History of
Rocketry and Astronautics

R. Cargill Hall, Editor

Proceedings of the
Third through the Sixth History Symposia
of the International Academy of Astronautics

AAS History Series, Volume 7, Part Il

A Supplement to Advances in the Astronautical Sciences

IAA History Symposia, Volume 2



An American Astronautical Society Publication

AAS Publications Office
P.0. Box 28130
San Diego, California 92128

1986

Affiliated with the American Association for the Advancement of Science
Member of the International Astronautical Federation

Originally published by the National Aeronautics and
Space Administration as NASA Conference Publication

2014 in 1977. A new edition published in 1986 by
agreement with the International Academy of Astronautics.

ISSN: 0730-356k4

ISBN: 0-87703-260-2 (Hard Cover)
ISBN: 0-87703-261-0 (Soft Cover)

Published for the American Astronautical Society
by Univelt, Ine., P.0. Box 28130, San Diego, California 92128

Printed and Bound in the U.S.A.

V1



ANALYSIS OF LIQUID-PROPELLANT ROCKET ENGINES
DESIGNED BY F. A. TSANDER'

Leonid S. Dushicn and Yevgeny K. Moshidn (UsSR)'*

One of the characteristics of the scientific and technical activity of F. A.
Tsander in the area of the development of rocket technology and astronautics was his great
activity and productivity in formnulating and conducting engineering work on the practical
utilization of the principles of reactive motion. He was moved by a deep conviction of
the possibility of accomplishing manned space flight in the immediate future within the
existing level of sclence and technology. A prominent scientist in researching a wide
circle of problems in the theory of reactive motion and interplanetary flight, Tsander
devoted a significant part of his efforts to practical engineering and design problems
directed toward producing experimental liquid-propellent rocket engines suitable for use
in flying wvehicles of various types.

An extensive list of topics for practical investigation and development, formu-
lated by Tsander, was devoted mainly to the energetics of reaction engine power plants.
It included Investigations in the application of metals and supplementary fuel in liquid-
propellent rocket engines (LPRE), the successful application of new thermodynamic cycles,
the development of designs and utllization of operating processes in LPRE, and the search
for ways to increase the efficlencies of the assembly and the specific impulse of the
engine. First among these tasks was the problem of producing reliable samples of LPRE.
Tsander gave great consideration to the practical development of LPREs, and considered it
basic to the successful development of rocket technology and the creation of the founda-
tions of astronautics. At the same time he clearly recognized the great complexity and
difficulties in solving this problem.

The high sclentific and engineering erudition of Tsander in the area of aviation
engine design and related technologles, his insight into choices for developing rocket

*Presented at the Sixth History Symposium of the Intermational Academy of
Astronautics, Vienna, Austria, October 1972.

++Dushld.n speclalized in rocket engine design and development during the 1930s
and 1940s in GIRD, RNII, and other sclentific institutes. Moshkin, a specialist in liquid

rocket englne injector design, 1is an engineer presently affiliated with the Ministry of
Aviation Industry.
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technology, and his knowledge of the state and level of developments in various areas of
sclence in the USSR and abroad, permitted him to develop his own original program of
work—a program designed for successful campletion with a minimum of effort and expense,
and within the limited possibilities of obtaining material and technological assistance.
This program provided for the development of methods for englneering calculation of engine
processes and the choice of the optimum parameters for the operation of its assemblies;
the development of laboratory models of LPRE and experimental tests to verify theoretical
calculations, and the selection of rational shapes and dimensions of the structural ele-
ments; the construction and finishing of englnes, mounting them in test vehicles, and
carrying out flight tests.

F. A. Tsander successfully realized this program between 1928 and 1933. He
performed the first and second stages in individual order without interrupting his main
activity in the aviation industry. He performed the third stage of work with a small
group of young specialists in the experimental-design organization, the Group for Study
of Jet Propulsion (GIRD), created in Moscow during the fall of 1931 and headed by S.P.
Korolev.

A number of studies in the history of the development of rocket technology and
astronautics consider the practical works of F.A. Tsander on LPRE as important stages in
the development of Soviet rocket tectlnology, but his works are often dealt with schemat-
ically, without a detailed analysis of their directionality, originality, and maturity
of creative solutions, or their scientific, technical, and practical value. An attempt
is made in this report to deal wlth the practical works of Tsander on LPRE in more detail,
on the basis of preserved archive materials, and also on the basis of personal recollec-
tions of the authors of the report, since they were fortunate to be his students and work
under his direction in GIRD on LPRE during 1932-1933.

The development of methods for calculating the engineering performance of LFREs
began to occupy Tsander at the beginning of the 1920s. His basic 1dea involved the con-
struction of an interplanetary craft combining the features of an airplane with a liquid-
propellent rocket, in which certain metallic parts of the alrplane and rocket structure
are used as supplementary fuel after they are no longer needed, when the craft had passed
out of the atmosphere.

The cholce of propellents was a fundamental problem. From the very beglnning,
Tsander dwelt on his cholce of cryogenic propellents as having the highest energy poten-
tial--1liquid oxygen as the oxidizer and liquid hydrogen as the fuel. Later he regarded
l1quid hydrogen as promising the greatest potential, but for the initial stage of the
work he chose the more readily available aviation gasoline as the fuel for LPRE. The
orientation toward aviation gasoline as the fuel in an oxygen LPRE, instead of liquid
hydrogen, resulted not only from the difficulties in producing and handling liquid
hydrogen during this time, but also because Tsarder, in developing his ideas about a
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combined airplane and rocket in an interplanetary craft, wanted to use a single fuel for
both engines onboard the cr'a.f'c.+

F. A. Tsarder provided for the possibility of using liquid oxygen not only in
pure form, but also in the form of a mixture of liquid air with various values of oxygen
concentration, that permitted not only performing work in stages on the LPRE, but also
improved the performance of the ordinary aviation piston engines.

An Important theoretical result of Tsander's work was the development of an
engineering method for propellant calculations of oxygen-propellent rocket engines that,
for practical purposes, determined the basic parameters of the engine and the structural
elements. Conslderation of the effect of dissociation of gases, precise determination of
the heat transfer coefficients of the gases to the chamber wall and of the wall to the
surrounding medium, and the calculation of the volume ard shape of the cambustion chamber,
were characteristics of this method. This method produced data close to the actual values,
and established Tsanders calculations in LPRE in the class of mature and original scien-
tific and technical solutions. These calculations were performed during 1930-1931, but
were first published only in 1937 in the form of an article in the collection Raketnaya
tekhnika (Rocket Technology) No. 5, under the title "Thermal Calculation of a Liquid-
Propellent Rocket Engine."

EXPERIMENTAL INVESTIGATIONS OF THE OPERATING PARAMETERS AND
STRUCTURAL EIEMENTS OF A REACTION ENGINE ON THE
LABORATORY MODEL

Occupied with the development of methods for engineering calculation of the
operating processes ard structural elements of LPRE, Tsander became convinced that it was
impossible to give a satisfactory answer to many problems without obtaining experimental
data lacking in the related sclences and ﬁechnology. This involved propellent mixture
formation in the chémber, combustion processes, discharge, heat exchange, etc. Thus arose
the necessity of producing a laboratory model to experimentally verify the initial assump-
tions. The production of LFRE models thus assumed great importance in formulating and
mastering experimental techniques.

The result was the production of the reaction engine OR-1. Without dwelling on
a description of the OR-1 device, which is covered in the technical literature, we will
note only the characteristics and role of this engine in desién developments on LPRE.
Tsander prepared calculations for the OR-1 according to his original technique for

+In the 1930s Eugen Sdnger pursued a similar line of research in Germany, as he
sought to create a "space transporter." See Irene Singer-Bredt, "The Silver Bird Story:
A Memoir," in this volume—-Ed.
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determining the parameters of LPRE. Liquid oxygen in mixture with 1liquid air served as
the oxidizer. It 1s natural that the first tests of the engine began with the simplest
version, il.e., with ordinary compressed air, with consideration of its gradual enrichment
with oxygen, concluding with pure oxygen.

Experimental results obtained in tests of the OR-1, carried out with gasoline
and compressed air, verified the calculation techniques, and gave Tsander the basis for
continuing to design LPRE with the use of liquid oxygen and gasoline as propellants. The
OR-1 engine permitted selecting the design solutions for the LPRE chamber. In this
respect, the OR-1 should be considered a prototype of the OR-2 oxygen LPRE also produced
by Tsander.

In evaluating this stage of Tsarder's experimental work on the OR-1 laboratory
model, one can conclude that it marked the production in the USSR of the first operating
model of a rocket engine operating with liquid fuel and a gaseous oxidizer, and signifi-
cantly aided the systematic development of works in producing oxygen LPRE and rocket
vehicles at GIRD.

DEVELOPMENT OF THE GASOLINE-OXYGEN LPRE CR-2 FOR
THE PILOTED VEHICIE (ROCKET PLANE) RP-1

One of the problems posed by this new technology in the USSR was the develop-
ment of a suitable aviation LPRE. In order to provide as high a specific impulse as
possible, and takdng into account the promise of cryogenic fuels, Tsander selected liquid
oxygen and gasoline as propellants for the OR-2 engine. In the long-range plan of LPRE
development, he still contemplated using metal to supplement the propellants, and also
proposed using the so—called "converging and diverging cone," in which the thermal action
and acceleration of the gas flow was accomplished. However, taking into account the
necessity of developing the OR-2 engine in a short time and providing for its high
operational quality, Tsarder refrained from applying metal additives and the "converging
and diverging cone" at this first stage of work.

On the basis of preliminary calculatlons, he selected 300 sec as the engine
operation time, sufficient for valid testing of the englne in flight, a thrust of 50 kg,
sufficient for accamplishing flight, and a chamber pressure of 6-8 lg/cmz. In such a
pressure regime with a sufficiently high specific impulse, the heat flow from the gases to
the chamber wall, as determined by Tsander's calculations, would have relatively small
values, and reliable cooling of the cambustion chamber could be successfully provided.

It 1s important to note that Tsander accamplished the development of LPRE in the
first stage of work. The complex engine plant included all the systems arnd devices
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necessary for operating the LPRE in flight on the piloted vehicle—~the combustion chamber,
the fuel supply system, the launch assembly, and the ignition, operating mode, and cut-off
controls. We will also note briefly some of the structural characteristics of the devel-
oped OR-2 englne. Tsander gave great consideration to the solution of the problems of
propellant mixing. Taking into account the properties of gasoline cambustion, he designed
the structure of the chamber so that individual jets of gasoline, delivered to the cham-
ber toward the nozzle along the chamber axis, were broken up into fine particles by the
gaseous oxygen entering the OR-2 cambustion chamber at its upper part radlally through
slots in the chamber wall. The fine drops of gasoline mixed well and burned with the
proper campleteness in the medlum of gaseous oxygen.

Tsander considered the creation of a reliable chamber and nozzle cooling system
as an important problem in producing LPRE. His calculations showed that liquid oxygen had
better characteristics than gasoline as a cooling liquid. Moreover, the liquid oxygen
evaporates in cooling the chamber walls, improving the mixing, which was Just discussed.

Thrust regulation was first provided in the design of the OR-2 engine. The
"nozzle valve" was developed for this purpose. Depending on the position of the control
lever, various numbers of radially positioned holes were gradually covered in the inner
cavity of the valve. Each fixed position of the control lever corresponded to a specified
thrust developed by the engine. In designing the englne, the possibility of multiple
firing of the engine was considered and provided for with the application of a high-volt-
age spark plug as the ignition source.

Tsander also accounted for the tecological possibilities of production; as a
result, the entire engine assembly was fabricated successfully and made ready for tests.
The design of the OR-2 allowed for disassembly, and individual components and parts could
be replaced or repaired during final adjustment and operation. Tsander and his students
developed a flight model that assisted placement of the assemblies of the engine plant in
the RP-1 rocket plane.

The firing tests of the OR-2 were carried out without F. A. Tsander, who was in
the hospital in Kislovodsk during the test days. The tests occurred on March 18,

March 21, March 26, and April 28, 1933. These were the tests of the first englne installa-
tion of LPRE produced at GIRD in a form suitable for mounting in a flying vehicle. Of
course, the first tests dld not achleve the expected satisfactory results. There were
chamber burnouts, explosive combustion processes with firing, etc. Nevertheless, the
results of the experimental data verified the possibility of implementing LPRE for piloted
vehicles with high—caloric fuel. To increase the reliability of operation of the engine,
improve its operational qualities, and reduce the time for preparing the engine for test,
it was necessary to carry out laborious final adjustments and search for and select the
most rational solutions with partial improvement of the structural elements of the engine.
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This improvement, accomplished by Tsander's students A. I. Polyarny, the
authors of this report, and other colleagues at GIRD, mainly involved realizing the
following measures. First, to decrease the temperature of the gases in the chamber, it
was decided to replace the gasoline with a highly concentrated solution of ethyl alcohol,
which had been specified by Tsander in case difficulties were encountered with gasoline.
Second, to improve the heat-shielding of the combustion chamber and nozzle, it was
decided to protect the imner walls of the chamber and nozzle with a refractory heat-insu-
lation layer. Coatings based on magnesium oxide were used for the nozzle, and aluminum
oxide for the chamber. This permitted simplifying the design of the combustion chamber
and fuel supply system.

The new version of the engine was identified as 02, and was finally prepared at
the Jet Propulsion Research Institute (RNII) during 1934-1935. The firing tests, operat-
ing with liquid oxygen and 92% ethyl alcohol, obtained a combustion chamber pressure of
11 lcg/cmz, a thrust of 100 kg, a specific impulse on the order of 200 sec, and a firing
duration of 60 sec. In 1936 the 02 engine was applied in flight tests of the 206 winged
rocket designed by S. P. Korolev. Installation of the original OR-2 engine on the RP-1
rocket plane was not accomplished because the airframe was used for other purposes as the
light airplane BICh-1.

DEVELOPMENT OF THE 10 ENGINE FOR THE GIRD-10 ROCKET

The second engine developed by Tsander was intended for the ungulded liquid-
propellent rocket GIRD-10, produced in 1932-1933 at GIRD for solving a number of scien-
tific research problems. It differed from the GIRD-09 rocket developed during this same
period in that both propellant components were stored in the GIRD-10 rocket in liquid
form. Thus, the GIRD-10 rocket was the first domestic rocket that operated with LPRE.
Numerous calculations carried out by Tsarder, and particularly his students, preceded the
design of this engine. In the initial version of the 10 engine, it was proposed to use
1liquid oxygen, gasoline, and molten or powdered metal as a fuel additive. However, in
anticipation of technical and technological difficulties, this version was rejected.

After further calculation and design searches, the development of LPRE for the
GIRD-10 rocket was accomplished with the application of liquid oxygen and ethyl alcohol.
This engine, given the index 0-10, as well as the OR-2 englne, was initially designed by
Tsander in the form of a complex engine plant coordinated with the parameters and fea-
tures of the rocket itself. Tsander later participated in its development. The design
of the entire engine plant was preceded by thorough hydraulic, gas-dynamic, and structural
calculations, with consideration given to the production possibilities available at GIRD.
We will briefly note some properties of this LPRE design.
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The combustion chamber was all metal and pear-shaped, with a precombustion
chamber and external liquid oxygen flow cooling. The absence of heat-insulation refrac-
tory coatings permitted producing a chamber of very low weight, which was very important
since the chamber was intended for testing on a rocket under flight conditions. The
combination of external liquid oxygen flow cooling with its partial evaporation in the
cooling channel, and the presence of the precombustion chamber, ensured good mixing of the
propellants and complete combustion in the chamber. In this case, the solution of this
set of problems can be considered identical in the 0-10 and OR-2 engines.

To sum up the test operation of the 0-10 engine carried out in 1933 without
Tsander, the following data were obtained: propellants—liquid oxygen ard 85% ethyl
alcohol, chamber pressure-—lOkg/cmz, thrust—65-70 kg, specific Impulse—175 sec. The
duration of contimuous operation was 15-20 sec. Ignition of the engine was accomplished
with a spark plug. An expulsion system from a compressed air accumlator fed propellants
to the engine combustion chamber. The mounting selected for the engine plant in the
rocket was so successful that it obtained practical application in later designs, and its
basic features are preserved to the present day.

The first test flight of the GIRD-10 rocket occurred on November 25, 1933, near
Moscow. The entire engine assembly functioned normally during this test; the engine
developed a thrust of 70 kg, and the rocket was successfully launched. During the flight,
however, because of mechanical malfunctions in the combustion chamber, the rocket changed
its direction of flight and landed with the engine still rurning.

The flight test of the first Soviet LPRE verified the promise of the scilentific
and technical direction developed at GIRD, and alded in accelerating the development of
subsequent rocket designs in the USSR. Fridrikh Arturovich has characterized F. A.
Tsander in the area of LPRE as a prominent theoretical scientist and talented engineer,
distinguished by exceptional energy and single-mindedness in the realization of his ideas.
His calculations, design, and experimental work on LPRE and rockets at the initial stage
of development of rocket technology in the USSR show that he created his own school in
the theory and design of reaction engines. Besides his engineering and theoretical
developments, Tsander fashioned from a number of his students a large group of specialists
who worked successfully in the following years in the area of rocket design in industry,
in scientific laboratories, and in educational institutions.
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