluation of the effect on deposit formation of wall temperature, fuel pressure, and fuel veloc-
ity. In addition, the effects of fuel additives and contaminants, cryogenic fuel temperatures, and extended-
duration testing with intermittent operation were examined. Corrosion of the copper tube surface was
detected for all fuels tested; however, plating the insides of the tubes with nickel reduced deposit formation
and eliminated corrosion in most cases. The lowest rates of carbon deposition were obtained for natural gas
and the highest rates for propane. Forced-convection heat-transfer film coefficients were satisfactorily cor-
related using a Nusselt-Reynolds-Prandtl number equation for several of the fuels tested.

Nomenclature
A = empirically determined constant
Cp =specific heat at constant pressure
c, =average C, between T,, and T,
D =tube inside diameter
h =clean tube heat transfer film coefficient
k =thermal conductivity
Nu = Nusselt number, AD/k
P = pressure
Pr = Prandtl number, C,u/k
Q/A =heat flux applied to tube
R, = thermal resistance buildup rate
Re = Reynolds number, pVD/u
T = temperature
V = velocity
X/D =axial distance-to-diameter ratio
At =elapsed heating time
AT, =observed rise in wall temperature
© = absolute viscosity
o = density
Superscripts

b,c,d,e,f,g=empirically determined exponents

Subscripts

c = critical

f = fuel

i =initial condition
w =inside tube wall

Introduction

N an effort to increase the performance of hydrocar-
bon/liquid oxygen rocket engines for space booster or or-
bit transportation systems (i.e., to reduce weight and in-
crease specific impulse), combustion pressures as high as
practical are desirable. However, increased combustion
pressure leads to a nearly proportionate increase in wall heat
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flux in the thrust chamber and, therefore, greater stress is
placed on the design of the regenerative cooling system.
Regenerative cooling with hydrocarbon fuels is feasible up to
a point where the coolant wall temperature reaches a limit
defined by a thermal decomposition or ‘‘coking”
temperature. Deposit formation on the coolant wall surface,
which wusually occurs when the thermal decomposition
temperature is reached, causes an increased thermal
resistance, leading to a progressively increasing wall
temperature and, ultimately, failure.

Although there is presently only a limited understanding
of the chemical mechanisms responsible for fuel thermal
degradation, it is believed that the deposit formation process
involves oxidation and pyrolysis of the hydrocarbon
molecules that make up the fuel and formation of free-
radical species. These intermediates undergo further reaction
to form materials with higher molecular weights that usually
contain carbon, hydrogen, oxygen, sulfur, and nitrogen. Ad-
ditional processing of the fuel to remove impurities (e.g., ox-
ygen, sulfur, or nitrogen) has improved thermal stability and
reduced deposit formation.! In contrast to this, the thermal
decomposition reactions may be accelerated if a catalytic
metal surface such as copper is present.?

Because of its superior thermal conductivity, copper has
been the preferred material for forming the regenerative cool-
ing passages in the high-heat-flux regions of high-pressure
rocket thrust chambers. In previous related research,® ex-
periments were conducted to evaluate the carbon deposition
rates in heated copper tubes for two hydrocarbon rocket fuels,
RP-1 and commercial-grade propane. Also, tests were con-
ducted using JP-7 and chemically pure propane to represent
more refined cuts of the baseline fuels. The results indicated
that substantial deposit formation occurred in 10 min tests
with RP-1 at wall temperatures between 600 and 800 K, with
peak deposit formation rates of 600 ug/cm?-h occurring at
wall temperatures near 700 K. No improvements were ob-
tained when deoxygenated JP-7 fuel was substituted for RP-1,
but plating the inside wall of the tubes with nickel significantly
reduced carbon deposition for RP-1. At a given wall
temperature, the carbon deposition rates for the propane fuels
were generally higher than those for the kerosene fuels. In ad-
dition, tube corrosion in the form of dendritic formations that
appeared to grow from the copper surface were typical. There
was little difference between commerical-grade and chemically
pure propane with regard to the type or quantity of the deposit
for wall temperatures between 400 and 600 K.
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In the present investigation, additional experiments were DR|5ER
conducted to extend the available data base and to evaluate GAS

the rates of carbon deposition in electrically heated tubes for
RP-1, commercial-grade propane, and natural gas (97%
methane) for a range of fuel pressures, flow velocities, and
tube wall temperatures.* In addition, the effects on fuel ther-
mal stability of variations in the tube material, fuel additives
and contaminants, cryogenic fuel temperatures, and extended
duration testing with intermittent operation were examined.

Experimental Apparatus and Instrumentation

The experimental apparatus, shown schematically in Fig. 1,
consisted of: fuel supply tanks; a zeolite-type molecule sieve
used to remove water, carbon dioxide, and sulfur from the
natural gas; a fuel delivery system consisting of four piston-
type accumulators to drive the fuel through the test section; a
cryogenic heat exchanger to cool the propane and natural gas
for selected tests; a resistance-heated test tube connected to a
40 kV-A ac high-amperage power supply; an in-line nylon
membrane filter for collecting any solid particles that might
form in the bulk flow or break off from the tube wall during a
test; a fuel cooler; an electrically driven metering valve to con-
trol the fuel flow through the test section; turbine and venturi
flowmeters; a fuel dump tank; and an air-driven ejector and
exhaust stack used when testing with natural gas.

The heated tube assembly and a cross-sectional view of the
tube configuration are shown in Fig. 2. The test tube com-
prised a duplex arrangement formed by an inner 99.99% pure
copper tube and an outer Inconel 600 tube. The Inconel sheath
provided the necessary high-temperature tensile strength,
while the inner copper tube provided the desired test material
and surface condition for studying fuel deposit formation in
rocket engine cooling systems (i.e., wall temperatures up to
866 K and fuel pressures up to 13.8 MPa). While the structural
load was carried by the outer Inconel sheath, the major elec-
trical power fraction (approximately 95%) was carried by the
higher-conductivity copper tube. Therefore, the induced
radial temperature gradient was small.

Metallographic examinations of a sample of duplex tubing
were conducted to insure against the existence of any signifi-
cant electrical or thermal resistance that could stem from ox-
idation or contamination of the Inconel/copper interface.
Also, the roughness height of the interior surface (i.e., the
average deviation from the mean surface) was in the range of
0.25-0.30 pm as determined by a profilometer. In an effort to
passivate the normally reactive copper surface, several test
tubes were plated with nickel (6 um thick) using an electroless
process.

As shown in Fig. 2, the test tube was silver soldered to cop-
per bus rings that in turn were bolted to copper ring adaptors.
Ten thermocouples were spot welded to the outer Inconel wall
at equal spacings of 2.54 cm and the thermocouple junctions
were coated with Sauereisen cement to insure good thermal
contact and to minimize conduction losses. By use of an ac
power supply to heat the tube, thermocouple errors resulting
from a voltage drop across the thermocouple bead were
minimized. The test tube assembly was electrically isolated
from other components of the test apparatus using a special
support fixture and nonconductive fuel lines.

All test data were recorded with a calculating data-logger
microprocessor and were subsequently reduced on a high-
speed digital computer. The inner tube wall temperatures were
computed from the measured outer wall temperatures using
results from a numerical heat-transfer simulation. The
temperature at the interface between the fuel and the deposit
layer that forms inside the tube equals the initial inner wall
temperature, provided the convective heat-transfer coefficient
remains constant (i.e., constant heat flux and flow rate).

After testing, the quantity of carbon on the test tube surface
was determined by burning off the deposit in a metered flow
of oxygen and passing the product gases through a nondisper-
sive infrared analyzer, which continuously recorded the con-
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Fig. 1 Deposit formation test apparatus.
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Fig. 2 Test tube assembly.

centrations of carbon dioxide and carbon monoxide. Integra-
tion of the concentrations of these species over the total burn-
off time permitted computation of a carbon mass and carbon
deposition rate. The carbon deposition rate is defined as the
mass of carbon deduced from the burnoff analysis divided by
the product of the inside lateral surface area of the tube and
the total test time, and is expressed in units of ug/cm?-h. Four
equally spaced sections (each approximately 3.81 c¢m long)
were cut from each test tube and used in the burnoff analyses;
the remainder of the tube was cut into sections that were ex-
amined microscopically. Local carbon deposition rates were
computed for each 3.81 cm long tube section and the tube-
averaged rates were based on the arithmetic mean of four
3.81-cm long sections.

In selected cases, a scanning electron microscope (SEM) was
used to elucidate the morphology of the deposit; limited
elemental analysis of the deposit was performed using a scan-
ning electron microprobe (SEMP). This procedure involved a
qualitative scan of elements present in the deposit (e.g., car-
bon, copper, sulfur, oxygen, and nitrogen) within a detec-
tability limit of approximately 200 ppm. X-ray emission im-
agery of the selected element (indicated by clusters of white
dots on a black background) was matched to standard
photomicrographs of the sample deposits.

Experimental Results and Discussion
RP-Tests

A series of tests was conducted using RP-1 to explore the ef-
fects of fuel velocity, tube material, and fuel additives and
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contaminants on carbon deposition. Baseline test conditions
consisted of a fuel inlet pressure of 13.8 MPa, a velocity of 30
m/s, a temperature of 290 K, a maximum initial inner wall
temperature of 700 K, and a test duration of 10 min.

In Fig. 3a, the rate of carbon deposition for RP-1 in copper
tubes is plotted as a function of initial inner wall temperature
for several fuel inlet velocities.? The data are based on tube-
averaged quantities, that is, an average temperature and an
average carbon deposition rate have been computed for each
tube. As shown in Fig. 3a, the rate of carbon deposition in-
itially increases, reaches a maximum value at an intermediate
value of the wall temperature, and decreases thereafter with
further increases in the tube wall temperature. As the fuel
velocity increases, the maximum rates of carbon deposition
shift to higher wall temperatures.

In Fig. 3b, the data are replotted as a function of fuel inlet
velocity and grouped into two bands, enclosing wall
temperature data below and above 640 K, as suggested by the
trends indicated in Fig. 3a. An additional data point at a fuel
inlet velocity of 58 m/s from an experiment conducted in the
present investigation is also shown. In Fig. 3b, it is seen that
the rates of carbon deposition decrease as the fuel velocity in-
creases for wall temperatures below 640 K. For wall
temperatures above 640 K (because of the shift of the max-
imum rates of carbon deposition to higher wall temperatures),
the rates of carbon deposition exhibit a reverse trend and in-
crease as fuel velocity increases. Also, for wall temperatures
below 640 K and for fuel velocities between 7 and 15 m/s, the
rates of carbon deposition exceed those for wall temperatures
above 640 K.

The opposing trends observed for the effect of fuel velocity
on carbon deposition for wall temperatures above and below
640 K may be explained as follows. At low wall temperatures
(i.e., below 640 K), the rate of deposit formation may be
limited by the kinetics of the carbon deposition processes, so
that the additional fuel supplied to the hot wall (corresponding
to an increase in fuel velocity) is not reacted. Because coverage
of the tube surface by deposit for RP-1 is not uniform, the
slight decrease in the rate of carbon deposition associated with
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Fig. 3 Rate of carbon deposition for RP-1 in copper tubes: a) as
function of initial inner wall temperature; b) as function of full inlet
velocity.
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an increase in fuel velocity at these temperatures may be due to
the increased flaking of deposit from the tube surface.
However, at high wall temperatures (i.e., above 640 K), the
carbon deposition kinetics are accelerated so that in the limit,
the rate at which deposit forms is governed only by the rate at
which fuel is supplied to the hot tube surface. Thus, at the
higher temperatures, the increase in fuel mass flow rate
associated with an increase in fuel velocity promotes further
deposit formation.

Similarly, for nickel-plated tubes (data not shown), the rate
of carbon deposition increases with fuel velocity. Also, for
fuel velocities between 6 and 18 m/s, the rates of carbon
deposition for nickel tubes are approximately one-fifth of
those for copper.

A measure of the effect of carbon formation on heat
transfer is the thermal resistance buildup rate, defined as

% - AT 0
(0/A)At

The effect of fuel velocity on the thermal resistance buildup
rate was explored for copper tubes. Previously, it was deter-
mined that, for fuel velocities between 7 and 30 m/s, the ther-
mal resistance buildup rate reached a maximum at an initial
wall temperature in the range 650-700 K and decreased
thereafter for further increases in wall temperature.’ In addi-
tion, the thermal resistance buildup rates decreased as fuel
velocity increased. In order to summarize this trend, a plot of
the maximum thermal resistance buildup rate as a function of
the fuel inlet velocity is shown in Fig. 4. In Fig. 4, which in-
cludes data from the previous study® and the present investiga-
tion, the thermal resistance buildup rate is shown to decrease
by a factor of five with an increase in the fuel velocity from 8
to 58 m/s, a trend that cannot be explained by a reduction in
the level of deposit produced (cf., Fig. 3b). Therefore, the
reduction in the thermal resistance buildup rate is attributed to
enhancement of the local heat-transfer coefficient due to in-
creased velocity and/or roughening of the tube wall during the
carbon deposition process. Also, it is postulated that, as the
mass of deposit increases, its porosity decreases and its ther-
mal conductivity increases from a value representative of the
fuel to a value typical of amorphous carbon. Consequently,
the higher deposit loadings observed for an increase in fuel
velocity could improve the heat transfer and reduce the ther-
mal resistance buildup rate.

Separate tests were conducted to explore the effects of 1)
doping RP-1 base fuel with DuPont metal deactivator to
mitigate the catalytic effect of the copper surface and 2) con-
taminating the fuel with the sulfur compounds thianaphthene
and benzyl disulfide (in proportions recommended by the
refiner for simulating the real fuel) to increase the total sulfur
concentration to the specification maximum of 0.05% by
weight. Although there was scatter in the data, there appeared
to be a reduction in the rate of carbon deposition when RP-1
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Fig. 4 Effect of fuel velocity on thermal resistance buildup rate for
RP-1 in copper tubes.
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was doped with metal deactivator (up to a factor of two) with
respect to the RP-1 base fuel. With regard to the data obtained
for the sulfur-doped fuel, a significant loss of deposit caused
by flaking from the tube surface because of corrosion of the
copper was characteristic for most of this tube. In general, the
deposit appeared thicker than that obtained for RP-1 base fuel
(0.014 wt. % S); also, a threefold increase in the peak deposit
rate relative to the base fuel was observed for tube sections
where flaking did not occur. The results of the sulfur-doped
fuel test indicate that high concentrations of fuel-bound sulfur
(i.e., 0.05 wt.% S) accelerate deposit formation and tube cor-
rosion. However, further work utilizing fuels with naturally
occurring high sulfur concentrations is necessary before a
definitive conclusion can be reached.

Propane Tests

The deposit formation characteristics of commercial-grade
propane (94% pure) were also investigated and the effects of
fuel velocity, tube material, fuel chilling, and intermittent
operation were evaluated.

As is the case for RP-1, an increase in the tube initial wall
temperature accelerates the fuel thermal decomposition and
generally produces an increase in deposit formation.
However, unlike RP-1, the rate of carbon deposition for pro-
pane decreases as the fuel velocity increases, suggesting that
the process is limited by the reaction kinetics. Also, in contrast
to what was observed for RP-1, coverage of the tube surface
by deposit is uniform and local flaking of the deposit is not
apparent.

Tests were conducted using nickel-plated tubes and ambient
temperature propane (290 K) to explore the effects of tube
material on carbon deposition. The SEMP photograph?® (Fig.
5) shows extensive degradation of the tube wall manifested in
the form of dendrite structures to be characteristic for pro-
pane flowing through a copper tube. The dendrite contains a
high concentration of copper, suggesting that tube material is
forced up and away from the surface. Some carbon is evident
at the base of the tree-like deposit structure. A very low con-
centration of sulfur is present, but no oxygen is detected. The
objective of the nickel tube experiments was to determine if
this phenomenon could be mitigated.

The carbon deposition data for the copper tubes, reported
previously,? and the data for the nickel tubes tested in this
program are plotted in Fig. 6, with all data corresponding to a
nominal fuel inlet velocity of 30 m/s and a 10 min test dura-
tion. In the figure, the rate of carbon deposition is plotted as a
function of the initial inner wall temperature. Lines are drawn
through the two groups of tube data to indicate the trends.
The plot shows that at relatively low wall temperatures (e.g.,
400 K) the rates of carbon deposition for copper and nickel
tubes are similar. However, as the wall temperature increases,
the rate of carbon deposition for copper tubes increases, while
that for nickel tubes remains nearly constant. At 580 K (the
highest common value of wall temperature tested) the rate of
carbon deposition on copper tubes exceeds that on nickel by a
factor of four. In addition, as noted in Fig. 6, the tube surface
degradation that is characteristic of copper tubes does not oc-
cur on nickel tubes in the range of conditions explored.

The differing trends exhibited by the rates of deposition for
copper as compared with nickel tubes may be related to the
tube surface degradation process. Microscopic examination of
several tube sections revealed that at higher wall temperatures,
dendrite size is visibly larger than that found at lower
temperatures. Therefore, at higher wall temperatures, more
copper metal is pushed out from the tube and the surface area
exposed to fuel is increased. Consequently, additional carbon
deposits are formed around the base of a dendrite; the SEMP
analyses shown in Fig. 5 support this conclusion. This
mechanism is not present in nickel tubes, as witnessed by the
absence of visible dendrites. Also, at wall temperatures below
400 K, dendrite formation (i.e., corrosive attack) on copper is
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not as prevalent and the rates of carbon deposition for copper
and nickel tubes are similar, as the data of Fig. 6 indicate.
A series of tests was performed to study the effects on car-
bon deposition in copper and nickel tubes of prechilling the
propane to 233 K. The motivation for fuel prechilling was an
attempt to reduce fuel temperatures and thereby avoid the wall
temperature instabilities that limited previous experiments.?
The carbon deposition rates determined from the chilled fuel
tests are plotted in Fig. 7 together with the results obtained for
the ambient temperature fuel that were previously presented in
Fig. 6. As indicated in Fig. 7, chilling the propane to 233 K
reduces deposit formation by a factor of three for nickel tubes
and by over two orders of magnitude for copper tubes.
Although the rates of carbon deposition for chilled propane
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on copper tubes appear to be lower than those on nickel tubes,
the differences may not be significant due to the inherent scat-
ter in the data at these low deposit rates.

The reduction in the rates of carbon deposition observed for
chilled commercial-grade propane may be due to the freezing
and removal of trace sulfur impurities present in the fuel.
Chemical analysis of the propane showed a total sulfur con-
centration of 25 ppm. This sulfur is usually in the form of cor-
rosive compounds such as methyl mercaptan (CH,SH),
hydrogen sulfide (H,S), and carbony! sulfide (COS). Absorp-
tion of these compounds on the heated tube wall could provide
a mechanism for carbon deposit formation. It is likely that
some fraction of these impurities was frozen and retained in-
side the cryogenic heat exchanger upstream of the heated tube.
Consequently, the chilled propane entering the heated test
tube probably contained lower concentrations of sulfur im-
purities that, in turn, should have resulted in a reduced
amount of adsorption onto the tube wall and a lower rate of
carbon deposition. It is unlikely that the slight reduction in the
fuel bulk temperatures for the chilled propane tests had a
significant effect on the carbon deposition processes.

Using ambient temperature propane, a test in which a nickel
tube was heated intermittently for eight 3 min cycles was per-
formed to determine the effects of intermittent operation and
extended test duration on carbon deposition. The motivation
for intermittent testing derives from a desire to simulate a
number of operating cycles for a reusable rocket engine ap-
plication. When compared to a continuous 10 min test at com-
parable conditions, the average rate of carbon deposition for
the 24 min intermittent test was reduced by a factor of five.
The reduction in the deposit formation rate with increasing
test time may be due to deposit breaking away from the tube
surface (this effect would be intensified by intermittent opera-
tion) or to a suppression of the deposit formation rate owing
to passivation of the tube surface resulting from the buildup
of deposit over the longer operating period.

Natural Gas Tests

A series of tests was conducted using natural gas as a
simulant for methane. Ambient temperature (290 K) and
cryogenic natural gas (160 K) were tested in copper and nickel-
plated copper tubes. Nominal inlet conditions were a pressure
of 13.8 MPa and a velocity of 30 m/s. Higher velocity tests
and a test in which the tube was operated intermittently were
also conducted.

Figures 8a and 9a summarize the carbon deposition rate
data for natural gas on copper and nickel tubes, respectively.
In each figure, the rate of carbon deposition is plotted as a
function of initial inner wall temperature. Data for both am-
bient temperature (gaseous) and cryogenic (compressed liquid)
natural gas are displayed. Contrary to the previous results for
RP-1 and propane, on average, the carbon deposition rates for
nickel tubes exceed those for copper tubes. Research done for
light hydrocarbon gases® and methane® has shown that the
rate of deposit formation on nickel is often greater than that
on copper.

In Figs. 8a and 9a, a trend of decreasing rates of carbon
deposition with increasing wall temperature is evident. The
highest rates of carbon deposition occur at wall temperatures
in the range of 300-500 K and correspond to those tests using
cryogenic fuel. Because of the possibility that this trend is due
to the difference in fuel flow rates (density) between ambient
temperature and cryogenic fuels (a factor of four), the rates of
carbon deposition were normalized relative to the total mass
of fuel passed through the test tube. These normalized results
are summarized as Figs. 8b and 9b. A trend of decreasing rates
of carbon deposition with increasing wall temperature may
still exist, but the relative magnitude fo this decrease is ob-
viously not nearly as great as it first appeared when com-
parisons were made on an absolute basis. Of course, dif-
ferences due to surface material are unaffected by normalizing
the data.
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Similar to observations with propane, most natural gas tests
using copper tubes show a uniform deposit layer and
deterioration of the surface manifested in the form of copper
dendrites. However, the size and number of these dendrites
appear to be significantly less than observed for a typical pro-
pane test. Dendrite formation is greatest on tube sections with
initial inner wall temperatures between 500 and 700 K. At wall
temperatures above 700 K, dendrite and carbon deposit for-
mation are significantly reduced. This observation is consis-
tent with the hypothesis that carbon deposition in natural gas
may be due to adsorption of the corrosive hydrocarbon-sulfur
compound tertiary-butyl mercaptan [(CH;);CSH] added to
the natural gas as an odorant at a level of about 4 ppm. As the
wall temperature increases, the rate at which the adsorption
mechanism proceeds decreases, thereby decreasing deposit
formation and tube corrosion. Also, deposit formation owing
to pyrolysis reactions (i.e., cracking of the hydrocarbon fuel
molecule), which normally occur at high temperature for fuel
molecules having more than a single carbon atom, are nonex-
istent for methane. Thus, it may be possible to minimize
deposit formation in natural gas by operation at high wall
temperatures.

In order to explore the effects of fuel velocity on carbon
deposition for natural gas, copper tube tests were performed
at two additional fuel inlet velocities (65 and 98 m/s) above the
baseline value (30 m/s). Unlike either RP-1 or propane, the
rate of carbon deposition for natural gas did not show a
velocity dependence, suggesting that deposit formation in
natural gas may be limited by the kinetics of the deposition
processes. Also, a longer duration test in which a nickel tube
was intermittently heated for eight 3 min cycles showed no
significant change in the rates of carbon deposition when com-
pared to continuous 10 min tests at comparable wall
temperatures.

Heat Transfer Correlation Analyses

Analyses were performed to correlate the experimentally
derived heat-transfer film coefficients in clean tubes for each
of the fuels tested in this program and the previous investiga-
tion. In addition, data from several of the fuels were com-
mingled and generalized correlations were developed. The film
coefficient is defined as

/4

h=_27
ey

2

where all temperatures correspond to those at the start of the
test. The film coefficient can be nondimensionalized to form
the Nusselt number, which may be correlated as’
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where subscript w denotes the evaluation of the fuel property
at the inside wall temperature. All other properties are
evaluated at the fuel bulk temperature. The unknown coeffi-
cient A and exponents b, d, e, f, g, and 4 were determined us-
ing a multiple linear regression and correlation analysis com-
puter program. In this analysis, the exponent ¢ was fixed at
0.4.

The results of the heat-transfer correlation analyses are
summarized in Table 1. As shown, an attempt is made to
simplify the correlating equations by eliminating some of the
fuel properties terms. For RP-1 and propane (chemically pure
and commercial grades), the simple Dittus-Boelter form of the
equation is satisfactory for correlating the data; that is, there
is no significant reduction in the correlation coefficient when
the fuel properties ratios are deleted. There is very good agree-
ment between the Dittus-Boelter type of correlation for RP-1
in Table 1 and an expression for RP-1 generated at Rocket-
dyne.® Also, the commingled correlation for RP-1 and pro-
pane from Table 1 is plotted as Fig. 10. Correlations were
developed for natural gas and are reported elsewhere,* but
because of the narrow range of Reynolds number tested, they
are sensitive to input accuracy and may have limited
usefulness.

Summary of Results

A plot summarizing the variation of the rates of carbon
deposition for RP-1, commercial-grade propane, and natural
gas as a function of wall temperature is shown in Fig. 11. Car-
bon deposition rates for propane in copper tubes were highest
and ranged 300-580 pg/cm?-h at wall temperatures between
400 and 580 K. The lowest rates of carbon deposition were ob-
tained for natural gas in copper tubes and did not exceed 80
ug/cm?-h at wall temperatures between 500 and 650 K. Car-
bon deposition rates of 200-320ug/cm?-h were typical for
RP-1 in copper tubes at wall temperatures between 560 and
750 K. For natural gas, the unexpected trend of increasing car-
bon deposition rates (approaching those of RP-1) with
decreasing wall temperature was explained as being possibly
due to wall adsorption of mercaptans present in the fuel in
trace concentrations. It was postulated that at higher fuel
temperatures, this mechanism did not exist.

Table 1 Forced-convection heat-transfer correlations for hydrocarbon rocket fuels

Pw

Pow

=) G

. . N
Correlation equation: Nu=ARe® Pre (—) ( al

Cp
Cp

) () (%)

Coefficient/exponent

No. of Correl.

Fuel A b ¢ d e f g h points coeff.
RP-1 0.0095 0.99 0.42 0.37 0.60 -0.20 -6.0 -0.36 274 0.97
0.0068 0.94 0.42 02 0? 0? 0? 02 274 0.96
Chem. pure 0.011 0.87 0.42 —-9.6 2.4 -0.57 0.26 —-0.23 79 0.99
propane 0.020 0.81 0.4* 0? 0? 02 0? 0? 79 0.97
Commercial 0.034 0.80 0.42 —0.24 0.098 —0.48 2.1 —0.38 285 0.94
propane 0.028 0.80 0.42 02 0? 02 0? 0° 285 0.93
RP-l/Propzmeb 0.044 0.76 0.42 0?2 0? 02 0?2 02 638 0.98

2denotes exponent held constant in analysis. bCommingled correlation for RP-1, chemically pure propane, and commercial-grade propane.
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Fig. 10 Forced-convection heat transfer for liquid hydrocarbons in
clean tubes.
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Fig. 11 Rates of carbon deposition for three hydrocarbon fuels.

Conclusions

Based on the results of this program, the following conclu-
sions can be made:

1) Natural gas is an attractive rocket fuel with regard to
thermal stability.

2) Metallic coatings on the insides of the copper cooling
tubes are an effective way to reduce deposit formation and
tube corrosion.

3) Cryogenic cooling of the fuel may be a means to remove
some of the impurities detrimental to thermal stability.

J. SPACECRAFT

4) Doping RP-1 fuel with metal deactivator can signifi-
cantly reduce the level of deposit formed.

The key benefit derived from this program is the quan-
titative assessment of the carbon deposition and the associated
thermal resistance rate as a function of wall temperature for
several fuels. Measurable deposits occur for all the candidate
hydrocarbon fuels over the temperature range tested and the
data generated serve as a basis for the specification of cooling
system design criteria.
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