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Developed Russian propulsion technology is under 
serious consideration, as industry and the government 
look for solutions to lower the cost of space access, 
improve operability, and enhance the performance of 
existing and new launch vehicles. This paper 
describes the work completed on comparative 
evaluation of Russian Kerosene and U.S. RP-I to 
support integration of Russian propulsion elements 
into the US. space program. A two prong approach 
was followed to provide better understanding of the 
differences. First, laboratory analysis provided 
insight into chemical and physical propaties, and the 
theoretical performance difference between the two 
fuels. Second, hot fue testing, using an innovative 
low cost approach, provided performance and engine 
operational data with the two fuels. Analysis of the 
data shows three major differences: Russian 
Kerosene is 3% more dense than RP-I; it has 21% 
less sulfur content; and temperature rise with Russian 
Kerosene through the cooling jacket is lower. No 
significant difference in the characteristic exhaust 
velocity, C*, was found. The data generated during 
this study will be of use in two major ways. Fit, 
initial assessments can be made to identify 
advantages and disadvantages of using Russian 
Kerosene in US. vehicles. Second, impacts of using 
RP-1 with Russian engines can be evaluated. 
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Russian engines is being studied, a task that would 
probably involve the use of RP-I in place of Russian 
kerosene. Substituting Russian Kerosene for RP-1 to 
improve the performance of existing US. vehicles is 
also being evaluated. 

Cross utilization of engine and/or kerosene fuels 
requires the development of a systematic data base 
for evaluating this transferable Russian technology. 
Rigorous testing and the establishment of quality 
specifications for RP-I was accomplished during the 
early phases of liquid rocket engine development, 
especially during the SatdApollo era. However 
because of limited demand of RP-I, currently only 
one refinery and a few laboratories and personnel are 
conversant with extensive analytical testing 
procedures. 

Preliminary plans for low cost and limited testing to 
evaluate Russian Kerosene were formulated in 1993 
by Ford(l). A limited quantity of Russian Kerosene 
used on the RD-180 engine was acquired from 
Energomash. A portable test stand approach of 
Mason-Holodyne with a small engine seemed to be a 
low-resource, time effective method for getting hot 
fm engine data NASA/MSFC agreed to analyze the 
fuels and conduct hot fire testing. Work started in 
earnest in the middle of 1994. and was completed in 
April of 1995. 

Goals and O b i m  
may be of benefit to existing and future U.S. launch 
vehicles through improved reliability, reduced costs, The goals of this study were to: 1) Conduct a 
and/or enhanced performance. Programs including comparative analysis of Russian Kerosene and RP-I 
the Evolved Expendable Launch Vehicle (EELV), fuels through laboratory analysis and hot fue testing, 
and the Reusable Launch Vehicle (RLV) are ones with emphasis on identifying performance 
that may, in the near term, reap the benefits of this differences: and 2) Demonstrate the effectiveness of 
newly available technology. A version of Atlas using 
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f ~ g  small engines and evaluating fuels using a low 
coss small ponable test stand. 
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A two prong approach as shown in Figure 1 was 
u t i l i  to perform the comparative analysis between 
the two fuels. As shown, the major emphasis was on 
determination of C*, which is a figure of merit for 
propellant performance. 

The laboratory analysis task began by gathering and 
researching available technical literature 
(specifications, standards, etc.) on the characteristics 
of RP-1. Based on this data, a test matrix for limited 
laboratory testing was generated. Most of the 
laboratory analysis to compare physical 
characteristics of the two fuels was performed by the 
MSFC Materials Lab. Exxon and Galbraith 
Laboratories conducted additional testing that 
complemented and expanded these results, mainly in 
the area of chemical composition. 

The laboratory data was assembled. reviewed and 
tabulated. The fuel characteristics were then used as 
inputs into an ODE analysis to determine theoretical 
C*. This provided an analytically based comparison 
of the two fuels. 
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Actual engine firings using RP-1 and Russian 
Kerosene provided dynamic test data to quantify the 
performance characteristics of each fuel. Engine 
testing is typically a very expensive, resource 
demanding, and time consuming prcces. To obtain 
the test data at low cost, Lockheed Martin procured a 
self-contained portable rocket engine test stand 
capable of supporting short term fuings (1 minute 
approximately) of a small rocket engine. The engine 
used was a loo0 Ib thrust vernier engine used on 
some versions of the Atlas launch vehicle. The test 
stand was transported to MSFC where it was 
positioned and secured at Test Area 116. After initial 
checkout firings, and some unplanned trouble- 
shooting. six f h g s  were performed to determine 
performance differences between Russian Kerosene 
and RP-1 at two different mixture ratins. 
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The data generated by MSFC, Exxon Research 
Laboratories, and Galbraith Laboratory in the 
analysis of Russian Kerosene and RP-1 (Tables 1.2, 
and 3) was analyzed and the two fuels compared. 
The major physical difference between the two fuels 
is that Russian Kerosene is 3% more dense than RP- 
1. For heat of combustion (BTUAb), the data shows 
that there is only a slight difference, with Russian 
Kerosene being lower than RP-1. A conclusion that 
can then be derived is that Russian Kerosene, duet 

Figure 1: Approach for  Comparing Fuel Data Using Lob Analysh and Hot-Fire Data 
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Table 1. Laboratory Test Results Generated by MSFC 

to the density advantage, is better pezfonning from an 
energy density @TU/ft3) point of view. A final 
observation is that the Russian kerosene has a lower 
sulfur content than RP-1. 

The chemical composition analyses by Gerlach(*) 
showed that the hydrocarbon constituents are 
different between the two fuels and Russian Kerosene 
has slightly lower hydrogen content. The Paraffin 

d 

content of RP-1 is 39% higher than Russian Kerosene 
while the 2-Ring Cycloparaffin content of Russian 
Kerosene. is 62.2% higher than RP-1. me higher H- 
content (and energy) of RP-1 is derived from the 
higher concenlrations of paraffins. Aeromatics, such 
as naphthalene, represent a very low percentage of 
the fuel content due to intentional hydrogenation of 
the fuels (suspected with Russian Kerosene) to boost 
the energy potential. 
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In order to further investigate the difference in heat of 
combustion (a significant parameter determining 
engine performance), an industry standard curve of 
heat of combustion vs. density for petroleum 
fractions was used. The calculated heat of 
combustion compared favorably to the measured 
values for each fueL Thii initial analysis was funher 
refined by weighting each compound's (Paraffin. 1- 
Ring Cycloparaffin, 2-Ring Cycloparaffin) heat of 
combustion by its percentage in each fuel. This 
indicated 0.2% less heat of combustion for Russian 
Kerosene which compares very closely to the 
measured difference of 0.4%. 

cyc!oparamns 
1 - Ring Cydoparaffh 
2 - Ring Cydoparaffm 
3 - Ring Cydoparaffns 
Total Cycloparalfln~ 
Total AeromllcnfDetodabk 
Napthalone 

The data related to elemental make-up of the fuels 
was derived from tests performed by Galbraith 
Laboratories. Three separate analyses were requested 
because of inconsistencies in the data on the fmt two 
tests that were performed. special care was taken to 
ensure accurate test results for the third sample 
analysis. These results are the ones identified in 
Table 3. Based on this analysis, molecular formula 
for RP-1 and Russian Kerosene should be CHi.952 
and m1.946. respectively. 

L/ 

41.00 33.00 (- 18.5%) 

3.00 5.00 (*66.6%) 
14.00 37.00 ( + l a % )  

58.00 75.00 (+29.3%) 
200/150 ZW/O.W* 

Exxon 
Analytical Measurement 

Kerosene fARP-1) 

I 
14.23 
14.09 
14.W 

HidmOn 

13.04 
A-dnd4dbmk-m 1- 

A t V ~ l b S  
1 - Ring Aeromafic 2.44 2.66 (+ 8.6%) 
2 - Ring Aeromalk (NapWne)  1.52 0.48 (-68.2%) 
3 - Ring Aeromalk 0.00 0.00' 
Total Aeromtlc 3.97 3.13 (-26.8%) 

14.ql 

U.06 

14.MI 

U.06 ISTu-D620* 

13.38 

Nlk-gm 

'SFC - SuperaiUcal Fluid Chnwtcgraphy 

Table 2.  Laboratory Test Results Generated by Exwn Research Laboratories 
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The laboratory analysis of the two fuels provided the 
data required for performing a theoretical, ideal 
performance analysis. OneDimensional Equilibrium 
(ODE) C* was determined using a NASA/Lewis 
code. This analysis provides the ideal C* 
performance for each fuel. The following parameters 
are used in the analysis: 

. Heat of Formation (obtained from heat of 
combustion tests) 
Molecular Formula (elemental analysis) 
Chamber Prwure of 350 psia (at approximately 
hot-fm test conditions) 
MixtureRatio 

- 

CH 1.952 

CH 1.971 

CH 1.932 

CH 1.952 

This ideal performance analysis showed that very 
similar C should be expected f n  the two fuels when 
operating at the same mixture ratio and chamber 
pressure (see Figure 2). 

In order to evaluate the impact of errors in the 
laboratory data, a sensitivity analysis was conducted 
(Table 4). The. results showed that errors in the 
elemental analysis would have minimal impact on 
C*. A more significant error would be expected if 
the heat of combustion data was erroneous. With this 
understanding. it was decided to perform additional 
heat of combustion tests in order to increase 
confidence in this data. These tests have not y a  been 
completed. 

(Btullb) (fff5ec) 

19,923 Baseline (5850) 

19,923 - 9 fffsec 

19,923 7 Wsec 

20,023 23 ftlsec 

d 

1 .S 1.7 19 2.1 2.3 2.6 2.7 29 3.1 36 3.6 

MIXTURE RATIO 

Figure 2. ODE Analysk Shows rluu C* is Similar for R p - I  and Russian Kerosene 

Quantitiy changed 

None 

1% increase in H 2  

1% increase in C 

0.5 % increase in 
heat of combustion 

Note: Molecular formula based on measured value for WI1: CH1.952, Measured heat of combustion; 19,923 BI 

Table 4. Sensih’vity Evaluation of Potential Loboratory Testing Errors @ MR=2.0 

lb 
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Hot-Fm Te- . .  

The portable engine test stand was designed to fm a 
loo0 Ib thrust vernier engine. A number of specific 
design parameters were incorporated in the test stand 
to enhance operability and comply with MSFC safety 
requirements. A schematic of the test stand is shown 
in Figure 3. Figure 4 is a photograph of the portable 
test stand. 

The test stand was designed to be easily 
transportable. It includes two fuel tanks and valving 

which enables switching between fuels in the middle 
of an engine test. This design minimizes 
environmental variations that can come from 
different tests. The propellant flow was regulated 
using cavitating venturis. These devices provide a 
constant mass flow for a given inlet pressure and 
density. Propellants are provided in a pressure fed 
mode which also makes the test stand very simple 
and reliable. Instrumentation connections are 
included at various critical points. These connections 
were designed to provide an easy interface with the 
MSFC instrumentation and data acquisition and 
control systems. 

L/ 

Figure 3. Portable Test Stand Schematic with Vernier Engine Installed 
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Figure 4. The Vernier Engine Portable 

Following pressure tests and two ho t - f i  acceptance 
tests, the test stand was delivered to MSFC and 
installed at the East Propulsion Test Area 116. The 
test stand and engine were instrumented and the 
connections to the MSFC data acquisition and control 
system completed. 

Instrumentation on the test stand monitored all 
critical operating parameters. Redundant 
instrumentation was installed in selected critical areas 
to insure data accuracy. Test stand instrumentation 
included propellant tank pressures, feed line pressures 
and temperatures, and propellant flow rates (turbine 
flow meters). Engine instrumentation included 
chamber pressure, igniter temperature, propellant 
inlet pressures and temperatures, and fuel injector 
manifold temperature. 

A total of twenty test firings were conducted. Six 
provided the actual comparative data required. Tests 
12 and 14 were conducted at a mixture ratio near 2.0. 
Tests 17 and 18 were conducted at near 1.9 mixture 
ratio. Validation testing was conducted with RP-I in 
both fuel tanks. These RP-l-only validation tests 
were Test 20 (for 2.0 mixture ratio) and Test 19 (for 
1.9 mixture ratio). The other firings identified 
problems and fine tuned engine and test stand 
operation. Instrumentation problems, LO2 tanking 
procedures, mixture ratio changes, and other items 
were identified and resolved so as to provide the best 

d 

d 

' Test Stand at MSFC Test Area 116 

possible, steady-state operating data. High quality 
data was essential since performance differences 
between the two fuels were expected to be small. 

The portable engine test stand demonstrated the 
ability to conduct rocket engine testing utilizing 
minimal resources and at low cost It was designed, 
fabricated, tested and delivered within four months. 
Hardware modifications made during the test 
program were relatively simple to accomplish due to 
the simple design and construction. A significant 
advantage was the low propellant cost. Only 60 
gallons of LOX (including chilldown) were required 
to support a 50 second test. Test operations were 
straightforward. Although two were typically 
utilized, one technician could prepare the test stand 
and engine for fkng. Toward the end of the test 
program, rapid turn-around was demonstrated 
allowing two tests per day. It was also found that the 
interfaces with the MSFC Data Acquisition and 
Control System were effective. 

The data used to compare the two fuels was an 
average of the data for a five second period prior to 
switching propellants and a nine second period after 
switching. Two seconds of data was ignored during 
the switch since both feed systems were supplying 
fuel to the engine at that time. 
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r 1 9  11.886 11.851 I 3 6 1  I 362 I5301 I5798 I 5271 I5776 10.9141 0.9131 30 I -1 0 I 
(1) A C  corr = (AC'uncorr ) + ( A C  ODE MR effect ) x (CWflclency) 
UP, = RP from UP-1 tank 
RP, = RP from RK tank 

Table 5. Hot-Fire Test Dafa Performance Comparison Data 

This hot-fire test data was used to determine actual 
C* conditions according to: 

C*=Pc At/ h 

where Pc = Chamber pressure 
At=lhroatArea 
lh= Propellant Mass Flow 

Since a small mixture ratio shift occurred when 
switching between fuel feed systems, the test data 
required a correction in order to compare. C* at the 
same mixture ratio. This adjustment was made by 
using the Russian Kerosene ODE analysis to 
determine the expected change in C* associated with 
the mixture ratio change. This delta-C* was added to 
the actual C* resulting in a corrected C* at the same 
mixture ratio as the RP-I data. 

The test data is summarized in Table 5. Analysis of 
this hot-fiie test data supported the ODE prediction 
that the change in C* would be small. This is best 
seen in the last column where the corrected delta-C* 
is shown. Only a small change is observed between 
the two fuels. 

A further analysis of the hot-fire data included 
determining the efficiency for each fuel. The C* 
efficiency is calculated as: 

C* Efficiency = 
Ideal c* 

where Actual C was taken from the hot-fie test data 
and Ideal C* came from the ODE analysis of each 

fuel. The C* efficiency of each fuel was very similar 
(again, see Table 5)  and matched the expected values 
for the enginelinjector combination being tested. 

Analysis of the data indicates that the test 
stand/vemier engine assembly was able to distinguish 
small performance changes in the engine when 
switching between Russian Kerosene and RP-1. Fuel 
mass flownte increased when switching to Russian 
Kemsene (Figure 5)  reflecting the higher density. An 
increase in chamber pressure was observed when 
switching to Russian kerosene due to the increased 
mass flow (Figure 6). 

A close look at the hot-fire data indicates that Russian 
Kerosene may be slightly more efficient at low 
mixture ratios (Figure 7). 'Ihe difference in C* at 2.0 
mixture ratio is negligible while the difference at 1.9 
mixture ratio shows a more significant increase for 
Russian Kerosene. The increase in efficiency is also 
seen when comparing the actual test data to the ideal 
(ODE) analysis. The Russian Kerosene C* effziency 
is higher for the tests at the lower mixture ratio, 

An additional observation, unrelated to C* 
perfmance, is that the temperature rise between the 
engine cooling jacket inlet and outlet was lower for 
Russian Kerosene than RP-1 (Table 6). This is most 
Likely reflecting a difference in the heat capacity of 
the two fuels. with Russian Keaosene having a higher 
specific heat than RP-1. Further investigation of this 
item is being considered. 

L/ 
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Figure 5. Data Plot Showing Increased Fuel Flow with Russian Kerosene 
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A C  vs. Mlxture Ratlo 30 

. 
Mixture Ratio Fuel A T (“F) Test # 
RP-1 ’ RK RP-1 ! RK 

12 2.018; 1.964 162.91 151.0 

14 2.0261 1.969 152.0’ 133.2 
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Figure 7 .  Mixture Ratio Effect on Performance Differences between Russian Kerosene and RP-1 

Kerosene . -  lldatlon Testa 

* Validation test for 2.0 MR 
** Validation test for 1.9 MR I 18 11.896; 1.861 I 147.0; 128.1 I 

Table 6. Fuel Cooling Jacket Temperature Rise Comparison 

As a result of the work accomplished, the following 
conclusions are made regarding both the comparative 
differences between Russian Kerosene and RP-1 
rocket fuels and the methodology employed to 
investigate those differences. 

1. The analysis of data shows that there are three 
major differences between the two fuels: Russian 
Kerosene is 3% more dense than RP-I: it has 
21% less sulfur contenr and temperature rise 
with Russian Kerosene through the cooling 
jacket is lower. 

2. Differences in heat of combustion are small and 
are in line with expectations generated through 

the application of standard refinery industry 
tables. 

3. The ODE analysis and engine test data shows 
that there is insignificant difference in C* 
between the two fuels. Hence, due to the higher 
density of Russian Kerosene, density impulse of 
Russian Kerosene is 3% higher. 

4. The low cost portable rocket engine test stand is 
an effective tool for the evaluation of fuel 
performance comparison. The concept provides 
a distinct advantage when compared to the 
r e s o w  associated with the modification and 
activatim of a large scale, engine test facility. 
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An attempt is being ma& to perform additional 
analysis and testing to enhance the database 
generated during this study. This includes engine 
data at lower and higher mixture ratios, investigation 
of pressure spikes observed in some of the. check out 
tests, better understanding of cavitating venturis, and 
determination of other physical properties. 

-* 

Acknowledamenu 

This work was done under NASA Cooperative 
Agreement No. NCC8-43. Shayne Swint was the 
COTR for this agreement The success of the test and 
analysis program was made possible by the 
contributions of many personnel. both contractor as 
well as civil service.. It is a pleasure to acknowledge, 
in particular, the support of Jan Monk, Johnny Heflin, 
John Wiley, Jane Alexander from the NASA/MSFC 
Propulsion Laboratory; Sal Caruso, Robbie Newton, 
Jimmy Perkins from the NASA/MSFC Materials 
Laboratory; Dr. Rob Gerlach from the Exxon 
Research Laboratory; Rex Bailey from WJ. Shafer; 
Ken Mason from Mason-Holodyne; Bob Ford and 
John Karas frum Lockheed Martin. 

References ‘d 
1. 

2. Gerlach, R.. Personal Communications. 

Ford. R., Personal Communications, July. 1993. 

octok.  1994. 

11 


