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The book contains basic information abcut
fuels, charges and materials used in solid fuel
rocket engines. In detall the internal ballistics
of the engine and the method of design of basic
charge types are given. Great attention is
allotted to heat shielding and body and charge
atrength designs. We consider basic questions of
test adjustment and operation of the engine.

The book can be a valuable aid for englneers
working in the arca of rocket technology, and
specialists of related areas, and also for
students of higher educational institutions.

Examples of calculations are given for
hypothetical engines and are of an 1llustrative
character.

Designs for body and charge strength will be
given in the book "Fundamentals of Design of Solid
Fuel Rockets" by the same authérs.!

1This last paragraph appeared in manuscript after errata sheet.
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INTRODUCTICN

AY

Huge successes 1in development of rocket technology during the
iast 10-15 years have made 1t possible to solve a series of the most
complex problems of rocket propulsion and to reach such a noble goal,
as conquest of space. The first artificial earth satellite,
launched in the Soviet Union on 4 October 1357, announced the
beginning of a new space era. Soviet astronauts were the first to
lay space routes in the spaclousness of the universe.

Froblems belng solved by rocket technology are continuously
being complicated. This requires development and improvement of all
its directions,

According to the variety of solved problems and the width of
range of use, solid fuel rocket engines [RDTT] (PHOTT) do not have
an equal. It is used in antitank misslles, where the necessary
thrust is calculated In several kilograms, and in intercontinental
and space rockets, where the necessary thrust 1s In hundreds and
thousands of tons. Basic characteristics of contemporary solid fuel
rockets of different classes are glven 1in tablef. RDTT are frequently
used feor auxlliary goals as a source of working substance for a
power unit and liquld pressure feed system and as an effector of a
control system ete..

Solid fuel rocket engines as compared to liquid fuel engines
nossess a whole series of merits. Basic are: — high rellability
of action and constant readiness for launching; — simplicity and
exploitation and, connected with this, simplicity of ground
equlpment and a smaller number of maintenance personnel; — possibiltvy
of prolonged storage in flnal equipped form; — smaller, as compared
to other rocket engines, cost of manufacture; ~ possibility of
providing a high thrust-to-weight ratio {use as a booster).

To deficiencies of an RDTT pertaln: - essentlal dependence of
value of thrust and pressure on initial temperature of charge; -
complexity of programming of thrust and pulse control (cutoff of
thrust); — high cost of solid fuel (as compared to cost of usual
liquid fuzals).

FTD-MT-24-384-07 v
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For a prolonged time the obstacles to use of an RDTT in guided
rockets were its bad weight characteristics and small time of work.
These deficlencies were connected with basic, for that time,
construction schemes of the engine with a freely inserted charge.
With such charging of the engine combustion products touch the body
all over its internal surface, leading to intense heating of the
tody and a lowering of strength characteristics of the material.
Ballistite fuels used at that time could stably burn only at
relatively high pressures, which led to an overestimate of the deslign
pressure according to which thickness of the wall of the engine was
selected. All of this conditioned hlgh values of weight factor a,
which is the ratio of weight of construction to weight of fuel. For

an engine with a freely inserted charge the value of this coefficient
was 0.8-1.25.

The contemporary stage in development of RDTT is connected with
the use of composite fuels. Baslc properties of these fuels,
determining their value for RDTT, are stable burning at relatively

low pressures (30-40 kg/cmz) and the possibility of charging the
engine by direct filling in the body. A censtruction scheme of an
engine with fastened charge has app=ared.’ In such an engine the

main part of the body surface during burning of the fuel 1is protected
from thermal influence of gases by tie whole thickness of the charge.
In the new scheme it has been possibl> to use structural materials
with high specific strength uB/v. suc) as high~strength steel,

titanium, aluminum alloys and plastic:, Due to this it has been
possible tn lower the value of coefficient a to 0.1-0,08, and to
increase the time of work of the engine to several tens of seccnds.
On account of new compositions of fuel:s the value of a unit pulse
of RDTT were Jncre.sed from 180-220 to 245-250 kgs/kg.

In parallel with the creation of new types of solid fuel rockets,
theoretical design fundamentals of RDTT have been developed.

At present in domestic and for-eign literature questions of
general theory of RDTT, basis of their design and application have
beer widely illuminated.

The authors of the present book have set theirselves the
problem of expounding in compressed form basic positions of the

theory of RDTT, characteristics of these engines, and also questions
of their operation.

The book 18 designed for engilneers working in the area of
rocket technology. It may also be useful for specialists working in

related areas of technology, and for students of higher educational
institutions.

Doctor of technical sclences, professor, deserved worker of
cience and technology of [RSFSR] (PCICP) Ya. M. Shapiro wrote
1.6-1.9 of Chapter I, § 2.1-2.3 of Chapter II, Chapter III,

4,3~

8
]
§ 4.11 of Chapter 1V,

Candidate of technical sclences, lecturer G. Liu. Mazing wrote
§ 2.4, 2.5 of Chapter II, § 4.1, 4.2, 4.12-4.14 of Chapter 1V,

FTD-MT-24-384-67 vi
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Chapters V, VI, VII.

Candidate of technical sciences, lecturer N. Ye. Prudnilkov has
written § 1.1-1.5 of Chapter I.

The authors extend their sincere gratitude to doctor of technical
Bsciences, lecturer M. F. Dyunze, who made a serles of useful remarks
which were considered by the authors durlng preparation of the
manuscript.

General editing of the book was carr¥ed out by Ya. M. Shapiro.
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CHAPTER I

SOLID ROCKET FUELS

§ 1.1. Basi¢ nigulrements for Solid Rocket Fuels
and Thelr Classification

The composition and quality of a solid rocket propellant to a
considerable degree determine the construction and effectiveness of
work of a solid fuel rocket engine [RDTT] (PATT), and also render a
decisive influence on speed and range of a rocket with this engine.

The main requirements presented to a fuel can be formulated by

examining the well-known formula for maximum speed of a rocket
obtalined in 1903 by K. E. Tslolkovskly:

o_n-o,ln(l + -;)

{
whiere Viax maximum vélocity of a single-stage rocket obtained

naglecting atmcspherlce drag and forces of gravitation; Ve = effective

exit velocity of gases from nozzle of englne; w — propellant weight;
g — welght of rocket construction.

The first group of requlirements presented to a fuel pertains to
power and thermodynamic propertles of a fuel and its combustion
products. The most important of them are the following:

- hirsh caleorific value (cazloricity) of the fuel; a fuel with
high caloricity make 1t pussible to cbtain a lsrge effective exit

v
velocity {(unit sulse of en RDTT I1 = ]f)’ and consequently high
flight speed of the rock:t;

— large specific gravity of fuel; at a glven weight cf fuel on
account of the ratsed value of specific gravity 1t is possible to
decrease dimensions and Wweight of the combustion chamber, and also

all dimenszions of the rocket, and to 1ncrease the ratio w/q and
speed of the rocket;

FTD-MT-24-384-67 1
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. —~ small molecular weight of combus“lon products; a decrease of
. the mean molecular weight of combustion products p and an increase

of the gas constant (R——‘:"-) leads to an increase in exit velocity of

the gas; by increasing the content in combustion products of free
hydrogen and other substances with a small molecular weight, it 1is
possible to secure this goal,;

- stable and regular burning under conditions of low pressures
in the combustion chamber; in case of low operating pressures the
weight of the combustion chamber drops significantly on account of
a decrease of wall thickness; selection of operating pressure 1in the
engine to A considerable measure 1s determined by fuel factors, its
ability to burn at low pressures and at high speeds of gas along the
burning surface of the charge; furthermore, the value of design
pressure depends on stabllity of burning of fuel, orn the value of
possible pressure jumps, on growth of pressure with an increase of
charge temperature.

The second group of requirements pertains to conditions of
exploitation and to technology of manufacture of the fuel. The most
important requlrements of this group are:

i - sensitivity of the solid fuel to mechanical and thermal pulses
should ensure unfailing work of the engine at the time of ignition
of the charge and safety in handling;

— physical and chemical propertiles of the solid fuel have to be
stable in different conditions of prolonged storage;

— charges of solid fuel have to be uniform and monotoniec in
terms of their physical chemistry and ballistic properties;

— products of combustion of a solidsfuel have to possess small
toxlcity and smokelessness during exhaust of gases from the nozzle
of the engine;

— a sclid fuel should be lnexpensive and prepared from
noncritical source materials; the technology of manufacture of a
fuel should be simple, safe, and economical.

Solid fuels used in rocket technclogy, 1n accordance with thelr
composition and physical structure, can be divided into two large
classes:

— ballistite, or homogenecu ., fuel;!
— composite, or heterogeneous, fuel.

Ballistite s0lid fuels obtained wide propagation in RDTT before
the second world war.

During menufacture of hallistite fueis, the basic initial
somponents are nitrates of cellulose, which are plasticized by
different solvents which contain a large percentage of active
oxygen. In subsequent accourts of fuel of such a form they will be

FTD-MT-24-384-67 2




called ballistite s01id fuels.

A new direction in development of rocket fuels, connected with
the development of composite fuels, pertains to the perlod of time
after the second world war. Composite fuels constitute a mechanical
mixture of organic combustible and inorganic oxidizing substances.

As combustible components of composite fuels there usually serve
rubber and tar substances of a Lype of rubber, asphalt, bitumen,
organic resin etc.. Such elastic materials of a mixed fuel are
simultaneously binders which ensure homogeneity of the mixture and
obtaining of a rocket charge with the necessary mechanical properties.

As oxidizers in composite fuels there are used ilnorganic salts
of nitric and chloric acids, rich in oxygen (for example, nitrates
and perchlorates of potassium and ammonium).

Mixture compcsitions consist of none¢ritical materials, which
has essentially expanded the raw material base for production of
rocket fuels. For composite fuels it 1s possible over a wide range
to modify the fuel-oxldizer ratio for the purpose of improvement of
power characteristics of the fuel.

This circumstance, and also the large specific gravity of
composite fuels, thelr ability to burn at low pressures and
simplicity of manufacture of charges (filling of fuel in the clramber
of an engine) considerably expanded the possibllity of increasing
power and ballistic characteristics of RDTT.

§ 1.2. Ballistlite Fuels

Ballistite solilid fuels constitute homogeneous systems which are
plasticized and consolidated nitrates of cellulose. Nitrocellulose
is obtalned by treatment of cellulose (cctton, cotton deown, wood) by
a mixture of nitric and sulfuric aclds. Depending on conditions of
the process there are obtained products of highest or lowest degree
of nitration. Nitrates of cellulose witn a nitrogen content of
12.0-13.5% 1is called pyroxylin, and compositions with a nitrogen
content of 11.5-12.0%, colloxylin.

In the process of obtaining rocket fuel the formation of plastic
and thermoplastic masses of uniform composition and physica.
chemical properties, 1.e., the gelatinatlion process, 1s ensure. hy
one or ancther solvent (plasticizer).

One of the basic solvents used in production of ballistite
fuels 1s nitroglycerine.

Nitroglycerine contalns a considerable quantity of oxygen

which oxidizes the combustible elements in the fuel. Since nitro-
glycerine is the basic substance in the fuel ensuring the process of
burning, then its percentage determines the caloricity of the fuel.
Compositions of ballistite solid fuels with a large percentage of
nitroglycerine are characterized by high power properties. Thus,
for example, the Amerlcan fuel JPN, with a large content of nitro-
glycerine (43%), can ensure in RDTT a unit pulse within the limits

FTD-MT-24-384-67
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of 215-230 kgs/kg.

Besides nitroglycerine, in productlon of ballistite solid fuels
as & solvent there is used nitrodiglycol, which possesses a better
gelatinizing ability than nitroglycerine. However, fuels based on
nitrodiglycol are characterized by low power factors.

For the purpose of control of power factors in compositions of
fuels, solvents dinitrotoluene, nitroguanidine are added.
Introduction into the composition of a fuel of nitroguanidine permits
obtaining a fuel with low combustion temperature and high gas
constant.

To ensure chemical stabllity of fuel to 1ts composition one can
introduce stabilizers which, not acting chemically on nitrates of
cellulose and other components of the fuel, connect acid products
forming during decomposition of the solid fuel and thereby prevent
its progressive autocatalytic decomposition,

As stablilizers there are used diphenylamin and centralite
(diethyldiphenyl urea), constituting a hard crystalline substances.
/)

In the composition of a solid fuel there are included also
technological additions: chalk, which decreases internal friction
of the fuel mass; vaseline and transformer cill, which lower pressure
during pressing and improve the process molding.

Finally, so0lid fuels, as a rule, contain a certain quantity of
additives which lower temperatures of burning (dibutylphthalate),
decrease burning rate (phlegmatlzor camphor) and hygroscoplcity
(rosin), increase the oxygen balance (1lnorganic oxidizer).

Compositions and certaln characteristics of rocket fuels of the
ballistite type are given in Table 1.1.

Production of ballistite fuels starts from the process of
solution and mixing of nitrocellulose, nitroglycerine and other
ingredients, as & result of which a gelatinous substance will be
formed. For giving the fuel the rerired form the fuel mass 1s
passed through a dle and pressed in é¢harges [1]. Squeezed from the
casting mould during motion of the plunger, the mass is clamped
after the crossplece of the die around a needle, ensuring formuliza-
tion in the graln of the axlal channel. The external profile of the
grain and proflile channel are determined by configuration of the
needle and die. During pressing the process of gelatination of the
fuel mass 1s finished.

The shown technological process of preparation of the solid
fuel ensures high density and homogenelty of the charge structure,

Greins of ballistite fuel can be obtained alsc by the method of
casting (1]. An example of such technology 1s the process of filling
ballistite fuel in the engine of the third stage of the "Minuteman"
rocket {10). After putting a sticky covering on the internal
sur.'ace of the combustion chamber, the engine i1s covered with dry
greins of nitrocellulose in the form of regular cylinders (dimensions
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0.6 x 0.6 mm), which with the aid of a turning attachment are
distributed evenly over the wallas. After charging, the engine is
vacuum treated for 24 hours for removal of traces of moisture. Then
through special pipelines the chamber 1s fed nitrogylycerine with
additions which accelerate swelling of the grains. After that there
is carried out a 16-day vulcanization of the charge, at a temperature
of 48°C and under pressure of compressed air. The process of
charging 1s finished by cooling of the charge for five days. After
termination of the process of vulcanizatlop they remove the rods, or
cores, with the aid of which the internal channels or cavity of the
charge is formed. 1In view of the well-developed technclogy and
sufficient production capacity of industry, ballistite solid fuels,
although they are considered at present less effective than
composite fuels, continue to be widely used in solid fuel rocket
engines (4].

3 1.3. Combustible Substaice of Solid Composite
"Rocket FuoTs

Combustible binding substances used in composite rocket fuels
are presented the following requirement:

— high calorific value in the process of the combustion reaction
(per unit volume);

— presence 1in the combustible material of a high percentage of
hydrogen and a low percentage of carbon; fulfillment of the given
condition can influence the obtaining of a fuel with a greater unit
pulse with a small amount of combustible material in the fuel;

— good binding qualities of the combustible with a relatively
low binder content (10-25% total of fuel); this property of the
combustible directly influences the necessary strengtli characteristics
of the fuel;

— the critical temperature, at which the fuel becomes fragile
whould be low and not exceed the lowgr limit of the operational
temperature range.

Furthermore, during practical application, combustible binding
substances have to be characterized by low pressure of vaporization
in the liquid phase, high bolling point and low freezing pcint, and
also must possess viscosity at low temperatures and be polymerized
during heating 20-100°C or without heating (in the presence of
catalysts).

All the enumerated requirements 1limit the family of combustible
binding substances used in the technology of production of composite
rocket fuels.

As combustible binding substances in solid rocket propellants
organic materials in the form of hilgh-molecular compounds are used:
asphastcarbonlc, phenol and cellulose resins, formaldehyde rubber,
natural and synthetic rubbers, polyethylent etc.. Of the
contemporary polymers which possess binding properties, in composite

AN




fuels the most often used are epoxy, polyurethane and polyester

resins, polysulfide rubbers, polyvinyls, polyamide, polybutadiene,
polyisobutylene and different nitropolymers.

In solid fuels of the type Galsite (Table 1.4) as combustible
binder asphalt resin or asphalt oll was used. Alphalt in fuel
negatively affects 1ts stavility. These fuels possessed also &
tendency to plastic deformations even during comparatively small
temperature changes. 1In contrast to the shown composition, fuels
on the basis of polysulfide rubbers (thiocols) possess good binding
and physical propertles. A deficlency of thiocol fuels is the
presence in polysulfide of sulfur, which considerably increases the
molecular welght of combustion products and thereby decreases the

unit pulse (I, = 180-200 Eégi]. Best characteristics distinguish a

fuel based on polyurethane resins and rutbers, in which the unit
pulse is higher than for thiocol fuels. Charges based on
polyurethanes can be sufficiently elastic even with an 80-percent
content of fillers (oxidizer, soot and others). Besides, elasticlty
of the charges 1s preserved at low temperatures.

On the basis of high-molecular hydreccarbons, fuels have been
developed which possess great stabllity during prolonged storage and
best mechanlcal characteristics at low temperatures. These fuels
are characterlized by higher power properties than thiocol fuels [5].

Toc high-calcrle fuels pertain compositions based on butadiene
polymer, constituting a synthetic rubber with properties close to
natural rubber. Butadiene rubber 1s well mlxed with powdery and
liquid ingredients (fillers, accelerators, et¢.). On the basis of
these rubber polymers thepe have been created good fuels with very
limited application of plasticlzer to ensure necessary mechanical
properties [6].

\

Of special interest among butadiene rubber binders 1s poly-
butadiene with a terminal carboxyl group. This binding substance is
a more improved binder than usual binding substances with respect to
ballistic properties and exceeds them with respect to mechanical
properties, especially at low temperatures. It also ensures high

charge density (specific gravity 1.83 g/cm3).

In Table 1.2 are given characteristics of composite fuels based
on high-energy fuels. These fuels contain nerchlorate of ammonium
as an oxidizer and powdered aluminum.

Fuels with a high percentage of oxidizer are characterized by
high power properties. However such compositions of fuels possess
bad casting properties.’ Therefore 1is observed tendency for
development of combinations in which the combustible materials would
contain a high percentage of active oxygen. For example, it is
possible to mention a new binder - nitrecazole [€], the basis of which
is nitrocellulose, In compounds with a plasticizer (solvent)
constituting a mixture of two substances, one of which 1is a weak
explosive, nitrocellulose obtalns the properties of rubber-like
compounds. On the basis of nitrcazole 1s possible the creation of
a fuel with an optimum relationship between binder with additions of

il




Table 1.2. Characteristics of composite rocket fuels
based on high-energy fuels [6].

R
Conbusatible Spec. Combus- Burning Unit pulse Il’
binding gr. tion rate at kgs/Kg
substance kg/am> temper- 1 70 [atm
ature (gage) ]} At 70- [In
T°C mm/s 1.0 atm Jvacuum!?
| Poly- 1.83 | 320t 7.6- | 2u8-252] 287-292 .
| butadiene 17.8
E with termi-
g nal car- .
; boxyl group
: Poly- 1.74 2926 10.2- 239-243 ) 277-288]
butadiene 17.8
: : acrylo-
f nitrile
Poly- 1.77 3537 7.6- 2UL-7 48 | 282-287
; urethane 17.8
g
| lyith coefficient of expansion of nozzle 25:1.

aluminum and crystaline oxidizer (NHuC10u) 40:60. Such a fuel will

be characterized by high density and viscosity, and also good
elasticity at low temperatures and high strength at raised temper-
atures.

§ 1.4. Oxidizers of Soclid Composite Rocket Fuels

Hard oxidizers for composite rccket fuels are usuzlly mineral
substances in crystal form. Most frequently in production of
composite fuels potassium and ammonium perchlorates are used, and
also potassium, sodium and ammonium nitrates. 1In certain cases are
used organic compounds such as ammonium plcrate.

i Oxidizers are presented the foliowing basic requirings:

| ~ high content of active oxygen not connected in the form of
oxides during decomposition of the oxidizer;

- minimum exothermic effect of formation;

— s8tability of physical-chemlcal properties in rated
tenperature interval and small hygroscopicity;

— absence of toxiclty and danger of exploslon in production and
exploitation, and also small corrosion activity in relation to
' materials of the engine;

— high thermal stability of oxidizer and compatibility of it
with combustible substances in technclogy of production of the solid




fuel.

To satisfy the enumerated requirements 1s possible only by
correct selection of mixture comblnatlions ensuring the biggest heat
emission 1n the process of burning with the smallest possible
molecular welght of combustion products.

In Table 1.3 are given basic properties of inorganic oxidizers.

Ammonium perchlorate NH,C10), is the basls of contemporary

mixture high-energy solid rocket propellants. The given oxidizer 1is
distinguished by low cost, fully satisfactory manufacturability,.
Fuels on the basis of perchlorate of ammonium are characterized by a

high unit pulse (220-250 EES—S).

With a large rercentage of ammonlum perchlorate in the fuel,
gases emanating from the nozzle are smokeless, but in a humid
atmosphere they will form a fcg containing HCl. A deficlency of
ammonium perchlcrate is 1its low stability.

N
Great attention 1s given to the possiblility of use of
perchlorate of lithium LiClOu which 1s a stabler component of fuel
and contains more active oxygen (60.1%). This permits one to lower
the percentage of perchlorate of lithium in a composite solid fuel
to 75% instead of 80%. The gliven oxldizer 1s not poisonous and 1s
not dangerous in h..i'ing.

The high cost of perchlor.te of 1lithium and high molecular
welght of combustion products somewhat limit the use of it as an
oxidizer in solild fuel.

Potassium perchlorate KClOu was one of the first oxldizers

which found wide application Iin composite fuels. It contains a high
percentage cf free oxygen, but ensures a comparatively small unit
pulse (near 180-220 kgs/kg). Perchlorate of potassium at presen:t 1s
replaced by smokeless compositions of ammonium.

Fuels on the basls of nitrate of ammonium NHQNO3 satlisfactorily

burn at snmall pressures with low speeds of burning, but a unit pulse
of these fuels 1s comparatively small. An advantage of nitrate of
ammonium as a component of a solid fuel consists in 1its very low
cost. However the glven oxidizer possesses an inclinaticn to phase
transitions during a change of temperature, a symptom of which is
1ts swe' ling and a possibility of the appearance of cracks in the
solid fiel charge. Furthermore, nitrate of ammonium is very
hygroscopic. For removal of these deficiencies in the composition
of the fuel 1t 1s recommended to introduce a binding substance which
is well polymerized with butadiene (polymer — combustible material)
[10]). Viscosity and elasticity of such a substance ensure
preservation of the form of a fuel charge made from a mixture of this
fuel and nitrate of ammonium, and prevent the appearance in it of
cracks during swelling of the cxidizer due to phase transitions.
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Nitrate of 1lithium LiNO3 has in its molecule (by weight) more
cxygen than perchlorate of lithium, but this oxygen can not wholly
be used during the reaction but remains bonded in nitrogen oxide.

Nitrate of lithium 1s a safe substance in handling and during
exploitation.
Ammonium plicrate Cs“g(N02)30NHu i3 one of the few representatives

of oxidizers of so0lid fuels related to the class of orgsr 1c compounds.
By using ammonium picrate in the compositions of fuels a. a secondary
component,, one obtains an oxldizer with a low power factor.

t present there 1s studied the possibility of use of new
oxidizers, perchlorates of nitron N0,C10, and nitrosyl 2NOC10, [el,
contalning a great percentage of free oxygen.

To oxidizers possessing higher contents of oxygen and ensuring

low melecular weight of combustion products pertain also acyl
nitrate and urea nitrate.

§ 1.5. Compositions oI Composite Fuels

In composlite fuels the relative content of oxidizer and fuel
can be changed over comparatively wide limits, However, even for
them there exlst limitations which prevent achievement of an
optimum relationship c¢f these basic components.

R 4

Data given in Table 1.4 show that mixed fuels rarely contain
more than 80-85% oxidizer. Thics is explained by tre fact that
binding and physical properties, and also casting qualities of a
solid fuel are completely determined by the cumbusitible. Therefore
it is desirable that fuel contain also a large enough quantity of
combustible connecting crystal particles of oxidizer.

In Fig. 1.1 are represented calculavcd thermodynamic
characterlstics during isobaric burning ¢f a composite fuel in a

rccket chamber (pu = 79 555).
em

An increase of the oxidizer content in the fuel up to the
optimum relationship between oxidizer and combustible (stoichiomet-
ricai relationship) leads to a consZderab.e increase of combustion
temperature, whereas the unit pulse increases considerably slower. |
In connecticn with this it is possibie to change the contents in the
fuel of oxidlzer and combustible to one or another side of the ﬂ
stolichiometrical relationship without changing essentlally the value
of a unilt pulse. Thus, for example, the optimum relationship between
oxidizers of the type of perchlorzce of ammorlium and orgariic fuel
by which there is ensured a maximum of unit pulse, is BF:12
(Fig. 1.1). However even at a welgnt rztlo of crystal oxldizer and
binder combustibi=z of BU:20. due to the low content of binder 1n the
fuel mass it is not possisle Zo ottain fuel charges of uniform
composition wlth sz.islTactory prysical properties,
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Fig. 1.1. Dependence of power
factor on relative content of
oxldizer.

At a given percentage of oxidizer it is possible to improve
physical properties of the fuel, 1f one uses an cxidlzer with large
specific gravity, since mechanical properties are basically
influenced not by the welght, but the volume part of oxidizer. In
this respect ammonium salts yleld to other oxidizers (Table 1.4).

Recently in solld fuels for the purpose of increasing unit
pulse light metals have been Iintroduced: alumlnum, magneslum,
zirconium, beryllium, boron and sodium. Application of pcwered
metals as additions to a fuel 1s complicated by their inclination to
spontaneous combustion, which creates a danger of premature ignition
or uncontrolied burning in the process of production, operation and
during starting of the engine. For decrease of their activity,
particles of aluminum are passivated by incapsulation or covering
aluminum particles with plastic. More promising is the use of
aluminum as material for manufacture of capsules coverling separate
particles of solid combustible or oxidizer. This method will allow
an increase in perlods of fuel storage and creates the possibility of
Joint use and development of oxldizers and fuels which possess a

high power potential.

Created composite rocket fuels ensure a unit impulse near
250 KEEE‘ In Table 1.5 are given comparative characteristics of
composite and ballistite fuels.

In developmr:nt are solid fuels based on perchlorate of ammonium
with additions of beryllium, which willl be able to ensure a unit
pulse of %260-765 -’fﬁtg—s [13].
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Table 1.95. Comparative characteristics of composite and
bailistite fuels [9].

1
Fuel Specific vl vy Unit pulse
grav%ty 8 hw 70 I, kgs/kg
g/cm k /cm2

Mixture (ammonium 1.74 0.236 0.467 250
perchlorate + poly-
butadiene with an
addition of
aluminum)

Ballistite 1.58 0.61 0.45 219
(nitrocellulocse (when pd =

and nitro-

glycerine, cast 56-%16

charge) kg/em”

Mixture (ammonium 1.72 - 0.227 238
perchlorate + poly-

urethane

Ballistite (nitro- 1.55 - 0.46 216
cellulose and (when
nitroglycerine, P = 91

pressed charge)

kg/cmz)

1y and Uy - experi%éntal constants in empirical formula
u = ulpv, expressing dependence of burn.ng rate of solid
fuel on pressure in combustion chamber.

Also studied is the possibillity of an increase of unit pulse of
a solid fuel to 270-275 Eﬁgi by addition to them of aluminum hydride

and to 290-295 558—5- by addition of beryllium hydride (11, 14]. It
is noted that solid fuels can be created with a unit pulse to
340 Eigé. At the same time 1t 1s indicated that the majority of

promising s0lid fuels with a unit pulse greater than 260 EEEE are
unstable, aggressive and toxic {8, 12].

A new direction in development of rocket technology 1s the
development of high-calorie combined solid fuels [15].

During application of combined fuel 1t 1s assumed that oxidizer
and combustible in the charge are separated. Different combinations
are possible, from creation of two separate charges to a single
layered charge (6], consisting of disk segments or concentric
cylinders of combutible and oxidizer.
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Depending on the nature of the blnder-combustible substance,
physical and power properties of composite fuels can be different.
Between ballistic, physical and technological propellant properties
there exists a defined interconnection. For example, if for a glven
system oxidizer-combustible one changes the distribution of dimensions
of 80l1id particles for the purpose of control of the burning rate,
then one can attaln such a structure with which the fuel will not be
suitable for casting. If the density of loading of fuel 1s decreased
for the purpose of safeguarding its ability to be cast or for
improvement of mechanical properties, then unit pulse and density
are changed.

§ 1.6. Basic Power Characteristics of Solid
Rocket Fuels

The basic power factor of a solid rocket propellant is 1its
caloricity or thermal energy liberated during its combustion. The
rull measure of this energy 1is that quantity of heat which will be
liberated when cooling combustion products of the fuel from
combustion temperature to absolute zero. Besides, one should consider
that 1f one were to conduct a process pf cooling of gases 1in such a
manner that water vapor in combustion products were condensed, then
there would be liberated more heat than when cooling without
condensatlion of water vapor. For example, for ballistite powders

this difference is 80-100 E{i—gl.

Usually, caloricity of a solld rocket propellant (Qm) is

determined experimentally by burnling it in a special calorimetric
inatrument and subsequent cooling of combustion products to 18°C

(291°K); moreover, water vapor in combustion products is completely
condensed.

For s0lid fuels cof the balllstite type caloricity Qm numerically

is close to full calorlcity of the fuel Q, corresponding to cooling
of combustion products of the fuel to absolute zero. It is not
difficult to see that

%
Q= | edr,
[

wiiere TO - combustion temperature of fuel under conditions of

experiment; ¢ — heat capacity of 1 kg of combustion products of the
fuel.

If one were to burn the fuel in a constant volume, then the
maximum temperature cf burning TOV’ where we obtain

T
Q—J‘V‘T. (1.1)

18




where Cy = heat capaclty of combustion products at constant volume.

Under conditions of the experiment in a bomb calorimeter with
condensation of water vapor we obtaln

Toy Tey ™
Qu= | &dT 4+ 8Qu= | ‘vﬂ—.lcvﬂ’f'AQm (1.2)
" H :
where AQ ~ heat of condensaticn of water of 1 kg of combustion §

KoH
products of the fuel. !

Soclving Jointly equations {1.1) and (1.2) with respect to Q we
obtain

m 3
Q=Qu+ fodl —8Que (1.3) ;
[ ]

Using expression (1.3), it is possible to calculate full caloricity
of a solid rocket propellant with respect to value Qm‘ For an

example of a calculation examined below, in 1 kg of products of
combustion are contained 7.8 moles of water, and the heat of
condensation of one mole of water is equal to 10.6 kcal/mole. Thus,
AQROH = 7.8 x 10.6 = 82.5 kepl/Kg.

At the same time, internal energy of combustion products
T = 291°K 1is equal to 86.6 kcal/kg. Thus, the difference between Q
and Qm is equal to 4.1 kcal/kg, or 0.6% of the value of caloricity

of the fuel.

In view of the small value of the difference Q - Qm’ caloricity
of a sclid fuel is usually characterlzed by the value of Qm'

During burning of a solid fuel 1In a thrust chamber, the average
combustion temperature of the fuel 1s close to the combustion
temperature at constant pressure. This temperature TOp 1s determined

from the expression

T -
H= [ ¢,dT =5, (1.4)
[ ]

wherc ﬂo — initial heat content of combustion products of fuel;

ép — average heat capacity of these products at constant pressure in

the interval of temperatures from 0 to TOp'

During burning of a solid fuel in a ccnstant volume, for example
in a bomb calorimeter, on acccunt of subsequent compresslon of gases
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of burning components of the fuel an increase of temperature of gases
occurs,

Temperature 'I‘Ov of combustion of a solid fuel at constant
volume 1s determined from the expression

oy

U | qdT =0Ty, (1.5)
]

where U0 — 1nitial internal energy of combustion products of fuel;

év — average heat capacity of these products at constant volume in
the interval of temperatures from 0 to TOV’

The difference between temperatures TOp and Tov corresponds to

the energy expended on expansion of gases under conditions of burnine
of fuel at constant pressure (rocket chamber).

During combustion of a defined quantity of fuel the same energy
1s given off independent of whether burking occurs at constant vclume
or at constant pressure. Therefore HO = UO’ and from expressions

(1.4) and (1.5) we obtain

Tw‘f’r.'
or
Y 4
L A
T

-k

¢rku

where k — mean value of adiabatic index for interval of temperatures
from 0°K up to the combustion temperature.

§ 1.7. Enthalpy Method of Calculation of Power
Characteristlics of Sclid
Rocket Fuels

Combustion of solid rocket propellants 1n a thrust chamber
occurs on account of the oxygen which 1s contained in the actual fuel
During combustion of ballistite solid fuels a process of intra-
molecular oxidation of separate components cf the fuel occurs nitrates
of celluloses and nitrates of polyatomic alchols (nitroglycerine,
dinitroglyccl). Components of fuel incapable of intramolecular
oxidation in connection with a deficiency or absence in them of active

oxygen borrow the oxygen necessary for oxidation from nitrates of
celluloses and nitroglycerine,

The metheod of calculation of power factors 1s examined in an
example of double-base (ballistite) fuel.
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The burning reaction of a double-hase fuel in general form can
be recorded in the following way:

C.H,0N,=xCO,+yCO + zH,+ 4 H,0 + TN, (1.6)

where a, b, ¢, d — number of gram-atoms of corresponding elements in
1 kg of fuel; x, y, 2, u, d/2 — number of gram-molecules of gases 1in
combustion products of the fuel.

Special investigations [16] show that under conditions of burning
of double-base solid fuel in a thrust chamber, the influence of
dissoclation on combustion temperature of the fuel 1s negligible.
Under these conditions the equllibrium state of the gas mixture of
002, co, H2 and H20 is determined by the composition of fuel and

constant Kw of equilibrium of reaction of a water gas

€O, + H, = CO + H,0.

Wwith an 1increase of temperature the reaction of water gas shifts
to tne right. The equilibrium state of combustion procducts does not
depend orn pressure, since the reaction of water gas occurs without a
chiange of the number of moles. Therefore the constant of equillibrium
of this reactlon depends only on temperature,

In Table 1.6 are given values of the constant of equilibrium of
water gas depending on temperature.

Table 1.6 4

K anolanolam looo|mo'|m 1600 | 1000 WIWI2WIOW'M 3000

Kol 0 Io,mio.m;o.nln,qolz.w 3,063,80 4.55!5,21!5,73]6.22‘0.59 6,92

Here
— H,0}C0)
K- lH.ﬁc‘Q:r '
where [H20], fco] ete. — concentration of corresponding substances.

If one knows the temperature of gases, then their composition
is determined by Joint sulutlon of equations of welght balarnce:
4

a=x+y,
c=2x+y+u
b=224 24
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! and of the equation of equilibrium of reaction of water gas
K= 2.

Solution of the given system reduces to a soluticn ¢f a quadratic
equation with respect to the number of moles of 002 in products of

combuation.

} So we obtain

$m gty (— KM+ R+ a) +

+V &M+ R+ ay—4(K,—T)aR]; (1.7)

y=a—x

B=f—a—x
. H (1.8)
: ‘-T—.,

where AN
-Mm{-—c-d-ar.

| R-C—'ﬂ.

If one knows the compesition of gases anéd thelr temperature,
then by tables of heat content of geses one can determine heat

content of 1 kg of combustion products of fuel by the fornula

He=xHey + YHo + 8y A 'Hn.ﬁ‘%ﬁw (1.9)

where ECO , ECO etc. — heat content for each of the gasez in

2
kcal/mole.

Values of heat content ot shown gases are given ir Table 1.7.

E The internal energy of combusticn products at different
temperatures can be determined from the expressicn

HeU 4+ aT,

where n — total number of moles of combustion products of fuel;
r - gas constent of one mole equal to 1.986 x 1073,

By aassigning a series of values of temperatures, 1t is possible
for each of them to calculate composition of gases of combustion
; products, their heat content and internal energy, and construct
‘ curves H = f(T) and U = ¢(T).

If we know the initial heat content Ky of combustion products

- -

%
1
3
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Table 1.7. Heat content of gases.

™ Co, Co " n, x,

0 0 0 0 o | o
100 0,68 0.58 0,80 0,45 0.68
200 1.44 1.40 1,60 0,9 1,40
300 2.% 2.09 2.3 1,57 2,09
<00 3.19 277 3% 77 218
300 on 3.%0 4,00 3.06 350
600 PR 4,20 4,88 4,95 40
00 7.7 5,70 6.66 S.04 567
1900 10,24 7.9 8.57 6.97 .21
1200 13,00 885 | 10,53 8.42 8,79
1400 15,68 10,82 | 12,70 9.9 | 10,4
1600 143 | 12222 | 148 | .47 {12
1800 2028 |} 13 | nna | 1366 | e
2000 2417 15,65 | 19.63 | 1468 | 15.50
200 27.08 17,45 | 22008 | 1632 | 17.M4
2400 0.m 19,12 | 24057 | 180 | 1847
2600 20 | 20.0¢ | 2 ! o190 | 272
%00 359 | 268 | ™0 | .46 | .
5000 3898 | 145 | 32,30 | 2.2 | 249

at the time of formation of gases durlng burning of the fuel, then
from the graph H = £(7T) can be found value TOp’ corresponding to

value Hp (Filg. 1.2).

H (v
P : §
o
i b e e g~ o [P A
! ' ]
x© - © ¢ ;
1 l i
[ 4 } '
]
]
4
= 8 3 i
& t
1)
’ !
X0 -t []
4 ! §
' |
= ’ R -

raph of calculated power
lcs of g fvel.

As ncted above, the iritlai heat content and initlial vaiue c¢f
internal energy are equal tc each other and are egual to caloricity
i the fTuel Qm' Therefore from tne graph of U = $(T) can be found

ct O

emperaturs TOV’ corresponding to vaiue UO = ﬁO = Q.

If caloricity of tWe fuel 1s unknown, 1t can be found by the
CePauw method discussed pelow.
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In the presence of curves H(1) and U(T) for any temperature we
cgn detarmine true heat capacities and the adiabatic index from
expressions:

i 4U *s

; ke
Ep=-gri w=gr ¢

by means of numerical differentiation of function K(T) and U(T).

. If AT is & step of temperatures 1n tne tadie of function H(T)
and U{T), then the values of true heat capacitie’s for temperature T

can be determined from exrressicons:

Pir) 4 ALY — AT, — ATy | U(T 4 AN — U{T, ~ o7 ‘s,
g.__-._L.L___er_l__, ¢.‘...LL. hetlit! LI Y I (1.10)

Average heat capacities in an arbitrary interval

of temperatures
Tl - T2 will be determined from expressions:

["I'a‘. H“ 3) —~ H[T.)
L)

"-' 3
f. U— _U(Tu)
“Vl,.: ToTE

and accordingly is determined the mean value of the adiabatvic index.
The force cf fuel rv 13 determrined from expression
v =RV,

where R = nr (r — universal gas constant).

\
Roexet technology usually uses the value of force a fuel fp
determined from expression

Q
e}

Jp=RT,,

Values fP and fv are connected by the dependence

!"’"I*'-

The number of moles or powder gases n 18 determined 1ir the
process of calculation of the composition of products of burning.
The number of moles of gases is not chenged depending on their
tempercture and can be determined directly by the formula

Ama+tg+ 5.
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The volume of gases of products of burning under normal
conditions (0°C and 760 mm Hg) is determired from the expression

'-=2Z4n(£?).

The method of calculation examined above 1s based on the
assumption that the composition of combustion products of a fuel 1is
completely determined by the equilibrium of water gas and that
dissociation of the gas can be disregarded. For high-calorie fuels
it can be necessary to calculate basic reactions dissoclation:

CO = CO -+ 1,0y

HO " OH + '/yHy
HO Z Hy + /0y
H, 22 2H;

N;+ O, Z2NO.

Calculation of the shown reactions considerably increases the
labor of calculation. In work [16)] a method is offered for
calculation of the composition of combustion products of fuel, taking
into acccunt dissocilations, wilth the ald of successlive approximatlcns,
whereas the zero approximation 1s taken the result of the calculaticn
which takes into account only equilibrium of the water gas according

to formulas (1.7), (1.8). The eszence of uvh- method reduces tc the
following.

iet us assume that to the shown five reactions of dissociation
correspond constants of equil?brium Kl--K5 whose values in the
v

functinon of temperature are\glven in tables. Then parital pressures
of products cf dissociation c?n be in the first approximation
calculated by the formulas:

o= (K on= B2 ko

H=VHKX,; NOo=FNOKX,

(1.11)

in which chemical symbols deslgnate partial pressures.

Here values C02, co, H20, {2 are taken from the calculations of

the zero approximation (1.7), (1.8),. 3Since the compositlion of gases
was expressed in moles, then 1t 1s necessary preliminarily to
produce a converslion of conceftraticns of gases into partial pressures

Py assigning the value of p = X2 p, by the formula

L’
Flmp-at'v

where n 1s %he number of moles.
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By calculating in the first approximation the composition of
products of dissoclation, we definitlize the composition of baslc

components C02, co, Hz, H20, N2l whose amount in products of burning

decreases. For this we definitize values M and R In fcrmula (1.7)
for calculation of 002. Proceeding from balance of material, we

obtaln:

R = R — (20, + NO + OH); '
M = M° — - (H + OH) + (20, + NO + OH), (1.12)
where
R® = ¢ — a = (CO, + H,0)%
M® 2 — ¢ = (H,— CO,Y.

Index (°) corresponds to the zero solution.

Further we calculate by formulas (1.7), (1.8) definitized
values of partizal pressures of basic gases COQ, co, H2O, H2. The

corrected value of N2 1s found from expressian
’
N, = N; — - (NO + N},

Since during dissoclation of baslc components the number of moles is
increased, then the sum of partial pressures of components will he
increased and will be larger than assigned pressure 1n the chamber of
the engine psan. In order to remove the shown divergence, we correct

the value of partial pressures according to dependence

(")m n’[ 'g‘l'—;"‘ .

At this point the first approximaticn is finished. If it 1s required

to produce a second approximation, then the whole calculation is
repeated, where the composition of basic components obtained in the

first approximation 1s the initlal point for the second approximation.

§ 1.8. Calculation of Caloricity of Fuel by the
Method of DePauw

The principle of calculation of caloricity according to the
method of DePauw consists of the fact that caloricity of a fuel 1s
defined as the sum of the thermal effects created by participation
in burning of fuel of its separate components.

We will designate by Bi a change of caloricity of a fuel caused
-

by introduction in 1ts composition of 1% of a given substance. Then
according to DePauw
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Qﬂ"}g"p
where ng - percentage of a corresponding fuel component.

The possibility nof such a method of calculation 1s based on tho
following assumptions:

1. 1Independent of the value of Qg an introduction in the fuel
of 1% of & substance always causes a B kcal change 1n Qx'

2. Changes of caloricity of the fuel, caused by different
components, are additive.

These assunmnptions are not theoretically flawless, since with a
change of composition of fuel during introduction in 1t of one or
another component, the composition of gases 1s changed differently,
and consequently also the thermal effect of burning of the fuel.

Nevertheless the method of DePauw in application tc double-base
fuels leads to smal. errors, since the shift of equilibrium cf water
gas, during calculation, into liquld water gives a very small thermal
effect.

This occurs as a result of an almost full compensation of
thermal effects of processes:

and /
HOup &~ HiOx + 106 xoul.

Whenever introduction into a fuel of a defined component shifts
equilibrium in the direction of formation of water, the lowerlng of
thermal effect of burning of fuel by 10.4 x &ny o kcal 1s almost

2
completely compensated by the increased thermal effect of condensation
of water by 10.6 x &ny o keal.
e

in Table i.8 are given values of constants 8 according to
DePauw. :

Table 1.8
Desigmatio
e | oot omas | o | e
::troo;llulou' - 1,3N—86,7 N = oomtents
troglycerins \
phsroglyosrine c?q'k;io(\\%?). +l;.0 of nitrcgen in %
Contralite CO .(C.l‘[ 32 (CeHo)s —22,5
Vaseline Fk +~32,3
Magnesium oxide o
:
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§ 1.9. Example of Calculation of Power Characteristics

of a Double-Base So011d Fuel

We willl examlne a double-base fuel of the following composition:

Nitrocellulose N = 12.1%.....

........... .. 56.1%
Nitroglycerine C3H5(ON02)3 ....... e 28.3%
Centralite CON2<C2H5)2(CGHS)2 ............. 2.0%
Dinitrotoluene C6H3CH3(N02)2 .............. 12.1%
Vaseline CZOHM2 ................ TEEEREEREE 1.0¢
Water H20 ..... et re et e e ... 0.5%

Total...... 100%

The chemical formula of nitrocelluld%e can

be composed by
proceeding from the following dependences [16]:

C = 21,85 — 1,180 (N% — 1275);
H = 2732 — 2690 (N% — 1275);
O =340 + 0,444 (N% — 12,75);
N= 9,104 0,722 (:N% — 12,75),

where N — percentage of nitrogen in nitrccellulose.

For N = 12.1% the formula of nitrocellulcse has the form

ca.cHn.lOu,)N "e

Knowing the composition of the fuel, it is possible to compose
a conditional formula of the fuel

GH,ON,

where a, b, ¢, d — number of gram-atoms of corresponding elements in
a conditional molecule of the fuel.

For example, in nitroglycerine, whose mclecular welght 1s 227,
there are three atoms of carton. The rela-ive content of nitro-

glycerine in fuel 1s 28.3%, or 283 g per 1 kg of fuel.

Thus, the
number of gram-atoms of carbon of nitroglycerine, referred to 1 kg
fuel, is obtained equal to

o= s
28




Calculating the number of gram-atoms of carbon in all components
of the fuel, and summarizing these values, we will obtain value

@wus 3,4, Similarly calculated are values b, ¢ and d.

Results of calculations are glven in Table 1.9.

Table 1.9
Gomponert Car:on l'tvdfgs‘n oncpn Ntrogen
Ntrocellulofe o «-s s o » 12,65 16,29 20,21 4,81
Nitroglycerire «. , + « « & 3.4 8.2 1H.n 3.74
Contralite . . . ... .. 1,22 1,4 0,07 0,4
Dinitrotoluere . + « « v - 4,63 3,97 2,68 1.2
Vaselird  « . .+ o v o s v e 0,76 1,57 - -—
Water o« o+ s ¢« o ¢ v o o v -— 0.33 0.77 -—
]
Totnl o & o o & 23,00 0,03 I u.a 10,01 1
3

Wa obtain the following conditional fuel formula

CuHnsaOu.aNiw e

A check of correctness of the calculation is produced in the
following way:
\
a-124 814 c- 16+ d-14 = 1000,

The equation of fuel decomposition has the form

[

CaaH20.0:03Nio = XCO, + 5CO + 2H, + 8H,0 + 500N,

Assigning a series of values of temperatures, we calculate by
formulas (1.8) values x, y, 2, u of gram-molecules of gases in
combustion products of the fuel.

For example, for temperature T = 2400°K we obtain i

) .
- Kg (-,-—c + a) +c - 5,78 (1501 — 34,42 4 23.0) + 1442 -573;
- TKe— 1 . 2478 ’

— = T B0
xm—AtY a0y =P =573+ Vo s e 1

Y= a— X = 2300— 362 = 1938
Bm(—a—X=23442—230—3,62==7280;

z-{-—a-ls.ol—7m-7.21.

[
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Results of calculation for different temperatures are glven in
Table 1.10.

Table 1.10 .
™ | 000 | wos | 9o | 00 | 2200 | 2000 | 1000 | a0 | 100 | a0 [ om
CO, | 3,32] 3,40} 3,50} 3,62 3.B0| 4,04] 4,35} 4,77] 6,28] 9.3,| 11,18
€O |[19,68]19,60]19,50/19,38|18,20|18,96] 18,651 18,231 16,72{13,61§ 11,42
bho 8,10] 8,02| 7,921 7,80| 7.62| 7,38} 7,06/ 6,62| 5,14] 2.06] 0,74
s 6,92] 7,001 7,10| 7,21 7,39} 7,63| 7,96! 8.36| 9,87112,95] 14,78
N, | 5.00| s,00] 3.00| 5.00{ 5,00| 5,00| 5,00| 5,00 5.00( 5.00{ .00
a [43,02]43,02]143,02143,0243,02(43,02]43,02{43,02/43,02|43,02{ 43,0?

By Table 1.7 for every gas at a corresponding temperature we
determine heat content and multiply by the number of moles of a
glven gas in 1 kg of fuel.

The sum of heat content of all gases gives heat content of
products of combustion of 1 kg fuel. ’

For temperature T = 2400°K, results of calculation are given in
Table 1.11.

He 3 nH =607 “_:“.,
@

Table 1.11
Nusb f &
Gas mlc:rr; :;;:-m. Bs nibis
N CO, 3,62 30,02 108,5
CO 19,38 19,12 3704
lh:) 7,80 24,57 194,5
7,2 18,02 129,53
Ny 5,0 | 18,97 94,
Total + « . 97,7

Internal energy 1s calculated by the formula

U == H—RT = H— arT= §97,7 — 4302-1,986 10~*- 2400 = 691.

Average heat capaclities in the interval of temperatures from
Q to 2400°K are equal to:

G =gy =03T4 G P02 K=

-

- ], 297,

& l,‘n ]
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The mean value of heat capacities *n a certain interval of
temperatures AT are determined from expressions:

AH [
(AR vl leviir= e

For example, for an interval of temperatures from 1000 to 2000°K,
corresponding to average conditlions of flow of gases from a thrust
chamber:

730 — 337

ep)ar= 1000 = 3,93,
- 251

l‘v'n = gmz‘s" - 307,

K,,=128

Results of calculations for different temperatures are given 1in
Table 1.12 and are shown on the graph (Fig. 1.2).

Table 1.12
b 200 b2l 2000 160C 1200 00 m
H 1i57 898 130 568 410 264 8
RT 257 206 172 137 103 69 25
U 900 691 558 4l 307 195 s7
P 0,386 | 0374 | 0,365 | 0,355 | 0,342 | 0,330 | 0,282
o 029 | 0288 | 0,279 | 0,269 | 0,25 | 0,24 | 0,1%
K 1286 | 1,297 | 1,307 | 1,318 | 1,333 | 1,350 | 1,438

If we know the c;\z]o!icity of powder Q)x' then, using the graph
of functicn H(T) at value Qg = Hy w2 find the initial temperatures cf
burning at constant pressure, TOp' Analogously, using the graph U(T:
at value Qy = UO, we find initlal temperatures of gases durilng
burning of a fuel in a constant volume.

Calculation of Qm 1s done according to DePauw.
For nitrocellulose at N = 12.1% coefficient

] F=13:121—67=90.

Proceeding from the table of coefficlents 8 according to DePauw
and composition of fuel, we obtain

Q. =90-561 + 17-283 4 12,1.0—225-2 4 325-1 =909£;;i.
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Proceeding from this value of caloricity, we obtain

T = 2030°K; T, = 3050°K.

To power characteristics of a solid rocket propellant there also
pertains the value of force of powder fv’ determlned from expression

,.‘.RTWI

in which the gas constant 1is expressed in mechanlical units.
Besides, for the examined example we obtaln

R == 427nr = 427 - 43,021,986 102 = 0,848 - 43,02 — 36,5,
f, =365-3050 = msoo*"T;j.

Analogously we obtain fp = 36.5 x 2430 = BEBOQ kg-nm/kg,

K=128
\
Value fp is called the derived force of powder.

The volume of gases 1s determined from expression

” = 224n 22,4 43,02 =965 1,
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CHAPTER 11

CHARGES USED IN RUTT AND THEIR PROGRESSION
CHARACTERISTICS

§ 2.1. General Characteristics of a Charge Form

The process of gas formation in a thrust chamber is ermir.ed
by the burning rate of the solid fuel, depending on its ccmposition,
and the burning surface of the charge, determined by 1ts geometric
parameters. During burning of a solild fuel of a given composition
the pressure in the thrust chamber is mainly det -mined by the ratio
of surface of combustion to the area of the cri .al section of the
nozzle, but durirg constant critical sectlion by the area of the
burning surface of the charge. If the burning surface increases,
then burning is called progressive (progressive charge form).
Anzlogously, charges are of degressive form or of constant burning
surfaze (neutral charge). The progression characteristic of a
charge ¢ 1s the ratio of the burning surface of the charge S to the
Initlal value of thls surface SO.

Selection of charge form should ensure the character of the
change of pressure, and consequently of thrust in time in accordance
with the required characteristics of the vehicle.

If a change of englne thrust over a wide range is not required
by the flight dynamics of the cbject, then a considerable change of
preesure of gases in the process of charge combustion 1s undesirable.
In this case the upper 1limit ~f pressure 1s determlned by strength
characteristics of thrust chamber walls, and the lower limit by
stability of charge combustion.

Besides, it is necessary to seek a small charge of burning
surface 1n .2 process of charge combustion. The shown requirements
are satisfied by a charge made from unclad cylindricsl) grain with
an internal channel. When cladding ends with an ircombustitble
composition, the surface of burning of the grain i‘emains strictly
constant, since an increase¢ of the burning surface of the internal
channel 1s compensated by a reduction of the external burning
surface of the grain. If erds are not clad, then the burning
surface 1is weakly degressive.
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The charge form should also ensure relatively complete filling
by fu:l of a given volume of the thrust chamber, characterized by the
ratio of fuel welght » to thrust chamber volume wxa“:

A=y

During compact filling of the thrust chamber the density of
filling approaches the density of the fuel. However this sharply
drcreases the burning surface of the charge.

The degree charging of the volume of the chamber 18 sometimes
characterized by the coefficilent of filling of a cross section of

the chamber
"“}"...n (2.1)

where STO — initial area of cross section of charge; F

cross section of chamber.

Ram area of

During selection of the charge form it 1s necessary to consider
that a. increase of coefficient €5 1s connected with a reduction in

the area of free passage of gases and an increase of the flow rate
of combustion products along the charge. This increases the danger
of unstable ercsion burning of the charge. During selection of
dimensions of the 1nternal channel one usually starts from the value
of the parameter of Pobedonostsev (x):

e ———

Fesos ' -
the maximum permissible value of which depends on composition of
the fuel and pressure An the chamber.

Another important circumstance which must be considered during
selection of the charge form 1is the thermal shielding of walis of
the chamber which is ensured by application cf charges fastened to
the body of the engine. Here the external surface of the charge
turns out to be c¢lad and burning of the charge occurs cnly on the
internal surtface and the e¢nd. In certain cases even ends are clad.
Jacketing of the external surface of the graln leads also to an
increase of the density of filling (loading) on account of removal
of the radlal clearance between the external surface of the graln
and the walls of the chamber. Maxinmum increase of density of
loading is attained during use of & so0lild rod charge (withocut
internal channel) which burns only from the end turned toward the
nozzle (Flg. 2.1). However such charges are characterized by a
small rate of gas formation and therefore can be used only for an
engline with low thrust with a long burning time. A tubular grain
with an externally ®1lad surface and internal c¢ylindrical channel
(Flg. 2.2) 1s characterized by a high burning surface progressicn
and a conslderable growth of pressure in the process of burning of
the charge. Therefore charges made from such grains have not found
wide application. For compensation of the burning progression of a
tubular grain with an external jacket the grain frcem is changed by
introduction of degressively burning surfaces. PFor this, frcm the
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end of the grain over a certain part of 1ts length longitudinal cuts
(slots) of narrow width (Pig. 2.3) are made. The additional surface
formed by the slots burns degressively., By selectlion of the number
of slots and their relative length it 1s possible to secure a small
change of burning surface of the graln.

AN i\\\\\\\\\xﬁ
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N

Pig. 2.1. Rod Filg. 2.2.

charge, burning Tubular grain
from the end with external
' Jacket

E xnaj — L-t ' e
| TIh |

{
| .
i TN

Fig. 2.3. Slot charge

Compensations of progression of the form of a tulilar clad

charge can be obtained also by glving part of the i.ate1nal grain
surface a conical form (Fig. 2.4).
\
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N ‘-:_\ ~ = . \\\
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Fig. 2.4. Tubular grain
with compensating cone

i e e+ gp————

A small change of burning surface i1s attained also in externally
clad grains with a star-shaped internal channel (Fig. 2.5), in

?ultiporg grains and in charges of "wagon wheel" confilguration
Fig. 2.6).

A telescoplc charge, conslisting of a tubular grailn, clad on the
external surface and with an internal cylindrical rod (Fig. 2.7) with
clad ends ensures constancy of the burning surface of a charge.
However fixation of the internal ro¢d presents well-known difficulties.
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Fig. 2.5. Charge Fig. 2.6. Charge
with star-shaped of "wagon wheel"
channel configuration

Ny

A

N

Fig. 2.7.
Telescopic Charge

Certain construction of charges, for example slot and star-
shaped, zre characterized by the presence of unburned fuel residues
which appeared with a sharp pressure drop at the end of charge
combustion. The presence of much uaburned residue 1s undesirable,
since this leads to a decrease of the total thrust pulse,

An impcrtant characteristic cof a charge is 1ts total burn time
which depends on compositjon of the fuel and charge forrm. Charges
intended for boosters and for antitank rockets are characterized
by relatively great thrdst and small burn time (on the order of
tfractions of a second or several seconds). Sustainers are
characterlized by a long turn time measured in tens of seconds.

In certain cases 1t can be necessary to select a charge which
ensures a stepped thrust scheme. I%f 1s known that in surface-to-air
rockets boosters of great thrust and sustainers of smaller thrust
are used. Applications of a charge which ensures a2 stepped thrust
characteristic permits e%iminating the use of boosters.

A stepped thrust scheme can be ensured ty filling the charge in
the chamber in the form of concentrlc layers which burn at
different rates. Here the interr.al rapidly burning layer ensures a
thrust in booster conditions (Fig. 2.8). A stepped thrust scheme
can be attained also by selection of a comblined charge form. However
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thie decreases loading density.

Pig. 2.8. A

charge consisting

of concentric

fuel layers with .
different burn :
rates

o s,

§ Many of the forementioned requirements of a charge form are
' contradictory. The designer must lock for a compromise solution )
which ensures the best technical characteristics of the vehicle. :

by
Below are expounded methods of calculation of progression 4
characteristics of certain types of charges. 1

§ 2.2, Single-Channel Unclad Cylindrical
Grain Charge (Tubular Charge)

Let us consider the progression characteristic c¢f an unclad
cylindrical grain with internal channel.

We will begin with the relatiomnships:

ZM.l-

H §
i A '=3.—;

'»'=—ssj: 9-=l—e:—,;

where e — variable thickness of burning layer; e, — maximum

1
thickness of burning layer, 2 =R—r= %-—-r (R, r — external and

internal radii of section of tube); S — votal burning surface of tube; i
S,r — area of end of tube, W — volume of tube. Index 0 corresponds :
to the beginning of burn.

From elementary geometric notions we write:

Sm2((R—e+4r+e)(l—2e)+ (R—eP—(r+ e{];
S XIR+NL+R—1].
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After division by L(R + r), substitution R - r = 2e; and

2¢ R—
introduction of substitutlons P*fﬂ—l—’;*“-‘}; we obtain

")
.
o
Nt

S oy
ik Sk RS £ (

The grain veolume 13 determined {rom the expression:

Werv[(R—e)—(r+e)'j(L—2e);
w.n'(m_’.)[ﬂ

whence it 1s easy to cbtain:
= (=5 (1 —pe)
9-:1—-7'~—(I+P)z—-pt’. (2.3}
L] .

Eliminating z from expresslons (2.2} and (2.3), we obtaln

=V i- e

Usually B 1s a value 0.03-0.05. Examinling 8 as a value of first ]

order of smallness and disregarding values of higher crder of
smallness, we wili obtain 3
o | —Z89. (2.4)

\
For example, when 8 = 0.05 and ¢ = 1 we obtain a minimum value o(1) =

= 0,90 from expression 12.4) and o(1l) = 0,903 from expression (2.3).
Obtained values of o indica“e that a charge made froem a cylindrical
unclad grain can be considered a charge of small degressiveness wilth
linear a dependence of the progression characteristic o on relative
value of the burrning charge ¥.

For the area of the end, prcocesding from expressions: J
Spmex[(R—e)—(r+e));
@ S=t(R*—r),

it 1s simole to chtain

o=1—(1—-0) 1L,
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or

& G=l—(i—=Pt—P(1—B)¢

e’
Disregarding 8° we obtain

[' o= (1) (1 -+ B9). (2.5)

For an end-clad grain the surface of burning is obtained
constant:

SwSm2e (R4} L o(4) =1

In the case when a charge consists of several singie-port grains,
initital values of S0 and STO are l1lncreased proportional tuv the

number of grains, but values ¢ and o,
{2.4) and (2.5), remain constant.

N

determined from expressicons
\

§ 2.3, Slot Charge with External {lad Surfac:

We will examine a charge made from an externally clad surface
cylindrical grain with an internal channel (FPlg. 2.3). R and r -
radil of external and internal cylinders, L — total length of grain.
From one of the ends over length ¢ are cut slots of width 26. For
determination of the progression characteristic of the charge o we
’ will examine separately the solid part of the grain and the part
with cuts, which we willl call the slotied part.

At an arbitrary thickness of the burning part c¢f the charge e

the length of the slotted part is 1increased by a value e.
Caonsidering that the "ceilling" of the slot takes the form of an arch,
we wlll take the length of the slotted part equal to ie, where i -~

. the reduction factor determined below. Thus, for an arbitrary

. moment the length of the slotted part 1s equal to 2 + le, and the
length of the solid part L 1s & - ie.

[ S o S

L2t us deduce the dependences which determine the progression
charanrteristic of a slotted charge.

For the so0lid part of the grain.

Lateral burning surface
SPe=2n(r4e)(L—~i—e)
Area of end

Sp xR (r + )
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Total surface

ST 2x(r+ &) (L—1—)e) 4+« [R*—(r+e). (2.6)

Volume

N W = x (R — (7 + &)} (L — [ —de). (2.7)

For the slotted part of the grain.

In Fig. 2.9 1is shown a sector equal to 1/8 of the cross section
of the slotted part. The solid line shows the initial perimeter of
the section, and the dec<ted line the current perimeter, corresponding
to combustion of tixickness e of the charge. The current perimeter
consists of arc AC and the segment of line CN. Let us connect points
C and N by 1lines with the center of the section and note angles ¢ and
a. Considering that

CN =Rcosa—(r+ €)cosy;
A?==(r+e)(% ——9).

we will cbtain the full perimeter of the whole section

N=8[(-+e)(F—¢)+Rcosa—(r+e)cose ],

where angles a and ¢ are found from the expressions:

\

(8ina=3—F-;;in9=%H, (2.8)

The arc part of the perimeter vanishes when angle ¢, determined
from expression (2.8), takes a value ¢> .“E

Fig. 2.9. Sector of slotted
charge
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The lateral burning surface 1is determined from expression

S.‘-B[(r+¢)(—:-—') 4+ Rcosza—(r 4 e)con](H- Le).

b . sl b, L N o

The area of the end will be determined .by including in 1t the
area of the slot arch. Then

TR r e

Sp=Stax (R — (rﬂ;» o).

The total area of the slotted part is equal to .

St 8 [(r+¢)(-:--9)+Rcosc—-(r+ e)cosp](l+ le) +
+elR—(r+ e (2.9)

In this expression when P>+, which corresponds %o disappearance :
of the arc part fo the perlimeter, 1t is necessary tc taxe ‘P=%- !

ool 138t e

The volume of the slotted part will be\determined from
expression )

W =8 (F, + F) (I + Le),

where Fl and F2 — area of figures ADCB and CBN (Fig. 2.9).
Fi=(5-0) 7 R—C+erl *

Area F2 will be calculated by replescing arc BN by a chord:

1 .
Fyo -,-CB-Cstln9-=—;—[Rcos:-—(r+ €)cosp] (R —r—e)sine.
i Thus,

W= {(x —49) [R*— (r + £)’] + 4 [Rcosa —
— {7+ e)cosg|(R—r —e)sing) (I + re). (2.10)

The total progression characteristic of the form of a slotted
charge will be found from expression

e o g et

S-S"'+S"—-8[(r+¢)(;——v)+Rcosa—('+ ¢)C08?]><

XU+ re)+ 2 (r+ &) (L—L—de) 4 28 [R* —(r+ €)). (2.11)
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The volume of the graln 1s determined from expression

W W't Wi (RR—(rt e (L—1—)e) +
+{(x—49) [R*—(r+ €)'+ 4 [Rcosa — (r+ €)cos 9] X
X (R—r —e)sing)({ + Le). (2.12)

Value SO and wo, corresponding to the beginning of burning, are
determined by substitution in expressions (2.11) and (2.12) of value
e = 0.

Progression characteristics are determined from expressions:

S . |4
earl ’ﬂl‘—T.,
which allow us to calculate the value of functicn o(¥).

Since the area of the charge sectlon is different in the solid
and slotted part of the charge, then in this case 1t is impossible
to determine the fllling factor of the section of the chamber from
expression (2.1).

By introducing the 1dea about the reduced initial arca of the

section of the charge determined from expressions (S§ .;=-%i, we
obtain the following expression for coefficient €g*
1)
= TE T
or finally
v, 3
|.=J-ZT‘—. 2
In conclusion we will examine the method of determination of the
coefficient of reductlon x. During combustion of the thickness of the
charge e the "ceiling" of\the slot takes the form of an arch as shown
in Fig. 2.10, where the dotted line corresponds to the current value _
€, and the solid line to the beginning of burning.
,,""—-<C
lfrlvs—--_...N
14
i :
| £
{._'_. :
i ¢ |
' !
Fig. 2.10.
Arch of
"celling"
of slot
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The perimeter of the orch ABC 1is equal to 3+ 5 =1,

Let us replace real arch ABC by reduced arch AKN, whose
helght 1s equal to KA = 1e, and the perimeter 1s equal to the
perimeter of the real arch:

KA+ KN=)etet+i=1l,

Equating ﬂl - Ha, we obtain

”
Mte=-e,
whence
L

We willl examine an example of calculation of the pr.gression
characterlistics of a slot charge with the fg}lowing geometric
parameters (dimensions in m):

Re==040, r=012; L =640, {=2,13; 3 =001

Preliminarily we find boundary value e = e*, at which the arc
part of the perimeter of the channel of the slot part vanishes.

Value e* is from expression (2.8) when ®= f:

[ 3+ e
Hng=tie
whence et* = 0,26,
The maximum value of e 1s equal to e =R -1r = 0.28.

max
Results of calculatlons are given in Table 2.1.

In Fig. 2.11 is given a graph of dependence o(¥), from which it
18 clear that introduction of a degressively burning slotted part
permits cbtaining an insigniflcant change of the progression

characteristic o, where for the examined example o . = 1.06,

Orin * 0.97.
Coefficient € of f£il1ling of the section of the chamber by a
charge 1s equal to

W, W, 288
&= IF =GR = aow = 08%.

We note for comparison tnat for cylindrical clad charges freely
packed in a chamber, we obtaln €g v 0.7
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Table 2.1
P} . 006 | o0 { 015 | o | om | om on
sdag=(d+e):(7+¢) o,o&ng,:m 0,500| 0,593 0,657 0,710] 0,710 | 0,710
e 48 [206 [300 (36,4 [, | 45 | 6 |45
Ly 6,20 |5.34 [ 4,38 |[3,37 {218 [049]| o | o
5° 3,22 {4,52 |5,80 | 7,00 | 835 |9,83 10,15 | 10,30
25, 0,915| 0,822 0,704 | 0,546 0,354] 0,100/ 0,006 | ©
s 10,33 [10,68 {10,858 110,92 [10,88 [10,38 [10,05 ' 10,30
: e 0,9 | 0,65 |0,¢1 {0,22 | 0084|0034 o | 0
we 1,95 | 1,74 | 1,48 | 1,14 | 0,758] 0,206[ 0,012 | ©
2,88 1239 1,49 {13 |08 lo2a]om | O
c=3’s— 1,000 | 1,032{ 1,051] 1,065] 1,051] 1,005] 0,923 | 0,995
1.=1-—% o ]o0,172] 0,172| 0,347] 0,530] 0,710| 0,916 | 1 00
4
s
63& Y,
L0
o b—""
0%
0%
T 02 04 | o8 0.8 10 ¢
Fige# 2.11. Progression
characteristic o(y)

The character of change of the curve of progression burning o(3¥)

in an essential measure dewnends on the relative length of slots %..
with an increase of this value, o(¥) decrease. A close to unit value

of o(¥) corresponds to value % v 0.3,




$ 2.4 Charge with Star-Shaped Channel
Section Burning from Within

During use of charges with a star-shaped channel section,
reliable protection of walls of the chamber.from the influence of
hot gases is ensured, inasmuch as they come in contact with the
internal surface of the chamber only at the actual end of burning.

The simpleat form of such a charge 1s shown in Fig. 2.5.
However it has not obtalned practical application, since in regions
of acute angles of the star a ccncentratlion of stresses appear which
sharply increase receptivity of the charge to mecharical harm and
lead to its cracking. In order to bring this undes .r 'ble phenomenon
to a minimum, acute angles at summits must be roundasd as shown in
Pig. 2.12.

Fig. 2.12. Star-
shaped charge with
rounded angles

During the study of geometry of a charge with a star-shaped
channel form it 1s possible to be limited to a nonsideration of one
the sectors with a summit in the center and with the vertex angle

)

’-‘:o

The cross section of the channel is constant over all its length.

The determining geometric parameters for a charge of such a
form are:

Number of rays of Star .ceeveeeesenneans, R o
e

Relative thickness of burning arch ......El = ﬁi

Radius of curvature at summit of ray ... r, ¢ = %

Angle, subtending half of the initial arc

OFf CUPVALUPE 4\ vvrvrerertoecnsenssnnesnonconsnseld

Angle, subtending half of the arc of the sector
during burning out of the charge by value ey -8,

Vertex angle of forwerd charge ray «....-veose0.8
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In general, burning of a charge with a star-shaped channel
section can be divided into three phases (Fig. 2.13):

1. The burn front consists of an arc with radius r + e and a
paratheters, burning can be progressive, or with constant surface of

rectilinear section. Depending on selection of the initial geometric
burning (neutral) or degressive.

2. Rectilinear sectlon vanishes. Burning ogccurs along the
arc cof radius r + e with decreasing angle ¢.

The end of this phase
is designated by index 1.

3. Front of burning reaches walls of chamber. Burning takes on
a sharply degressive character. Remainders of the charge burn at
lowered pressure. Besldes, on the pressure curve there appears a
characteristic section of burn-down.

For the work process of engine only the first two phases of
burning can be used.

The third phase, flowing with a sharp lowering of pressure, 1s
accompanied by a fall of unilt pulse, ancmalies of burning, and
therefore during selection of configuration of the charge it is

necessary to see that the specific gravity of this phase in the
process of burning 1s insignificant.

“ [
g% li : /' Phase I1I
g ' ."‘:“\\- i,' Phase I1
Q N
m L-”\ \
83 | | PLase 1
o q b
VoL
3 Ry
:5 p',

Pig. 2.13. Three
phases of burning
of charge

Degressive remainders of the charge actually are a supplement,
to the passive weight ol the rocket. 1In order to as far as possible
reduce this increase, 1n the engine before filling of a composite
fuel there are sometimes placed inserts of light material (foam

plastic), corresponddng in form and dimensions to degressive
remainders of the charge [1].
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Let us find the dependence of the perimeter of burning on
thickness of the burning arch for the first phase (Fig. 2,14). For
thils we will conduct from point 0l segment Olc', parallel to the

linear section of burning, and segment OlF’ perpendicular to ray OM.
From the right triangle OolF we obtain

O,l"'---OO,sinp-::m(—-;Z -~e,—r)linP. ;

From right trilangle OlFC' we find

. D
o.r g —¢€1—r |inp
O.C— lh{f‘ ( Py ) ) .

The length of the rectilinear burning section

BD =0,C —(r+ e)cigh.

The initial value of the perimeter of burning

‘D
n.-zu(n+xq-2.[n+ & :"n';')"“',,c.,.] (2.13)

or in a dimensionlesy expression

H,-%.-z.[;;.,.ﬁ—_;&;‘._;)ﬂﬁ_;ct‘,l.

] (2.14)
The current value of the perimeter of burning
D .
—a—r b 2.1
n-2u[(r+¢)a+iT ) ) —(r+e)dgo]. ( 5)
The relative change of the perimeter of burning in the first
phase
n
%=1

(2.16)

We will examine, under what conditions in this phase of burning
constancy of the perimeter of burning can be ensured. During a shift
of the front of burning by value e a change of arc length will be
ae. The length of the rectilinear section will be reduced by the
value of segment e x ctg 6. The perimeter of burning for every
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sector of the charge will be changed by value ae -~ e x ctg 6,
Consequently, the condition of constancy of the perimeter of burning
can be written as

«=clgl. (2.17)

From triangle 00’ £00,C’=t—p. Hence the sum of angles at summit

0, can be written as

1
s=at o +0—R

Substituting value a from expression (2.17), we will obtain

THh=cgh+ o (2.18)

Or when 9-7'- we have

o+ m=cgbt (2.19)

]

Fig. 2.14. Dilagram for
calculatior oY progres-
sion characteristic




number of rays of the star, ensuring constancy of the surface of
burning in the first phase. These valuesof 8% together with
cogre;gonding values of a%® from equation (2.17) are given in Table
2

Table 2.2
[ ¢, dog | *" red ¥, deg . ¥, deg | o radt ¥, deg

-
4 221 1,865 61,80 9 | 388 | 1,242 | 510 x50
s | M2 | 1697 5835 10 | 4020 | 1,183 | 750 w 4835
[ ] 3.9 1,509 36,006 1§ 41,41 1,133 990 n 4,80
7] 8.8 1,99 33,75 12 | 4,52 | 1,001 | 12,00 m 45,30
$ | 2, | 1,33 51,00

The end of the first phase of burning (see triangle ODlP') is
determined by equality y

%5"' 77"“ =:::p.

T-(ﬂ +7)

Hence we rind thickness of the arch burning toward the end of
the first phase:

o =(F—a-—r)2t—- (2.20)

For the second phatce of burning the perimeter 1s changed as 1s
the length of arc ¢(r + e), where angle ¢ at summit 0, 1is equal to

8 + y. Angle y 18 determined from right triangle OlPF, as arc sin
(37)
Consequently, for the second phase

(";‘”“")"“’]' (2.21)

n—_2n(r+‘)[3+"“in rte

At the beginning of the second phase

(2.22)
~ n,,-2n(r+c')g
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The change of the perimeter of burning in the second phase
relative to the initial value for this phase will be

. D
"-‘T'I'.'T",'—L'r[—}-r—f-ncan (#- ")“"]_ (2.23)

r+e¢

In certain cases the second phase can be absent (Fig. 2.15).
This occurs when

D
-<F+arc-iuLT"_")“' (2.20)

r+ e e

Fig. 2.15. Dilagram for two
phases of burning

§
For the end of the second phase the change of perimeter of
burning relative to ivs value for the beginning of burning will be

oym—cy e, (2.25)

The ratio of area of the cross section of remainders after burn-
out of charge by value e to the initial area of the end of charge is

called the remainder factor

where 8
A,..J%EL; %"'Tt-

The value of ,coefficient A
the chamber, is equal to [3]:

Ayl =L (74 0Py, + G+ ) (05~7—7;) sing). (2.26)
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The coefficlent of filling of a cross section of the chamber by
the charge 1s expressed by the dependence [3]:

..—1—-‘.1[(0.5—3.—;-1-{—_—)’—'%‘F—'-*-r"(«-—iﬂ)]- (2.27)

The relative amount of the burning part of the charge with ~1ad ends
will be defined as ’

where c—-}.— — current value of ratic of area of end cof charge to
area of cross section of chamber.

Value ¢ is determined differently for the first and second

hases of burning. For the flrst phase of dburning, analerous to
2.27) we obtain

mt—ffos—a 743 S hns

+F+ o e—g9] (2.28)

For the second phase of burning we obtain

‘-l- -?l(r+i)’v+(F+\i)(a5—;—;)am ) (2.29)
\

Using the first phase of burning formulas (2.28) and (2.15) and
for the second phase of burning formulas (2.29) and (2.21), it is
possible to construct dependence awf(4).

The relative change of full surface of burning of a charge during

burn-out of the charge by value ey for the case of unclad ends will
be:

(L—2 [1]
= s e, (2.30)
or
“'(Z—m‘*%Aa
BRI Y FUC P (2.31)

For the case of clad vnds

gty
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When 1t 12 necessary to maintaln a constent surface it is
expedlent to originace rrom dependence g=f(z) With neutral burning
in tne first phase (Flg. 2.16).

ensured when ¢ = at,

As calculations show {3], for every vaiue n there exlists a
single geometric variant ensuring constgncy of the surface of

burning in both phases.

Basic characteristics of these variants are given in Table 2.3.

N
14
12

0 ]

08 — - —t— —

06 - —r—h—-

04 N

02
o Il

.0 0000 0OVOND NN
1‘§'9$

Fig. 2.16. Simplified

dependence o)

Such a form of dependence 1s

i )
i\l \
o, i

datie

|
1

S

rable 2.3
Criaracteristice guip
. 6 14 [ 6 ]
‘o 0,15 | 0,142 | 0,128 { 0,206 0,181
o % 84 78,8 67 |%3 75.7
Ap % 15 12,7 n7 | sz 89

An essentilal defliciency of a charge with a star-shaped channel
section is the great welght of degressively burning remainders. For
variants with a constant burning surface their weight is 16-18%. The
usefully utilized weight of the charge increases 1f one allows
certain progressive burning in the second phase.
glven characteristics of charges when ¢

loading.

]

In Table (2.2) are
From a comparison

of data it follows that an increase of allowed progression sharply
lowers the welght of degressively burning remainders, and also leads
to an increase in thickness of the burning arch and density of

= 1.10.
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In Pig 2.17 it is shown how basic characteristics of the examined
type of charge change with an increase in the number of rays of the
star with preservation of constancy of the perimeter of burning in tae
first phase. From the graph it is clear that with an increase in the
number of rays of the star there is a drop in the coefficient of
filling of the chamber with fuel, and an increase of surface
progression. Simultaneously the coefficient of remainder AK descends,

For practice, most interesting are charges with number of rays n = 6,
7, 8, for which constancy of the surface of burning is ensured with

a relatively high thickness of the burning arch and an acceptable
value of €9

oz{ o
o
Q4 o2

¢ S5 ¢ 1 o ,? © 0 ®a

Pig. 2.17. Dependence of charge
characteristics on number of rays

In Pig. 2.18 basic characteristics of a charge of given type are
represented depending on relative thickness of the burning arch. As
follows from the graph, constancy or a change in minimum 1imits of
the surface of burning for a given type of charge can be ensured
only during relative thickness of an arch not more than El = 0.15-0,20,

The simplest modification of the examined charge form is

represented in Fig. 2.19. Here between internal flanges are sections
of a c¢ylindrical surface.
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Fig. 2.18. Dependence of charge

é characteristics on relative thickness of a
burning arch El.

For internal flanges with roundin~ the dependences glven above ® ]
remain in force with the only distinction that angle 8 must be . e -
calculated as 1=, where n — part on forward section of sector P, %

Fig. 2.19. Modified form cf
a charge with a star-shaped
channel section,




The basic dependences for this charge take the form

ax cos a
..-1—1_"-[(0.5-—3. —rr -c',,,—;)' ”‘u::“

+ P a—tga)] — (1 —2¢,)' (1 — ).

The initial value of the perimeter 1s
= 20 {5 (05—2) (1 =) +7(a—ctg® +

(M—Z—Hmm%!
+ Y] I’

The current value cf the perimeter on the first phase of burning

is

D=2a{E(05—2+8)(1—m+(F+e)at

(05~&—7)slan

+ sin® —(;+adg°}'

The .ondition of constancy of the perimeter of burning in the
tirst pl ase preserves the former form (2.19); consequently, during
calculaticn we can use the data of the Table (2.2).

The end of first phase occurs when the relatlive thickness of the
«urning layer 1s \

- — stoy-= _

¢ =(05—¢,—7r) —r.

cos &

Conseguently, the duration of the first phase for such a
modification will be less than for the initial variant.

For the second phase, a change of the perimeter of burning
obeys the dependence:
(0.5";.-—;) tlnq%
J+

ﬂ—zn{[(r+'e')n—:-+ar-:sin e
+'(0.5-E;+3)(1—g)-}}.

The ccefficlent of remainder, determined with respect to the
area of the chamber, 1s calculated by dependence (2.26).

With an identical number of rays n atd equal thickness of the
arch El.the modified variant differs from the initial by a smaller

coefficient of remainder. Simultaneously the coefflcient of filling
¢, descends. With a decrease of n thickness e¥ descends and

accordingly progreazsion of burning in the second phase is increased.
Due to this, according to a lowering of n the upper limit of the
range, in which constancy of the surface of burning 1s ensured, is

displaced in the direction of smaller values El.
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A change of the form of projJections in the modified varlant leads
to a new type of charge, whose cross section reminds one of & wagon
wheel (Fig. 2.6). Burning of such a charge also flows in three
phases. A distinctive pecullarity of its burning 1s a sharp reduction
of the surface of burning during transition to a second phase which
can be used to ensure a stepped thrust scheme in flight, However
when necessary, neutral burning of such a charge can be obtalned.
values of angle &® ensuring constancy of the surface of burning are
given in Table 2.2.

The

As analysis shows, for such a charge constancy of the surface
of burning in combination with a relatively high coefficient of
filling can be obtained only when n = 5, A graph for determination
of basic parameters of the charge when n = 5 1s shown in Fig. 2.20.

A%
&
0.5'_—4 20
?‘“- OV 159
t '3 130
0'2 ‘lo Im
i ) 39
0,”} 195° 103 17
52
oos} "
ﬁr 1,02 .S
0p6 33
191 23
mnv”’f 6
1,0
o e ¥
i 0,9
X 0 D 0NN %W

Crefficiert of f£illing in ¢
Fig. 2.20. Graph for
determination of
parameters of charge of
the "wagon wheel" type

For charges of wheel-llke form the possible values of 61 do not
exceed 0.2, whereas for charges with a star-sraped channel El can
reach 0.33.

Therefore, charges of wheel-1llke form are expediently used in
and engine with a relatively short burn time.

The furthest development of the given type of charge is a wheel-
like form with alternating long and short projections (Fig. 2.21).
Different relationships of length and thickness of projections make
it possible to ensure ronstancy of thrust, a twc~-stage change of
thrust, or a three-~step change of thrust.
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Fig. 2.21.
Modified form of
"wagon wheel™ '
charge

/

In conclusion one should note that application or castings
technology of charging an engine permits c¢btaining charges with 2
channel which varies over its liength in dimensions and form. This
opens wide possibilities of changing progression charazteristics of
elementary geometric forms in 2 desirable dilrection.

§ 2.5. A Charge Made from Two Fuels with
Different Burn Rates

When charging rocket engines with composite fuels it 1is possible
to obtain charges consisting of two fuels with different burn rates,

The relation of burn rates 1s an additional parameter which
expands the possibllity of ensuring required bturning behavior of a
charge.

It 1s possible to separate two basic types of such charges.

1. The interface of the two fuels coincides with a certain
intermediate position of the surface of burning. Here the process
of burning of the charge 1s divided into periods during which only
one of the fuels burn.

2. The interface of the two fuels never coincides with a
surface of burning and simultaneous burning of both fuels occurs
where the current relationshlp of their surfaces of burning 1s
determined by the interface profile.

Charges of first type (Fig. 2.22) found application in single-
chamber twec-mode engines [4]1. The burning process of the charge 1in
such an engine includes a start period (use of rapldly burning fuel)
and a sustainer perlod (use of fuel with slow burning rate).
Calculation of the progression characteristics of such charges
contains nothing new; for each of the perliods of burning these

N
F3)
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characteristies are calculated by usual dependences for baslc forms
of charges.

Fig. 2.22. Diagranm
of charge made from
two consecutively
burning fuels.

We will examine charges of the second type.
Let us consider the dlagram of a charge in which fuel & with z

greater burning rate iz located in the central part, and fuel § with
a smaller rate 1s on the periphery (Fig. 2.23).

Fig. 2.23. Diagram
of "a charge made from

two simultaneously
burning fuels with
different burn rates.

Such a charge, in contrast to the one examined in the preceding
paragraph, permits obtalining the required law of change of the
surface with any relative thickness of the burning arch. Here 1t
becomes possible to ensure neutral burning for charges with a great
relative thickness of the burning arch which are used in engines
with a long operation time. Furthermore, by selecting the interface

59




-«

profile of the two fuels it 1s possible to ensure that the surface
of burning in the very last moment will coincide with the internal
surface of the chamber, 1.e., to avold formation of degressive
remainders. Charging of the engline in this case 1is produced in two
procedures. During casting of the slowly burning fuel in the body
there is placed a mendrel which occupies the volume of the internal
channel and the rapicly burning fuel. After termination of charging
the mandrel is removed and in 1ts place there is set a second mandrel
which ensures formation of the internal channel and charging of the
engine with the rapidly burning fuel 1s produced [1]. In Fig. 2.24
there is a section of such a combined charge which is utilized in
the second-stage engine of the "Minuteman" rocket [1].

-1 T ATt T

oo

AR -;ﬂr.."\ la'f'*.
SRR LN T

[———

Pig. 2.24, Charge of
7 ballistic missiile made
i from two fuels with
different burn rates.

We will examine how the geometry of the combined charge 1is
selected. Let us assume that the burning rate of fuel 6 equals u,
and of fuel a equals kuu.

We will consider that durilng a change of pressure 1n the engine
the ratio of burn rates ku 1s preserved constant. We will also

consider that fuels a and b differ only bty burn rates and have
identical chemical composition and power characteristics. The
problem consists of finding the form of interface of the two fuels
which will ensure burning of the charge without degressive remainders.
The set requirement 1s fulfilled 1f the burning front of fuel § at
every arbitrary instant has a c¢lrcular arc with center at point 0
radius R + e (Pig. 2.25). At that same instant the burn front of
fuel a will stand from the initial position on a normal at distance
kue. Consequently, the protile of the interface will be determined
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by the intersection of circunmi'ercnces of radius R + e and perimeters
of burning of fuel a, constructed for the same instants. In general
the perimeter of burning for fuel & will consist of a rectilinear
sectlon and an arc of radius r + kue.

Fig. 2.25. Basic geometric
parameters of a charge of
two fuels,

In examining the progression characteristics of a combined

charge it 1s expedient to introduce the ldea of effective surface of
burning

S[" Ss -+ RS,

where S, and Sa - respectively surface of burning of fuels 6 and g.

Introduction of effective surface of burning permits considering
internal ballistics of an engline with the use of usual dependences
in terms of the burning rate of fuel 6.
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Applied to a two~dimensional problem we will obtailn
i, g+ 4,10,

where ﬂr — effective current value of perimeter of bdburning.

In a general case

O=(F—eatei++har+
+[(3—e--r) b~ + R o),

where

(—g—-—‘q-f)’-;- (—';2 —f+ e)’—’+ﬁ.')‘.
(e JFnr)

(g—-c,«fa)l(ul ]

r4+e '

A = arccos

1 == arccos

pope—

e, — maximum thickness of burning arch of fuel 6.

During burning of fuel &8 the same phases of burning are
pogsible which are observed for a usual star. Here aliso are possible
those cases when burning goes to an end with preservation of the
rectilinear section.

l If 1line OIN intersects the curve »f division of the two fuels,

| at & certaln stage of burning the curyilinear section of burning of

| fuel 4 vanishes. One ol the necessary conditions of neutral burning

1 is intersection at one point on the surface of the chamber of tthe
curve of divislon of the two fuels and ray\OlB. Here there should

bé fﬁlfilled relationship

iAo o B St

.

‘l- 0|'—f

The initial effective value of the perimeter of burning 1is 3
caiculated by formula (2.13) and then multiplled by ku'

The coefficlent of filling of the chamber 1s calculated by T
formule (2.27).

Analysis of characteristics of combined charges shows that an
acceptable constancy of the effective surface (perimeter) burning is
gnsured at small values of n. Thus, for example, best constancy of

surface (35/Sy=~+1%) 1s attained for n = 3 when k, = 1.74, for n = 4
when ku = 1.48. Porn = 5, 85/Sy=+3% 1s ensured when ku = 1.32 [5].

el

62

[0 T T TR R




vt emaPl, REPIIL

accordingly El = 0.46-0.29.

A basic deficiency of combined charges is high sensitivity of
progression characteristics to a change of the ratio of burning
rates ku‘ During deflection of ku from computed values due to

scattering of burning rates of fuels there occurs deflection from
neutral burning and possibly the appearance of degressive remalnders.
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CHAPTER III
WORKING CHARACTERISTIC OF RDTT

$ 3.1. Parameters of Gas from EDTT Nozzle
)
During deviation of basic dependences for parameters of gas fiow

‘from a nogzle, one usually considers the process of outflow to be
--one dimensional and steady, where flow parameters are nct changed as
a function of time and are constant for every section perpendicular
to the axls of the engine and nozzle. If, moreover, one does not
consider the change of gas composltion and its heat capacity along
the flow, and also heat exchange wlth walls of the engine chamber
-and the nozzle, then from the equatlon of conservation of energy we

obtain the following dependence for exlt veloclty of gases:

[ 22}

om /2B RT(1—xT). (2.1)

where S

: N To — parameters of gas in chamber section 1§ which 1t 1s possible
to take speed of gases Vo " 0; values p, v corresponds to an
arbitrary flow section,
In reference to [RDTT] (PUTT) conditions we will introcduce the
designation
fy~=RT,,

‘where TOp —~ combustion temperature of fuel at consatant pressure in
‘engine chamber; rp ~ reduced force of powder.

For calculation of the lowering of temperature of gaszs due to
heat transfer from gases to the body of the engine, we will introduce

64

e e e v S s VA B e L Bt iy A ©

T T ——

[P P

e



o, T S 2 A T R Lk T T T e W X

in the expression (3.1) for exit velocity coefficient x < 1. Here

we will obtaln

'-l/x—r’f:‘—'-r) (3.2)

The method of determination of coefficlent x will be examined 1n
Chapter VI. Certaln authors introduce before the root in the formula
for computing exit veloclty of gases an experimental "coeffliclent of
speed.” We willl consider thils coefflclent included in parameter

Vi, which 1s determined or definitized by experiment.

For a one second mass flow rate of gases G through a certaln
section F of the nozzle we have the expression

0==:F|/ 2 pote T ). (3.3)

During steady motion of gases the flow rate per second in all
sections of flow is identical. Therefore the least section of the
nozzle corresponds to a maximum of the subradical expression (3.3).
Besides

8
o=(r31)" (3.4)

and expression {(3.3) takes the form

1
FIRPTES VA S 1) (3.5)

In reference to conditionsfof an RDTT engine it 1s convenlent to
glve the last expression the form

vAF,
Ou-——éﬁi, (3.6)

»

A= (2 PV

¢ — coefficlent which corisiders narrowling of the stream in critical
section.

where

Values A for differént values of the adlabatlic index are given
in Table 3.1. Considering constancy of flow rate per second along
the nozzle from expressions (3.3) and (3.5) can be obtained ratio

_£A+ )r.i t+l (3.7)
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Jable 3.1
o || n|tw| 1w} m |n- w s 'La 1.
A |2,031]2,096(2,042{2,048]2,053 mamlmub 2,0m2 monlzpu 2,M1
which sets the relationship between relative pressure n = %— and area
0
]
of the nozzle seotion F. Instead of the ratio of areas ﬁﬁ_
Kp
subsequently we will examine the ratloc of diameters ¢ = ag-.
KD )
---Table 3.2. Subsonic region n = f(k, ).
\ i | v; ] e | 1] 138 | 1o | 027 | A | LR
3,0 | 1,000 | 1,000 | 1,000 {1,000 | 1,000 1,000 {1,000 | 1,000 |1,000 | 1,000 | 1,000 .
45 (090} 99 90| 99| 99| 99| 999 999 | 999 | 99| 999 :
40| 99| 9] 92| 990] 999 999| 999! 909| 99 999 98 i
- 35 9| 99| 999 99| 99| 9991 99| 99| 999 99| 99 .
30| 9| 98| 996| 997 | 997| 997 | 997 997} 97| 97| 9%
39| 97 997 ) 997 97| 997 997 997 ) 997 | 997 | 997 | 997
28| 997 97| 997| 97| 997 | M6 | 996! 996 96| 9% | 9%
27| 908) o8] 996| 996] 996 | 996 | 996 | 996 | 996 | 996 | 996
96| 95| 98| 98| 95| 998 935! 995 | 995 95| 95| 9us
83 ] 95) 995 ] 985 90S] 95| 994 994 94| 9| MM ]| 9N
24| 994 004 O04] 994 99¢| 93] 993 95| 93| 93| 9N
23| 93| 933} 993! 9| 98| 992 | 992 92| M| 992 | ¢
22 90t 901 1] 991 | 991 99| 991 991 991 | 991 ] 991
21| 900! 990] 990( 990! 989 | 980 989 | 980 989 | 989 | 989
20| o571 987 | 967 | 987 ) 987 | 986 | 986 | 986 | 986 | 996 | 986
1.0 904 984 084 08¢ 984 983 | 963 | 983 | 983 | 933 963
10| o00{ 980! o80| 080{ 980 | 979 979 | 979 | 979 979 979
3,7 903] ors| 9rs| 4] 974 974 | 9ral 974 973) 973} 913
1.6 968 968 968 | 968 | 68| 967 | 967 | 967 967 %7 { 9%7
1.5 97] 957 96| 955 | o55| e8| 955 | 955 | 054 | 954 | 954
1,41 082 9421 o41] 0] 940 ) 990} 9097 9397 99| W K3
1.3 o0 o187 ois| 9is| 915 | 94| o914 914 914 93| 913
1.3] 852 ss1] 80| a%0| 879 e78| 877 | 86| 8ic| 8&75| 474
1] a16] s8] 81| 813] 813] 212| 812 ] 811 | 810 810 809
. / ]
In Tables 3.2 and 3.3 are given cependences n = f£(¢) for different
k. Table 3.2 corresponds to the narrowing part of the nozzle in H
which to a decrease of ¢ there corresponds a decrease of pressure. {
In this part of the nozzle the flow is subsnic. Data of Table 3.3
correspond to the divergent section of the nozzle in which to a

pressure drop corresponds an increase of nozzle section. In this
part of the nozzle the flow 1s supersconlc.

Example: From conditions Py = 60 EEZ, pr = 15 cm, d, = 30 cm
cm

we find for the outlet section ¢ = 2., When k = 1.25 by Table 3.3 we

find n = 0.0394, whence p, = 0.0394-60 = 2.3 58,2
cm

=

o e 08 | AR (bt 41 R

For the same engine, examining in the narrowing part of the nozzie
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Table 3.3. Supersonic region n = f(k, ).

\1 120 1 1 1.0 1M i 1.3 1.8 Ly .» 1. 1.9
1,0 0565 | . 0563 0,561 0359 | 0387 { 0388 0,353 0,351 0549 | 0547 | 0348
1.1 283 284 283 o82 281 280 279 278 n 278 278
1.2 205 204 202 261 199 198 197 198 IN 1, 1
1,3 156 158 183 152 151 150 148 147 146 144 43
1,4 123 122 120 119 18 116 13 114 13 1" 10
1,8 0,072 | 00930 | 00969 | 00957 | 00945 | 00044 | ©€0922 | 00910 | 00898 | 00887 | 0,0875
1,6 810 800 791 761 m 762 753 744 734 774 715
1.7 680 671 662 653 644 633 626 617 608 599 590
1.8 580 57 563 554 $46 sa8 529 520 512 504 495
1,9 448 4% 482 478 466 459 451 443 436 428 420
2,0 18 421 414 408 401 3% 387 380 3 367 360
2,1 an %8 362 ass | . 39 342 3% 3% 323 316 310
2,2 330 KR2| 318 a2 306 00 293 287 281 275 269
2,3 21 286 280 275 269 64 259 233 248 242 237
2.4 259 254 249 245 240 2235 230 225 m 216 211
2.3 232 punl. B I B X 19 214 210 206 201 m] mm 188
2,8 209 20 201 197 12 ‘148 184 180 176 172 168
2,7 189 185 181 17 173 170 166 162 158 154 150
2.8 179 168 165 162 158 154 151 148 144 140 147
2.9 156 153 149 146 143 140 137 14 130 127 124
3,0 142 139 136 133 130 128 125 122 119 16 13
3.1 130 127 124 122 19 116 13 10 108 108 m
3.2 120 17 15 112 109 106 14, 101 |0,00088 1000061 {0001
3.3 11 108 108 103 101 |0,00981 [0,00955 |0,00929 |0,00904 |0,00878 |0,0085)
3.4 102 1000935 1000972 |0,00047 |0,00023 899 878 &1 826 802 77
3,5 0,00943 922 899 876 853 830 807 7% 704 687 50
3.6 880 858 8% 814 793 m 750 731 707 689 w?
3,7 818 797 my s 736 716 6% 676 €56 635 616
3,8 262 743 724 704 685 663 . 647 628 608 589 570
3.9 718 6% 6% 659 &1 622 604 586 56?7 548 530
4.0 670 652 635 617 600 582 363 848 $30 512 43
4,1 627 610 5 877 560 54 827 510 3 477 10
427 568 572 556 541 525 509 49 47 462 446 430
4,3 552 537 522 508 493 478 464 449 434 420 403
44 520 506 - 1173 477 463 449 43 V1l 406 392 378
43 490 477 463 450 436 44 410 2% 384 370 37
46 460 447 435 4 410 398 ass m 360 38 333
a7 433 423 a 400 384 376 %8 33 Ml 3% s
48 418 403 3n 380 39 a3 3 A 3”3 312 300
4.9 395 384 n 351 3s0 a8 k7 36 303 3 282
5,0 380 369 3as8 a7 33% 32 hIT] 203 203 28] 270

’
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the section where diameter d = 18 cm, we will obtain ¢ = 1.2 and by

Table 3.2 we find = = 0.878, whence p = 0.878:60 = 52.5 %&,
cm

1 The character of pressure distribution on the nozzle 1is shown in
Fig. 3.1. 1In the same place a curve is given of change of flow rate
of gases along the nozzle.

-

Fig. 3.1. Change of pressure
and speed along nozzle.

0 . \
L_l/\‘ dn

The character of change of flow rate along the nozzle 1s easy to
set by proceeding from dependence 3.2, considering relative pressure
n as a function of ¢.

@ &

B gag-

Here, by introducing designation

\F(t)-[/—-——l—“)- (3.8)

we cbtaln the expression for flow rate in such a form
v=VIf,F, Q. (3.9)

In Tables 3.4 and 3.5 are given values of function Fv(c) for

values of adiabatic index k from 1.:0 to 1.30. Table 3.4 corresponds
to the subsonic region and permits calculating flow r.te in different
sections of the entrance cone of the nozzle. Table 3.5 corresponds
to the supersoconic region and permits determining flow rate of gases
in the expanded part of the nozzle and, 1in particular, in Zts outlet
section.

Example: For the example above, k = 1.25, ¢ = 2 we obtain for

the supersonlc zone Fv(c) = 6.85. At value xfp = 90000 Eﬁéﬂ we will
obtain v = 2050 2. For the critical section (g = 1) we will obtaln
m

Fv(l) » 3,30 wh.nce vRp = 990 3

For a certain sectlon of the n: 'rowing part of the nozzle with

68




IR T ST R e~

Subsonic region Fy(c).

Table 3.5.
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the same relative section ¢ = 2 by Table 3.4 for the subsonic zone
we will obtain P (&) = 0.518 and v = 155 gl

The graph of change of flow rate of gases along the nozzle ls
shown in Fig. 3.1.

We will examine the influence of a change of external atmospheric
pressure on distribution of pressure along the nozzle.

If the design pressure in the outlet section is larger than
external pressure, then all characteristics of flow — pressure, speed,
flow rate per second — do not depend on external pressure. This is
expleined by the fact that after the critical section there 1s a
supersonic flow of gas, and therefore no disturbance of the flow
spreading with the speed of sound can be transmitted in reverse
direction to the flow. Expansion of the gas and a pressure drop from
Pa to p occurs only outside the nozzle and is accompanied, as it

were, by a buckling of the flow caused by the appearance of radial
components of speed.

14

\

Fig. 3.2 #Flow from nozzle
with overexpansion.

¥

< .

It us consider the case when the pressure drop po-pa from the

chamber to the ocutlet section is small and the flow of gases all over
the nogzle is subsonic. In Fig. 3.2 to shown conditions correspond

the curves which are located higher than curve BKC. On this curve
point K corresponds to critical pressure determined by formula (3.4),
and only this point corresponds to sonic speed of gas. The remalning
points of curve BKC correspond to the subsonic region. In the examined
case the distribution pressure along the flow, and consequently also
flow rate and flow rate per seccnd to an essentlal measure depend on
external pressure.

In this case flow rate per second can be calculated by formula
(3.3) and cannot be calculated by formula (3.5), since the latter is
true only for supercritical outfiow.

If external pressure Py is larger than design pressure Py

corresponding to supersonic flow, but less than pressure corresponding
to point C (Fig. 3.2), then one of the following two cases can take
place.
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1. Flow with overexpansion. Expansion of the gas occurs Jjust as
in the case when pH 2 Pgs and Is characterized by curve BKD. Moreover

since pressure in the outlet section is less than external (pa < pH),

then directly after the nozzle there occurs an increase of pressure
and compression of the stream with a system of oblique shock waves.

2. Flow with separation of flow from walls of nozzle. In the
nozzle up to cervaln limits there occurs overexpansion cf gases. Then
due to breakaway c¢f the boundary layer the oblique shock wave shifts
from the outlet sec*ion to inside the nozzle (curve AE). With an
increase of external pressure p the zone of breakaway of the boundary

layer shifts from the ocuiclet to the critical section. After the Jjump,
pressure 1n the flow is increased. Conditions of breakaway of the
boundary layer during flow with overexpansion 1s determined by
experimental means. According to Sommerfield [1], for a nozzle with

p
a half angle of conicity a % 15° and when 5‘32 > 16, separation of the
H

boundary layer corresponds to condition 53 < 0.%4,
H

§ 3.2 Change of Parameters of Gas Flow in Thrust Chamber

Let us consider the flow of gases in the chamber along the burning
charge of the solid fuel. 1In the first approximation we will consider
that burning of fuel and liberation cf gases occurs evenly over the
entire surface of the charge whose cross section is constant over the
whole length. In this case it 1s possible to examine an idealized
scheme when gases pass over the lateral surface of the engine chamber.

.
L PR,
S ‘///'/i /,’//

- A
14 —P‘fdp ¥ 7
. 3 ' ,rE._/. S ~—— ;%P")"‘ :P}dp\/‘
7407 7 2l
a

Fig. 3.3. Dlagram of flow of gases in
chamber; a) onset of gases from internal
channel; b) onset of gases from bottom.

Let us designate by * the mass of gas coming in one second from a
unit of chamber length.

Let us conslider an elementary volume of the chamber with length
dx (Fig. 2.3a). During time dt over section x passes mass of gas
Fpvdt, and over section x + dx mass

F v+ d(pv)] de.
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The difference of shown values should equal the quantity of gas
which during time dt will be liberated from the wall of the chamber
over an element length dx.

Thus Fd (pv) df =Ldx . db,
or #d0 + odp = 3 dx. (3.10)

We will compose the equation of momentum for a mass of gas 1in
element dx:

d(mv) = pF dt — (p + dp) Fdt

or
mdo 4 vdm = —Fdp dt.
With substitution
m=Fpdx,
dm=ldx-di,
we obtain
Fdxpdo 4 oAdx.dt = —Fdp.dt, (3.11)
Dividing by Fdt, considering that g% = v, and replacing % dx from
equation (3.10), we will obtain
rodv + © (pdv 4 vdp) = —dp
or . \
2yvdom —dp—vidp = —dp(1 4 %
and finally
o
2pod0 =—dp(1 + %) (3.12)

As we wlll see subsequently, speed of gases in the chamber of the
engine is considerably less the local speed of sound. Considering 1in
this case the gas as an incompressible liquid (p = oo = const), we

obtain .
‘p - —2“049.

Integrating along the engine cuua.der and considerlng that for the

bottom i 0, we obtain
o
dp=py—p=po =281, (3.13)
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of the charge turned towards the nozzle.

the flow (dp = 0), we obtain

A
Om—";x.

1
where L - length of charge.

Furthermore,

v.nFﬁalLs %-

section of the nozzle.
Thus, we have

uo-ol'
Y7 S

(3.6), we will obtain

F,
v, =¢A V],

Substituting in equation (3.13) value Vnax

and value oy from the state equation, we will obtaln

T Sl

or finally P
[ |} ()
2o t(ag).
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i.e., the pressure drop along the charge of solid fuel equals the
doubled impact pressure corresponding to speed of gases for the end

*N From expression (3.10), disregarding any change of density along

For the end of the charge turned toward the nozzle, we obtain

(3.14

Substituting the value of flow rate per second from expression

‘
(3.15)
where F — free area of passage of gases along the charge of solid fuel.

i.e., flow rate of gases in camera, the engine chamber 1s proportional
to the distance of the examined section from the bottom of the chamber,

)

since during stabilized flow the biggest flow rate per second of gases
along the charge equals the flow rate per second through the critical

from expression (3.15)




F
For example, whren —ﬁn = 0,3 and A = 2.06, which corresponds to k =

= 1.25, we obtain

2 (206 03)! = —0,039.
Pressure drops 4% along the charge.

Above we showed that during travel of gases in the chamber over
the lateral wall or during burning of the charge from the lateral
surface, the pressure drop along the charge 1s equal to double the
impact pressure. It is not difficult to show that even 1in the case
of burning of a clad charge from the end the pressure drop from the
source of gas formation to the chamber is equal to double the impact
pressure (Fig. 3.3b). Actually, we will examine a certain section
of the chamber AAl, close to the surface of burning, and we will appuy

the equation of momentum to the mass of gas between the surface of thec
80lid fuel and this section.

The equation has the ferm

odm = [pF — (p+ dp) Fldt = —Fdpdt;

dm

Considering that the flow rate per second of a mass of gas equale

dm
& =rf,
we obtain

Ap = —pt /

-

We see that even in this case the pressure drop equals double the
impact pressure.

$ 3.3. Reaction Force (Thrust)

During flight of a rocket with a working engine the main vector
of forces of pressure, effecting the rocket, 1s determined from
expression

R= ]'](p—r.) Ads, (3.16)

where p - pH — excess pressure in examined peint of surface; nn - unit

vector of normal; S — total surface of rocket, consisting of external
surface of rocket Se and internal surface S1 of the chamber and

nozzle of the engine.
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Thus

R=||(p—p2ndS+ [[(p—p)7dS =T+ P (3.17)
‘. )

The augend of (3.17) constitutes acrodynamic force, and the addend
the reaction force,

Thus, the reaction force can be defined as the main vector of
forces of excess pressure effecting the internal surface of the chamber
and nozzle of the englne:

Pe II(PT‘P-)"‘S (3.18)

Y]

Let us note that in expressions (3.16) and (3.17) it wculd have
beer possible to write under the integral sign pn instead of

(P —pun, since
[[ pundS =0.
However, 1t is necessary to consider that in aerodynamics it is
accepted to consider the excess above atmospheric pressure according

to formula (3.16), and since in totality forces § and P constitute
the main vector of forces of pressure, even in the expression for
reaction force 1t 1s necessary to conslder excess pressure:

P ”('p-—p,)nd5=”pndS—-p_”ndS. (3.19) ‘
A LA 3,

We will examine at first the addend of the right side of (3.19). !
If the chamber is supplied with a plug in the outlet section and is
filled with gas, then internal forces of pressure will be balanced.
If, however, one removes the plug, preserving constancy of pressure

along the internal surfacde, then internal forces will be unbalanced
by a value -pHFa, where Fa — area of nozzle exit sectlion. Thus,

b || 7dS = —pFor,. (3.20)
%

where Ha is a unit vector of the external normal to the nozzle exit
sectlon.

Expression (3.19) takes the form

P |[p7dS + pF .7,
&
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We will project the last expression on the axis of symmetry of
the chamber and nozzle taking the positive direction of the axls
against the ;'low. Here we obtaln

P—”pcondS-—-p.F.;‘ (3.21)
4

where a — angle between normal to surface and axis of symmetry.

The integral in expression (3.21) will be calculated for the
outlet cone of the nozzle, for the entrance cone, and for the engilne
chamber.

Indices will denote: O — bottom of chamber; 1 -~ beginning cof
ent rance conej; XK —~ critical sectlion; a - outlet section.

L n

Fig. 3.4, Diagram
of distribution of
thrust along nozzle.

_V

t A

Let us consider the part from the outlet section Fa to critical
section F (Pig. 3.4). By two sections, perpendicular to the axis,

X
we will cug an elementary rirng 1n the fcrm cf the frustum of a cone,
the lateral surface of which is equal to dS, The projection of this
surface on 8 plane perpendlcular to the axls 1s equal to

dS-cosa = —dF.

The "minus" sign indicates that growth of S corresponds to a
decrease of P,

For the cutlet cone of the nozzle the integral in expression (3.21)
takes the form

[jpeosads = —[[pdF=—[[d(pF)+[[Fap (3.22)

From Bernoulli's equaticn we have

wdo = —dp,
whence

fdr--fbvdvs-w»{%dm

o+ 2 e et e




Expression (3.22) takes the form

~ [[peosadSem—pF+ pFua—To.t Lo, (3.23)
[ N
Analogously for the cone of the nozzle we have

f[pcorads = —pF, + pFe— Lo, + Lo, (3.24)
u-l

Above we saw (3.13) that pressure for the bottom of the chamber
exceeds the pressure at the entrance to the nozzle by & value of
double the impact pressure

”"W{‘Mﬂlﬁ.‘"‘g“;’;-

Thus, considering that FO - Fl’ we have

PnFl'f"g’n"Pfo

and expression (3.24) takes the form

”pcoudSu--—p,F,+p.F,+-g-v, (3.25)
sl
For the bottom of the chamber we have a force of pressure

Combining expressions (3.23), (3.25), (3.26), we obtair from (3.21)

P“'g‘og‘l'Fo(Pn"‘pl)- (3.27)

Expression (3.27) for reactlion force is obtained by direct

integration of forces of pressure over the internal surface of the
chamber and niozzle.

From expression (3.27) it is clear that the bilggest value of
reaction force corresponds to flight of a rocket in a vacuum (pH =

= (), Morecover

Plyn"%va"‘f'apt
’

Certain authors say that the reaction force is the augend of the
right side of formula (3.27), relating the addend to external forces.
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The forementioned conclusion of the expression for reaction force
indicates an inaccuracy of similar treatment, since both components
in totality are equal to the value of the main vector of forces of
pressure effecting the internal wall of the chamber and nozzle.

With well-known reason it would have been possible to relate to
external forces only component FapH and to 1inciude 1t in the

aerodynamic force., Besides, it 1s necessary to consider that in
aerodynamics one calculates aerodynamic force by proceeding from the
expreseion
[o P ” (P—pu) 7 dS = [ prdS — p.7F,,
3, s,

where component —pHrTFa is directed in the direction of motlon.

If, however, one gives to aerodynamics a "foreign" (for an engin-
component pHFa directed againct motion, then we will obtain

6"!;pﬁds

This means one must demand that aerodynamic professionals conduct
the calculation of aerodynamic forces based not on excess, but on
absolute pressures, It is doubtful whether this 1is practical.

Purthermore, in examining the work of an engine on a stand it
would be necessary nevertheless to consider component pHFa.

Expressions (3.24) and (3.25) permit caliculating not oaly the total
quantity of reactien force, buv alsc 1ts separatec components.

For example, add expressions (3.23) and (3.25), one can determine
that part of the reaction force which was apportioned to the nozzle:

P-...-‘:—’Va'i’Pch—PoFo (3-28)

Let us note that expression (3.28) can be positive or negative.
In particular, it i3 possible to select such a nozzle and such

operating conditione of the engine during which Pconno = 0. Such a

nozzle will not rush to be detached from the engine chamber.

Example: Let us consider the following conditions: pj = 120 X
cm
2

da = 30 cm; dK = 15 cm; fp = 90,000 m; k = 1.25; F_ = 70.6 cm®;

diumeter of chamber Dxau = 50 cm.

For the shown conditions we will obtain:
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Taking external atmospheric pressure p = 1 EE?’ by formula (3.27)
H < em
we will obtain

p-.g..,‘+ P~ pa) = .;."s“?.m+ 206 (47 — 1) = 3030 4 260 = 3290 k.

composes 92% of the total reaction

)

Let us determine the force effeciing the nozzle by using formula
(3.28). We have

In this example augend % v
force,

a

Ty ™ 196 ¢an,
Pounie = —‘l?-u, +PeFe— pfom 30304 4.7-706 — 120196 o -20 160 : .

The "minus" sign indicates that force of pressure applied to the
nozcle is directed in the direction of flow. By value it 1s 11.6%
less than the force of pressure of gases on the bottom:

Proe = polo = 120 1% = 23520 k.,

directed against the flow.
Let us cousider under what conditions the main vector of fuorces

of pressure applied to the nozzle is equal to zero. On the basis of
expression (3.28) this conditfon takes the form

,%iu-fﬁdn-—Fuh-O

Substituting values G aad v, from formulas (3.6) and (3.9), and
also ‘

For=UF,, po=%.P0
we nbtain
+4Fo QO Feprt CxFeps—Fupy=0,

whence we obtaln the condition

.;0_.‘- .L‘f"‘._(p_.‘, Dg.

For the given example [ = ; n, = 0.0394; F,(¢) = 6.85,
consequently,
4%=rmnap&&5 +14-0000 = 143
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Thus, for the examined conditicns, if the area of the cross
section of the engine chamber in all exceeds by 43% the area of the
critical section., and the area of outlet section exc:reds area of

last in four times (c2 = 4), then nozzle wil!l be balanced.

During deviation of the expression for reaction force we
originated from a stabilized flow process. Moreover speed, density,
and consequently also momentum of gases in tne chamber remain liow.
In reality the shown parameters of flow are changed, especlally 1in
the 1nitis) stage of work of the engine when a rise of pressure

curve occurs. Let us glve an appraisal of error allowable for
disregarding the shown factor.

of gases and flow rate remain practlcally constant, and density is
changed proportional to pressure. Momentum of gases in thé¢ chamber

K=mo,= (Wlu - ':‘) Plep
V4

{ where wxau — volume of chamber; 6§ — speciflc gravity of fueil;
its welght; W - % — volume of gases in chamber.

w -

Consldering that o = £~ and W 2 %, wherse 4 - density of

gfo Kau

loading of chamber with fuei, we obtaln

Kmel(b= 1)y

If pressure in the chamber willl be changed, then we will obtailn

k= 3 (54 )

We will compare the obtalned expression with the basic value of
moment wu

K—%nu

entering in the expression for reactlion force

""r'zv,.. (+-+)&

Examining the 1initial period of the rise of the pressure curve
from zero Prax® ¥¢ can write approximately

gugntr

30

B e e = PR e B s Seaso et T =

During a change of pressure in the engine chamber tne temperatur

e ]
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where tl corresponds to the moment of achievement of p. .. Further,

X

» == O,
[
where 1 - full time of outflow.

Let us still take in the expression for ¢

G=0,,

Here we obtain

.___(l 1)t % Pau

V)N S
For an appralsal of value e it 1s possible to take:

3= 17100 X AL K o, =100 B

v, ==2000 T =2 Pa=120-104 k&,
J»==90000 . "

Here we will obtain

1 ) 100 120-10¢ _
'=(uoo'" |706>20'2000' 000" = 043-107%

Thus, under shown conditions all change of momentum, and
consequently also the reaction force due to deflection of conditions
of work of the engine from stabilized, does not exceed 0.5%,

During deviation of expression (3.27) for reaction force we
assumed the output flow of gases to he parallel to the axis of the
chamber, In reality in conical nozz.es the flow 1s divergent, and
reaction force 1s determined by axial components of the exit velocity.
It is not difficult to show [1], [2] that when accounting for the
shown circumstance the expression for reaction force takes the form

P""l'i';&‘[—(‘lva‘*‘F.(Pl—pl)]o (3'29)
where a — half of the angle of conlclity cf the nozzle.

When a = 15° the correction factor Jéﬁf”'==0383.

§ 3.4, Pulse of Reactive Force. Unit Pulse

A Y P "NVEEE TS A O EL oA i SR,

The total pulse of the reaction force during the time of work of
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the engine is determined from the expression
b
lm ()= [P4at,
L]

where v — full work time of engine.

It 1s not dirfficult to show that the total pulse of reaction
force practically does not depend on the form of curve P(t). Fronm
expression (3.27) for reaction force we have

. hJ T
Im2t [ Odt4F,[p.dt—F.ps (3.30)
¢ ]
For the augend of the right side we obtailn

$
a/T aa-!
Al g

For the addend we have

‘. .
_’.(’-a- a‘-!’u‘”-
. .

The last expression during calculation of dependence (3.6) for
flow rate per second takes the form

F, ﬁ; ¢ ’ ij"‘ l
. y) A LS

: ‘
F.[r.
(1
FPinally we obtain

l--'i&--l- o2 Vi, — poFar.

In the last expression the first two components depend neither
on the form of curve P(t) nor on the duration of work of the engine.
On the last factor depends only the last member, composing a small
part of the value of reaction force.

A unit pulse of reaction force I is the total pulse related to .
one kilogram of weight of fuel:
L O
g = 4 VT, —pFu. (3.31)
Considering that 20w Aaty
O b g Vﬁ’
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and disregarding any change or Py in the last member, we will obtain
— (o]
L=+ VI - LSV, (3.32)

The unit pulse 1s the most important power perameter chgracterizing
effectiveness of a fuel during its use in the examined engine. In
those cases when engines with a long time of burning of fuel are
examined, il s frequently necz2ssary to consider not only a change of
pressure, but also a change of thermcdynamic parameters of gases 1in
the chamber, including temperature, adliabatic index, and force cf
fuel.

In these conditions instead of unit pulse 1t 1s more convenient
to use the *dea "specific thrust,” defined as the ratio of thrust to
flow rate p=r second:

Pu=tg=2t+ 2 (p—p) (3.33)

It is simple to see that
VY,
Pty 2t 4 022 (r, — £2), (3.34)

however, 1t is necessary to consider that the unit pulse characterlzes
average effectiveness of fuel during the time of work of the engine,
but specific thrust can be referred to a defined instant of work of
the engine.

In view of the fact that the augend in expression (3.33) 1is the
decisive one, 1t turns out to be convenient te take intc consideration
effective exit velocity,{determined from expresslon

0= Vst £ Folpa— po) = 0o g0 L (2, 22). (3.35)

Moreover the expression for reactlon forc2 takes the form

P-—g—v‘, (3.36)
and for a unit pulse
¢ ¥,
- L 3
Syt (3.37)

For the example examined abcuve we hsnve:

v, =2050, G==145 F, =706 p,=47. p,=1.
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Moreover .
FFap—p) = 355 706(47 — D) = 175;
0, = 2050 + 176 = 2226;
- =2 .

Effective exit velocity in the examined case exceeds speed Vi in
the outlet by 8.5%.

§ 3.5. Dependence of Unit Pulse on Form of
Rozzle and Pressure
in Engine Chamber
A

The simplest type of nozzle used in rocket technology consists
of a conlcally narrowing part with a half-ccone angle within limits
of 30-45° and an expanded part with the half angle close to 15°. ‘.
narrowlng and divergent sections of the nozzle are connected by a
toroldal annular unit whose radius of curvature 1s selected withir ti.
limits of 2-3 radil of the critical section.

Fig. 3.5. Optimum shaped
nozzle: —=—=-=-- conlcal
nozzle; ——— shaped

d
nozzle ai— = 4.4,
D

In certailn cases shapirig 15 used which ensures a decrease of
losses in the nozzle and an increase of unit pulse. In PFig. 3.5
there 1is shown a shaped nozzle which ensures augmentatlion of thrust
by 2% as compared to a ccnical nozzle [1]. By technological
considerations it is more convenient to use conical nozzles. The

d
basic characteristic of a nozzle 13 valwe § = 32_' The larger ¢, the

K
bigger the pressure arsp and growth of speed in %he nozzle.

Let us consider the dependence of reactlion force on the expansior
ratio of gases in the nozzle, considering as variables the pressure in
the chamber of the engine and the area of the c¢ritical section.

Remaining constant 18 the flow rate per second of gases.
Differentiating the expression for reaction force

P-—a—:'--l-f'-.(P,—P.)

with respect to Pys WE cbtain

4F,
"‘i ‘0-”‘!1“:‘FQ+(P¢_‘P1)""—:'-

" € . (3.38)




From equation pvdv = -dp we have

v, 1

apy = v’

Considering that G = gpavaFa, we cbtaln

gﬂl-—f.‘

£ 4r,

and expression (3.38) takes the form

p N\
. arF,
15;"=(F%-Adj;f-)

dFa
Since T ¥ 0, since with a change of area of cross section the

&
pressure does not remaln constant, then equating %%— to zero, we will
a

obtain condition
Pa™= Py

We will estimate the sign of the second derivatlve

£HP OF, dr,
TEE";K—U%'-PJ-Fggf-

Setting P, * pH, we obtain

on _ ar,
?; 4y <°|

(

which corresponds to the condition ¢f a maximum of the function Thus ,
the maximum thrust, and consequently also unit pulse, corresponds to
that expansion of the nozzle with which pressure in the outlet sectlion
wlll equal external atmospheric pressure.

We wlll examine which nozzle fits this condition. Considering
that

Pa=Pa= Po¥m

0

= K 1 . k
and taking Py = 1 ;ig, we obtaln T, = o For value Py 120 ;ﬁ§
we obtain ", = 0.00835 and by Table 3.3 we find
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Fig, 3.6. Dependence of
thrust on relatlive expansion
of nozzle.

For value Py ® 60 555 we obtaln accurdingly ¢ = 2.7.

cm
4 Py, 1
Flgure 3.6 gives curves of dependence P(g) for values =iy
1 by 13
curve 1, and 15y — curve 2.

d
Optimum value ¢ = da

p
depends on ratio Eﬂ-and is determined by

Kp 0
Table 3.6.
Table 3.6.
Conr 26 23 l 20 I s | " “ 50
lhl 0,03 | 0,001 | 0,003 | 0,008 | 0006 | 0,004 | 0,003

From Fig. 3.6 it is clear that the maximum of function P(y) 1is
not sharp. Furthermore, calculation cf losses in the nczzle shifts
the cptimum in the directlon of short nozzles, which 1s terms of
welght. Therefore for the engine of first stages of rcckets value
§ do not emerge from the 1limits 2-2.5.) For the engine of second ana
third stages values 7 lncrease, which willl agree with data of
Table 3.6. Thus, for example, for the engine of the third stage of
the "Minuteman" rocket da = 375 mm; dxp = 88 mm, which corresponds
to ¢ = 4,7,

With an increase of the angle of the conical noczzle losses of
thrust are increased, induced by deflection of speeds of gas streams
from an axlal direction. From expression (3.29) it is czlear that
when the value of the half cone angle of a nozzle is a = 15°, loss ¢f
thrust will be 1.7%. At the same time a decrease of the angle of

d
the cone at a constant ratlo g = aé— leads to lengthening, and
K
consequently also to loading of thepnozzle. Within limits of values
a = 10-25° the unit pulse weakly depends on angle a. Selection of
the form of the nozzle is produced still taking into account
technological factors.

Dependence of a unlt pulse on pressure in the chamber is seen

i




from expression (3.32):

vy, Vi7,
Il-'!:""c' A"a—p A’.l'.!.

During pressure in the chamber 100 555 and more, when dissoclation
cn

of products of full combustion of the fuel is small, it is possible

to take thermodynamic parameters of the gas 1in the chamber as not
depending on pressure. Under these conditions the first two members
of the right side of formula (3.32) do not depend on pressure in the
chamber. The dependence of a unit pulse on pressure in the chamber,
determined by the last member, for values: xrp = 90,000 m; k = 1,25;

= 2. n =1 K
;= 2 p}i- 1 —55 1s shown in Table 3.7.

cm
Table 3.7. )
»” 'n nlmm'w'i&lmlm
1
LYAIIAT™ |-1.7 —o,ml 0 +o.«|+0.7ol+0.97‘+l.15| +1,28

3\

f k
During pressure in the chamber of Pg = 100 —5? we have
em

T 1
’l‘%‘f‘*""f—%@”ﬂ”‘—"l{m—'w‘

- 209 4 229 — 58 = 226,1 (£

In Table 3.7 are given values of change &I,, unit pulse in %,

k
with respect to value Il’ corresponding to p, = 100 257.

From Table 3.7 1s seen the small sensitivity of unit pulse to
pressure in the chamber in the range of pressures close to Py = 555.
cm
It is necessary, however, to note that with an increase of caloricity

of the fuel temperature of gases in the chamber 1s increased.
Besides, dissoclation of products of full combusticn CO2 and H2O,

which leads to lowering of the unit pulse. With a lowering of pressure
the degree of dissoclation Increases. Therefore, sensitivity of & urit
pulse to a change of pressure in the chamber increases with an increase
of caloricity of the fuel and with a decrease of pressure.

The dependence of a unit pulse of powders on different factors
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is investigated in detall in work t3]. in this worit LU ig chonn
that the dependence of unit pulse on caloriclity of a powder Lo
determined by an expression of the form i, = ag® 3.

1

§ 3.6. Outflow of Gas Containin® Solia Particles

During burncut of certain solid fuels ther« 1is liberated a
considerable quantity of sclld particles removed by the gas flow.
In those cases when dimensions of tuese particies are sufficlently
small, it 1s possible tco allow that temperature and speed of =clid
particles remaln equal in conformity witii temperatudre and speed of
gases in the flow. The assumptlicn about ¢juallty of speed and
temperature in a mixed flow ls Justified approximately when diameters

T M ek AT D Bt S0 LSO DRH b 0 AT iR

of particles are less than 1073-107Y cn. Furthermore, iv 1¢ possible
to disregard specific vclume of solld partlicles as compared tn
specific volume of gases, since the density of soild particies
considerably exceeds the density of gasc¢: and, moreoveir, the welght
part of solid particles 1s uwuaily smali.

Under the shown assumptions the influence of solid particles on
characteristics of flow will be expressed only in change of heat
capaclties cp, Cy? adiabatic index x and gas constant R of a mixed

flow.

: These parameters can he determined from the expressions [1]:

G=(1—0)¢,+w (3.39)
(1 —0) 3+ o5, (2.10)
b,
fam = AR =A(1 (9R. i

il

k, R — parameters of mixed flow; ¢ — welght part of

where Ep, Ev’
solid particles; ¢ — specific heat of solid particles.

The precess of expanslon of a mixture of gases and solid particiles
can under shown condltions be ccnsidered adiabatlc.

Proceeding from the equaticn of energy

i
i
3

- %W -
A-%-{-c,TaAT:— +¢,7,
and the adlabatic equation
]
L-( T )I—l




and taking vy ® 0, we obtain

o - (a7

Replacing
ﬁr.a(l—t)RT.ﬂ(l"“‘)f}-
we obtaln
-1
e
or

v,=V1—1f,(c BVI],

where functlon fv is determined from Table 3.5 for output quantities

k and ¢ = I \
Kp
Analogously we obtain for flow rate per second

’
ZF.,p.

I=y=va:
where L . —=-'

2 \imi )/ b
ZA(I)==(‘-+l) ’ k41’
Value A can be determined from Table 3.1 from input value K.

For reaction force we obtain

P=-;1-0,+F,(p¢-—p,).

where G and v, are determined by formulas (3.41) and (3.42), and

value P, = "4Pg is determined with the use of Table 3.3.

Specific thrust 1s determined from expression

him % + '%‘ Pa— )
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Example: To determine naram:2rs of flow for the accve-exouined
conditicns: dxp = 15 em; ¢ = 25 k = 1.09; p, = 120 e

3
<
cm

90,00 m. For these conditions in the absence of s5o¢lld rarticles we

m. . _ Kg o o o f e RS
cbtalned v, = 2050 -3 G = 14.5 gh, io= 3290 kg &) o= 220 e

=

Let us now consider the case wphen at the same composition and
temperature of gases the flow contains 10% solid partlicles (e = 0.1).

Let wus take additionally R = 36 {;‘6; heat capacity of sclid particles

c = 0.3% l}:_gc"%f Here we will obtain

= FET = e = 0
¢y = key = 1,25.0,337 = 0,421

By formulas (3.39), (3.40) we obtain )

A}

Fo U=0G+ 09.042 40103
U=ty 16 03037 701.035° "™

We determine exlt velocity Vao Preiiminarily by Table 3.9 we fina:

.-

re(E2) = £,01.225: 2) = 6,89,
va= VT=ty DV s = V05660300 = 1035 ~*

We calculate flow rate per second; preliminarily by value x = 1,272¢
we determine by Table 2.1, A = 2.04Y, whence

-~

AF, 5-1765-1°
Ge apls 20451765120 _ (o0

Vi=Vi, ~ VsV wio E

n

We determine pressure in the outlet section. FPreliminarily by

value k = 1.225 we find bty Table 3.3, T, = 5.u11, whence

Po = pie = 1200411 = 492 & -

We calculate reactlion force

1
Pu -g—v. +Falpa—p0) = *g%f— 1955 + 70,5 (4,92 = 1) = 3307 ..

We calculate unit pulse

P 307 }eal
h= 23 '='~—-.5'2 = 218 e .
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We compare parameters of flow in the presence and absence of solid
particies in the flow.

s I ] Pq ' 14 4
B Eo L I N 2050 14,5 | 4.7 3290 mn
Plo. o 1 s ei)
e=0 ... L L., 1955 15,2 4,9 3307 z18
AT e IS o o s o s o o] —4.6 +4.7 +2 +92.9 —4,0

From the glven calculation 1t is clear that whene = 0.1 the
specific thrust decreases 4%. At the same time introduction of
metallic additions in the fuel 1In the form of powder of aluminum or
beron increases effectiveness of the fuel cn account of an increase
of 1ts temperature of combustion and specific gravity. The question
of the expedlency of use of such fuels 1s decided by taking into

account all the shown factors.
Furthermore, it 15 posslble to nearly take exlt velocity and
specific thrust by varying proportionally Yi—=+, and flow rate per

second — inversely proportionally ¥T1—:«. FReaction force remains
practlically constant.

§ 3.7. Calculatlion of Parameters of Outflow of Gases
with the Ald of Tables of Gas
Dynamic Functions

In the expressicn for speed of pas

=V anfi-aT),

considering that speed in the c¢ritical section

Opp w1y, == T;i‘rRToo (3.43)
and introducing designation

a2,
ey,
we obtain

a-1
’T] k41
Ve=ll—=" 5T

whence

heror=[i- 37T

(3.44)
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For temperature and density we ot uln accordingly:

]

.77:=g(x)=1..ﬁ-:.x! (3.4y

-
~—

1
L) =[1-2=1 0] (5.45)
L=e(t) [l — 1] ) (5h)

The biggest value r = A correspcnds te infinite expancion of
the stream intc a vacuumn.

Besldes
1.,

au)— - + 1 o,

whence

Thus, the coefficient of speea i is changed from » = 0 to i
and 1s equal to one in the critical secticn.

When k = 1.25 Xmax = 3.

Functions #(a), t(r), and <{1) monotcnocusly decrease from one to

zero during a change of ) from zero to xwax'
1

Expression (3.7) by substitution ol’valuc n(x) from expression
(3.44) can easlly be reduced to the form

q(l)n (l-Ol\l 'X(l %Elx,)!‘l (2,4%)
We will examlne the expression for reaction force
Pu--—+F-(P. Pa). (3.49)
Throwing out index a, we cbtain .
=%+”-hﬁ (3.950) .

the
Fur r, @_‘P,.-‘,_ﬂ_#:-a: \
[ B

Using value a;p from expression (3.43), ve obtain

. P

hngu :
a+: w = se
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or finally

R
= (= (3.51)

Let us further consider expression

&
PF=Faz () =Fp[1— 57 0] (3.52)

Putting expression (3.51) and (3.52) in formula (3.50), we will
obtain after conversions

)
P=Fp (140 [1- 3510 —fp, (3.53)

Introducing into consideration funiction f{)), determined from
expression

1
JO=0+ 01— T = e,

and the coefficient of the nozzle OC’ we obtain the expression for

reaction force

Pso,FpJ(l)"—FFm (3.54)

where F and ) correspond to the outlet section.

Cbtailned functions:

&—1
t)=1—377

4 '

@) =0T =E;

T.
B £

1
'(l)nlr(m‘:‘=_:'_;
k41 =] .;,v s Fo
¢(1)=(T) 1\[1_‘!+I ] 3
1
I(l)=(l+xr)[;_%l,]m=,%.:&

are tabulated for different values k [4].

The order of calcdlation of parameters of flow with the aid of
gas dynamic functions is as follows.
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1. PFrom thermodynamic calculatle. of power characterist’ s of
gases in the chamber we determine valw. s TO, fgs Pgo k, K, rp.

2. We determine the critical speecd of sound from expression

e

-u-P/;§§593 .

3. For the examined section, in pasyicu.ur for the outlet
section, we calculate for glven x

oo

and by the table of function q{(}) by reverse interpolatlion we find *.
4. We calculate
o= M:r
On tables we find functions (), el(ai, =(2), ().
6. We calculate directly
TaTg(A);, p=pt(}), P=p=(}).

7. We calculate thrust of the engine from expression

P=aFpS() —>€p,

8. We calculate flow rate per second from expression
= YA w0,
vy, '

' Vi
where A"(F%TJFJ #+17 18 determined on Table 3.1.

9. We calculate specific thrust from expression

P
P’lml!m-a—_
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CHAPTER IV

BASIC PROBLEM OF INTERNAL BALLISTICS OF RDTT

§ 4.1. Speed of Burning of Solid Rocket
Fuels

’

‘ By burning rate of a solid rocket propellant we uncderstand speed

; of displacement of the surface of burning in the length of the charre.

i Inasmuch as rocket fuels burn by parallel layers, the direction of
the burning rate always colncides with the normal to the surface of

; burning. The precduct of burning rate and fuel density is the mass :

| burning rate m, equal to the mass of gas forming per unit time from i

‘ a unit area of the burning surface. Characteristic values of

[ burning rates for different fuels are given 1in the tables of Chapter
I.

| \

Burning rates of contemporary rocket fuels under [RDTT]) {(PLTT)
osclllate withir limits from 1 to 50 mm/s [1]. High speeds of
burning sre desirable for charges in ungulded rocket missiles and
boosters, and also for sustalner charges burning from the end surface.
! Small burning rates are necessary to ensure long work time of H
i sustainers with charges which burn Trom within, in a radial direction.

The burning rate of a fuel is cdetermined by its physical-chemical !
characterlstics, pressure in the rocket chamber p, initial temperature
Ty and speed v of the gas flow moving along the surface of burning.

Mathematically this dependence can be expressed so:
u=f(pyn(T.)e()

where functiona f(p), n(T,) =nd ¢(v) ere usually considered .
independent of one another. 1

They are determined by composition of the fuel and peculiariticc
of the technolagical pirozess of 1ts manufacture. For nitroglycerine
ballistite fuels value u in-~reases in proportion to the content of
nitroglycerine. Of known 3afluernce are conditions of pressing [2].
For composgite fuels u deprends on the type of oxidizer and the degree

of granulation of the oxidizer, ard aiso on the presence of catalysts
in the fuel.
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As data of Table 1.3 show, of the most widee~spread oxidizers the
maximum burning rate is ensured by potassium perchlorate and the
minimum rate by ammonium nitrate, which is used for manufacture of
slowly burning compositions.

Let us consider the dependence of burning rate on pressure,
which 1in general form 1s written

a = f(p)

For ballistite fuels in & range of low pressures (to 20-80
kg/cm2) the relationship between burning rate and pressure 13
expressed by formula S

l-ndf. (h.l)

which in internal ballistics called the exponential law of burning.
With growth of pressure exponential dependence becomes linear:

or “=A+8’u

m=a(l+5) (4.2)

The linear law of burning holds true for pressures from 40 to 200-300

kg/cm2. In the interval of pressures from 30 kg/cm2 to 150 kg/c:m2

during determination of burning rate with approximately identical
accuracy it is possible to use elither the exponentisl or the linear
dependence. At high pressures 1in the binomlial of the linear law it
is possible to disregard value A, wiich transforms it into the
mcnomial dependence utilized in internal ballistics of artillery
armament:

a8=4a./p. (’4.3)

The dependernce of burning rate of composite fuels on pressure
usually 1s express=d by formulas of the same form as for ballistite
fuels. Taken for separate intervals of pressure, they sufficlently
exactly approximate the experimental curve. The universal expression
of the law of burning for composits fuels will be examined below,.

The value of exponent v for contemporary rocket fuels changes
within limits of 0.1-0.85. Higher values v are characteristic for
ballistite fuels (see Table 1,1), For composite fuels, the burning
rate to a smaller degree dependa on pressure.

1

It is necessary to indicate orie of the probable deviations from
the general dependence, the so-called "plateau” effect, observed
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during burning of ballistite fuels with addlticns o differao:
compounds of lead [4]. For such fuel: the burnin- »itc¢ in a .ertaln
range of pressures does not depend on rressure {v + 0).

L.et us consider the equation of heat balance f{cr the surface of
burning of a solid fuel

me (T, —T.) = ¢ + mQ, (i

In the right part of equallty stands the sum of quantities of

heat supplled from the gas phase by means of ccnvecticn Gy and

liberated as a result of reactlions in the solid phase from a1 unit
surface area of burning per unit time. The left part of the
equality represents the change of heat content of the mass of sclid
fuel, equal to m, during heatinz from in%tial temperature TF to
surface temperature TS. Here cr - specific heat of the solii fuel.
The equation 1s based on the assumption that transmission c¢f heat of
the charge surface by radiatlon of the flame can be disregarded.
Hence

" e

me= —e— 9 ___

wil, —T)—Q, (u.s)

We will first examine the solutlon for a ballistite tuel.

During heating of a ballistlte fuel thermal decomposlition of its
components occurs with formatlion of a gas mixture whi2ihi contalns
combustible substances (formaldehyde and other complex orgar.ic
compounds, oxlde of carbon, hydrogen), oxidlzers (mainly KO.,) and

inert products.

The surface of burning adjoins a so-called zone of gasification,
in which on account of restoration »>f N02 to NO oxidlzing processes

flow. These processes are accompanied by a great liberation of heat
(nearly half the caloricity of the fuel) and growth of temperature ¢f
gases {up to 1100-1400°K).

After expenditure of reserve NO2 formed during gasification

of the fuel, oxidizing processes stop. In addition, there 1s not
further temperature rise which in the 1limits of a ~ertain regicn 1=
preserved constant and equal to Tl' This reglon 1s called the

preparatory or preardent zone. The subsequent stages of chemical
activity 1s connected with accumulation 1n the gas mixture of active
centers, which occurs all over the preparatcry zone and leads to Lhe
appearance of & luminescent flame. 1In the zone of the luminescerit
flame burrning of CO and H2 occurs on account of regtoraticn of ND to

N2. Here, temperature increases to a level corresponding to formaticn
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of an equilibrium mixture of combustion products, i1.e., to Top'

At low pressures the width of the preparatory zone between zones
of gasification and luminescent flame 18 measured in hundreds of
micron. This excludes the influence of the luminescent flame on
processes arising on the surface of the fuel.

Supply of heat to the surface of charge will be entirely
determined by thermal conduction of the zone of gasification. The
real profile of temperatures in the 2zone of gasification will be
replaced by a linear characteristic coinciding with the tangent to

the profile at point S (Fig. 4.1).

Sclid phase Lone of
{resction 49 osifion~ k.p:n:“n
lackin ) tion T
1 4l
. \ /—
] ®
E n
e ——
g‘ Magp tumirg ¥
- rite
s
& g
s
& X
Tn

Distance frem surface of burning
Filg. 4.1. Dilagram of burning
of ballistite fuel

Then during steady state thermal conduction
7,-T
'c‘“k'—jg—i'

where Ap = coefficient of thermal conduction of gases; Xl -
gasification zone width,

Putting value g, in equation (4.5), we obtain

. I,~T
“-l"'(r‘_r'_j%)x" (4.6)

The mass rate of decomposltion of the solid phase 18 determined
by the surface temperature TS

£
- ~ s
My priemhge 0,
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Pp — density of fuel; u -- burning rate; k_ - chenlcal constant;
E - energy of activation; R — gas constant.

As analysis of an exact solution of this problem shows, during
a change of pressure over a wlde range, value Ts changes little,

Thus, according to V. N. Vilyunov [5], for one of the fuels during

a change of pressure from 10 to 70 kg/cm2 the burning rate increaces
3.5 times, whereas Ty 1s changed from B0OB to 924°K, i.e., 1U%. Su-i

a high sensitivity of the speea of gas formation to a change of
surface temperature is explained by location of the operating poilnt
of the process on the steep section of the S-shaped curve of the
examined dependence. Practlically, speed of gas formatlon 15 limited
not by kinetics of chemical reactions, but’ by supply of heat to the
surface of burning. This makes it possible, in the equation of heat

m

balance for an approximate solution, to consider temperature T

constant, taking its mean value for the pertinent range of pressures.
After that, in expression (4.6) all values, with the exception of Xy

can be considered physical-chemical fuel constants. Designating
their complex by F(T), we obtain

- F
.—-7(—?-. (ll.?)

For the zone of gasification oxidizing processess flowing on
account of restoration of NO2 to NO are characteristic, As a resuilt

of reactions in the zone of gasiflication a gas mixture containing
combustible component CC and H2 and large quantities of nitrogen

oxide will be formed.

Gasification zone width can be defined as

Xy=or, £4.8)
\

where v = %b — speed of motion of gases formed normal to the surface

of burning; pp — denclty of gases; 1 — time of completion of chemical
reaction which 1s decisive for the zone of gasification.

'—'——-——‘.-“’ i
. (dc‘) ' (4.9)
# 7oy

where cAl and cAs -~ concentrations of substance A forming in the

course of the reaction from substance D on borders of zone 5 - 1;
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(ch _ average chemical reaction rate.
P

According to laws of chemical kinetics the speed of the
reaction of first order, in an elementary act of which one molecule
participates, 18 equal to

‘%-K,c,c_". (4.10)

The speed of the reaction of second order, an zlementary act of

which requires an encounter of two molecules of substance D, 18 equal
to

de,

&
5 =Kele V. (4.11)

Here Kl and K2 — chemical constants.

Concentrations of reactants can be expressed as the product of

relative concentration n and density of gaces. Then for the reactinn
of first order:

dcy an, ";? ";’
< =Per =K, npp.e =K1 —n)pe H (4.12)
) B4 as (4
- I -13)
[Kl(‘—"‘)‘ kil »

Inasmuch as in all cases, independently of pressure, value n
changes within 1limits n, and P and temperature T within limits
S 1
TS' and Tl’ time v does not depend on pressure, 1.e., t(n, T) =
= const. Besides,

x.--:'%z(n,n (4.14)

Putting expression (4.14) in expression (4.7), we obtain

. F(D 4,1%
..-T(:._Ti"' ( 5)
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Inasmuch as ™ %F in the case wnon (o1 the zZoue of
gasificatlon the reaction of first or:ior is decisive, we obitain

ll'-l==0,(7', h)po's, (4.16)

where@lﬁTH n) - complex determined by physical chemical propellant

properties.
For a reactlon of second order ¢
4 [ 4
‘CA dn‘ - ®F ~ B u N
a =t =Knele =K (1—nyge *T, (4275
whence
Ra, —Mag B Ay . ‘
= T =T i v (4.1%)
- RT -
(x.nff ‘"),,vr {Km—m*« L
"
X='—e-1(". ). (4.19)

Putting expression (%4.19) in expression (4.7) and solvineg
consecutively with respect to m and X, we obtain:

m =0, (T, ) (u,20)
mO(T, n)
X [ (.21,

Thus, 1n both cases an Increase of pressure leads to reductlon of

the gasification zone width, and this 1in turn leads to an increase

of heat supplied to the surface of burning from the gas phase. In
view of the complexity of chemical processes flowing in the zone of
gasification, 1t is very difficult to separate the decisive reaction.
The order of the determinling reacticn is set by the relationshio of
rates of flowing reactions of different orders, which in general lead=s
to dependence

ai-O(T, n)p".

Initial equation (4.6) can be used for determination of the
burning rate of a composite fuel. During heating of surface layers
of a composite fuel thermal decomposition of the mineral oxidizer
and binding substance occurs. The zone adjacent to the surfuce 1s
filled by the flow of products of disintegration of fuel and
oxidizer directed from the surface. Durlng mixing of gaseous
components processes of burning start. These processes are completed
at a distance from the surface xl = 50-100 um [17]. The zonre in
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which processes of mixing and burning occur 1s called the zone of
granular diffusion burning. Within limits of the zone of burning,
the temperature of gases contlnuously increases. Beyond its limits
there 1s a constant temperature equal to TO’ Let us introduce

SO

<

average effective temperature of the surface of burning Ts. Then v
according to the diagram (Fig. 4.2)

T.—T, )
) cr(fg-—- T i:f)xs

”—) (4.22)

- During burning of a composite fuel two limiting cases are
possible. At very low pressure the speed of process will be
determined by speed of the burn reaction in the gas phase (kinetic)
burning). At high precsures, when speed of chemical reactions 1is
great, speed of the process will be determined by mixing of gaseous
components, which corresponds to diffusion burning.

Soltd dﬂnula:-Hat &nseous prod-
PRASS ot ruston]uats (1o 1:bare-
(e reastion) flame |tion of heat Tp
. K/”’ﬁi
; 3
L
A a
———
Mus bdurning
rate
-
f—
X
& T

Dlﬂv‘o from surface of burning

Fig. 4.2) Diagran of burning
of composite fuel.

For the first case, derivation of the dependence coincides with
the derivaticn for a ballistite fuel. Irnasmuch as during burning of
a compcsite fuel bimolecular reactions in the gas phase predominate,
for this case formulas (4.19) and (4.20) hold true.

Let us consider the second case (diftusion burning). During

decomposition of particles of oxidizer in the gas phase there will
be an accumulation of decomposition products of dimension

d=) o, (4.23)

where M. — Mmass of oxidizer particle.

The time of existence of such an accumulation can be considered
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proportional to the arez and cross sectlion of the particle and
inversely proportional to coefflcient of diffusion D, which
characterizes intensity of molecular diffusion of the two gaseous
c¢cmponents

.
o

T ~

1f one disregards chemical reaction time and considers that the
burning rate 13 determined only by time for mixing of components,
distance xl will be defined as

T|n.

Xo= 52, (4,28

Substituting value d from expressior (4.23), we cbtain
= (U.25)

Putting e: ression (4.25) in expression (4.22) and solving the
equition with respect to de, we obtain

S A

i ©.26)
-lel:' 'I. 7 - »".
» 124 ( T ‘,)

Inasmuch as

then

"Dtk (4.27)

Putting expression (4.27) in expression (4.22), we obtain

(To=T5) P (4.28)

n-l Q‘ ’
c'(’:—f.—?;)’blﬂ"'.’:

T

or

< (.29

~ -
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In general, in a wide range of pressures, and also during partial
mixing of components on the surface of burning, the burning rate of
a composite fuel represents the total effect of diffusion and kinetic
burning. Thickness of the zone of burning here can be expreassed as

Xy 2, X,y + 2, X1 (4.30)

where Zl and 22 — coefficlients expressing the share of participation
of each of the forms of burning.

Substituting values Xlx and xlD from expression (4.21) and
(4.27), we obtain

5ty
X|-z‘&%.)+z’!g(’_’?’,'.—“. (5-31)

Placing expression (U.3l{ in (4.22) and solving with respect to
burning rate, we obtain

" (7 AN
- - py - _____________)_f_) {Zl A'L’—n)-’- z, vo’-.—.—”l“'J'

or in general form

] )
=t (4.32)

and coefficient b — parameter of diffusion time. For an assigned
composaition of fuel with a rise of burning temperature (increase of
ccntent of oxidizer), coefficlent a decreases. The value of
coefficient b descends with a decrease of dimensions of particles.
In Table 4.1 are given experimental values of these coefficients for
fuel based on ammonium perchliorate and rubber P-13 [6].

As separate experiments show (6], Tormula (4.33) deacribes well
the dependence of burning rate on pressure 1in the range from 1 to

100 kg/cmz, when exponrential and linear laws coincide with the

Hence

8= — -
a4 bp'he (4.33)

Here coefficient a plays the role of a perameter of reaction time, :
experimental curve only on separate sections.
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Table 4.1
Cortemt of oxidizer, § l 4] ' b ' ] . «
Average dimenston of 120 6 | w0 16
idai -
oxidizer particles M 9.9 10,8 4.3 6,6
’ ‘ 6.5 32 45 2'7

At values a and b shown in the table burning rate by formula
(4.33) 1s expressed in cm/s 1if pressure is expressed 1in Kke/em®

Subsequently, during solution of provulems of internal ballistlcs
we will use the MKS system.

Besides, value a shown 1n Table 4.1 must be multipiled by 106,
and value b — by 2.16 = 10°.

§ 4.2. Influence of Speed of Gas Flow On
Speed of Burning of Fuel

When the gas flows over the surface of the charge at hich speed
the burning rate of the fuel 1is increased. This phenomenon 1is
observed during burning of long charges in an engine with a small
area of passage for gases. The effect ¢f 1increased burning rate of
the charge at high speeds of flow of gases is in literature
frequently called erosion burning. Such a term 1s unfortunate,
inasmuch as the influence of the gas flow on intensity of
gasification of the solid fuel has mainly a thermal character.
Experimental determination of the increase of burning rate was
conducted in two directions. The first of them 15 connected with
burning of small flat samples (tablets) of fuels which are introduced
on a special mandrel into a gas flow with known gas-dynamic
parameters [7]. The second direction is based on burning of charges
in a model engine with interruption of burnins.

By producing measurements cof fuel éharges quenched a%< different
instants, 1t is possible to establish how burning rate of a fuel
changes with a change of chamber cross sections. In turn, the value
of cross sections of the chamber jclntly with pressure recorded on ar
oscillogram determines speed of gas flow in different sections cver
the length of the charge and 1in different instants. Measuremernts of
quenched charges show that burning rate of a fuel 1ncreases over the
length of the charge in the direction toward the rozzle, i.e., fuel
charges burn nonuniformly over the length.

In Pig. 4.3 are given results of experiments in an engine with
interruption of burning for a series of balllstite and comrosite

<4

fuels at p = 67 kg/cm2 [8]. Along the ordinates 1s the ratio of
burning rate ci a fuel at the examined szced of gas flow %o speed of
burning in the absence of flow:
P B
e
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@ 2 Fig. U4.3. Dependence of burning
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Along the absclissas are average values of dimensionless speed of gas
flcw over the length of a model chamber. Here curves 1 and 8 —
compesite fuels u - 0.24 and 2.18 cm/s, curves 2-7 — ballistite fuels
u = 0.81; ¢.86; 1.17; 1.20; 1.23; 1.29 accordingly. From the graph
it tollows that an increase of burning rate is observed starting

with a certain threshcold flow race *up' For speeds A>1, burning rate

is changed linearly in the first approximation, which permits the
experimental dependenge to be presented in the form

s=l4k (A—1,), (4.34)

or

o= 14k, (v—1,) (4.35)

According to socurce material [8], [9] the value of coefficients
kv and kx’ called coefficients of erosion, 1s changed in inverse

proporticn to the burning rate of the fuel in a calm medlum. The
value of these coefficlents 1is larger tor fuels with a low combustion
temperature and small for fuels with 2 high flame temperaturc.
Separate data obtained at different yressures indicate the fact that
value k, descends with an increase of pressure in the englne.

According to available data value kv for all practical purooses does
not depend on initial temperature of the charge.

For ballistite fuel of type JPN vnp
the range v = 200-400 m/s can be accepted equal Lo 0.0022 s/m [9].

= 180 m/s, and value k, in
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For the majority of composite fuels, characterized as compared
to ballistite by higher flame tenperatures and burning rates, the
erosion effert appears conslderably weaker,

Inasmuch as flow rate auring assigned ratio z& is simply
daetermined by the parameter of Prof. Yu. A. Pobedonostsev l==£%.
ratic ¢ can be expressed in a function of tnis parameter. For
determination of ¢ = ¢(x) for ballistite fuels with calorivity Qg =

» B00~900 kcal/kg, Ya. M. Shapirc offered dependence
¢ (x) =1+ 32-10- (x — 1b0). (4.36)

This formula is accurate when *> 100. At smaller values «x one
should take ¢(x) = 1. Knowr are empirical formulas which allow one
to determine value ¢ for any section of the charge depending on the
value of local velocity v.

Possibilities of contemporary computing technology allow
development of such methods of calculation o7 intrachamber processes
in RDTT which permit considering a spacial change of separate
parameters. In this case the dependences for determlnation of a
local change of burning rate obtain practical interwst.

In general, during determination c¢f ballistic parauneters
averaged over the chamber it is necessary tc use devendences of type
(4.35) and (U4.36), expressing the 1ntegral effect of a change of
burning rate over the length of the charge.

Let us conslder causes of erosion burning.

The above =tated burn scheme of a solid fuel 1s preserved even
for conditions ot flow around the surface of a charge by a gas flow
until boundary zone: - 2one of gasification (ballistite fuel) and
zone of granular diffusion burning (coNposite fuel) — are beyund the
borders of the turbulent flow nucleus. Here distributicn of
temperature near the surface of the charge remains constart, and
consequertly, heat flow directed toward the surface of burnlng does
not change. At a certaln value of increased flow rate, borders of
turbulent flow will shift to the depth of the shown zones. Turbulent
heat transfer of reacting components is characterized by a higher
intensity as compared to warm mass transfer, whlch 1s carried out
in boundary zones by means of molecular diffusion and thermal
conduction of gases. Therefore in the first approximation it 1is
possible to consider that on the border of turbulent flow all
processes of chemical interaction and mixlngs peculliar to boundary
zonzs will be completed. Moreover, in the case of balllstite fuel,
the border of turbulent flow should be at the temperature of the
preparatory zone Tl’ in case of a composite fuel — temperature of
the flame TO'

Thus, the influence of gas flow on burning rate of a fuel
appears as a reduction of the depth of zone Xl’ whnich at an assigned
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difference of temperatures Tl - Ts (oallistite fuel) or TO - Ts

(composite fuel) determines the value of the temperature gradient at
the surface of the charge, and consequently also value of heat flow
fed to the fuel.

Erosion conditions take place in an engine with high values of
the parameter of loading x on the initlal stage of burning of the
charge as long as the cross sections of the chamber are small.
According to burning out of a charge a fast deceleration of the gas
flow occurs and the erosion effec¢t vanishes. The diagram of pressure
ir. these cases carries a degressive character. Design pressure is
determined by the helght of soaring accompanying erosion burning,
as a result of which engines are obtalned heavy. In avoldance of
this it 1s necessary to 1limit speed of the gas flow in the chamber,
not allowing & considerable excess threshold value of speed. For
a charge with constant area, all over its length, of frec passage,
lowering the speed of gas flow in the section turned toward the
nozzle is inevitably connected with a decrease of density of loading
of the engine. The optifium solution consists in creation of s
charge with a free section increased in the direction of the nozzle.
One of the variant solutions 1s a stepped charge, consisting of
several charges with identical thiciineas I burning arch over the
length of the chamber, but with areas of free passage, steps,
in<creasing in the directiorn toward the nozzle. During manufacture of
charges made from composite fuels 1t 1is possible to form a channel
with continuous growth of sectlion from nose cone to nozzle with the
ald of a punch of special form.

§ 4.3, Basic Equations of Internal Ballistlecs of
RDTT

We will start with the general dependence for the burning
surface of a fuel

S=5g(%),

where ¢ — relative amount of burning fuel; o — function depending con
form of solid fuel charge,

The burning rate Bf solid fuel at its normal temperature we
determine from expression

a=f(p)e(x)

where for a monomial exponential law rim=ur. for a linear law

f(p)=A+BP and for the unlversal law of burning /(p)=—:’:7,
e p

Function ¢(x), characterizing the influence of flow rate of
gases on burning rate of fuel, will be determined depending on the
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parameter of Pobedonostsev:

‘=—F¢._r-. (u-37)

Since parameter x 1s a function of ¢, then it 1is possible to
write the dependence for bLurning rate in the form

x=[(p)e (%)

The expression for flow rate of gases per second we will write
in the form

¢

G YAfe? (4.3

Y,

We throw out index 0 and write p instead of Py since

subsequently we will examine only pressure in the chamber, Parameter
x determines the change of temperature of gases in the chamter on
account of thermal losses. This parameter 1is changed in functicn ¢
approximately as a hyperbolic dependence (see § 6.3)

E=1— g (4.39)

The expresslon for a one-second flow of gases can be written
in the form

o =355 () /(P e, (4.40)

where é — density of fuel.
For flow rate per second of gases we have

dn - eAFr

®— S ]
@« = VY, (4.41)
where n — relative amount of gases emanating towards lnstant t.
The welght quantity of gases in the chamber at the examined

instant will be determined from expression

o($—%+1),
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where yu — welght quantity of gases of igniter, which will remain in
the chamber until the moment of ignition of its whole surface.

For an arbitrary instant the free volume in the chamber is equal
to the initial free sclume (wn“_“%) plus volume ﬂ% liverated from
the burning part of the charge, minus covolume a of remalning gases.

The equation of the gas state takes the form

Y ¢—a+17)
Wan— 5 U~ —eu g —n+1)

’-

Replacing p— =48, where & — density of loading, we obtain

[ L1 ]
Uit —n+ 1)
. .
-}*—l+++d(v’--|+1)

(4,42}

Integration of equations of input and expenditure of gases
(4.40) and (4,41) Jointly with the equation of state (4.42) permits
determining ¢, n and p and to obtalning the pressure curve in the
function of time cf burning p(t).

Value y can be determined from the equation of state for initial
moment

’0( Wuu - -:') = xf.‘“"

where Pg ~ initial pressure at the time of ignition of the charge
of basic fuel; f — force of fuel of 1igniter charge,.

In general, equations (4,40), (4.41) are not integrated
analytically, and obtaining the pressure curve requires application
of the method of numerical integration with the use of computers.

§ 4.4, Solution of Basic Prcblem of Internal Ballistics
of RDTT When Parameters o(y), ¢(«)
and x(y) are Constant

We will examine the, case, when for a gliven interval of time the
dimenslions of the charge of fuel and conditlons of heat transfer will
be changed insigniflcantly and in such a way that functions o(y), ¢(«x)
and x(y) can be replaced by their mean values, which we subsegquently

for brevity will designate o, ¢, «x.
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Let us copy equations (4.40)~(4.42) in the following form:

t=52705)

i- ;‘F.M .

. ./x}’
D)W—u+ﬂ
-%-1+’—ﬂw—x+n.

We designate

| §
x=T—l+q’="a+?;
y=v—-n+y

where x..._:__ L
Then
i,p'y
b= Wy
x(l —-;)

We willl estimate component aB-’;—=4.L-

we obtaln

(4.43)

(u.uu)

(4.45)

(4.46)

%

1,

(4.43)=(4.45) take the

¥,
Considering P= 1005, =102, a= ‘0"53- if, = 175000 X,
» 0.013, which is approximately 1%, thererore subsequently we will
disregard the covolume of gases. Equations
form: y)

=21, \

ymi— Y,
.'/ll’
pzufp’:“l‘-
whence we obtain
a9 1 _N_L
Fraad Nlm'
where
Ne= vtﬂ’:—
st V',
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(4.48)
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Differentiating expression (4,47) with respect to X, we obtain
. P Kt

Y, =
L} T
Placing *t in expression (U4.48) z2nd separating variables, we
obtain

3z 4% dp
f, -—= .
Jo's R Rt (4.50)
(3748
We will estimate the last member in the denominator of the right
side.
Considering

P=1002 =102, Xf,=75000 4, 8= 1600 =

'O

we obtailn ;£§-=01xm3. which 1s approximately 1% with respect to one.

Disregarding this valdE, we obtailn

yay 4% d .
W R (4.51)

Integrating 1ir correspcnding limits, we obtailn
Raf,ln 5 =@ W, p) — N, po). (4.52)
L]

where

1.4
=

NP
s 17

Thus, under the shown assumptlions a soluticn is c¢btzined in general
form for any form of function f(p), expressing the dependence of
burning rate on pressure.

£ function O(N, p) 1s tabulated, then, assigning value p, it 1is

possible from expression (4.52) to determine valus x and value y:

Weod _

p=x+4+1—

e
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which determines the relative value of a burning charge of sclid
fuel. The method of calculation will be examined in § 4.7,

§ 4.5. Determination of Maximum (Limiting) Pressure

For determination of maximum pressure it 1s necessary to equate
%% and gf. From expression (4.51) we have

¢
dx x l ! 1(p) lu‘fr

Equating g% to zero and consldering that 4 1s a finite quantity
which varles from Xg = % -1 to X, = %, we will obtain the condition
of maximum pressure from expression

Pmat
Nm=‘. (4.54)

\
which is necessary to solve relative to Ppd. .

Let us see what value of x or ¢ corresponds to P deternined

max?
from expression (4.54), If in expression (4.52) for 1ln ii under the
0

integral sign we place value p = P from expression (4.54), then

max
the denominztor will turn into zerc and the integrand expressinn
will approach infinity. Here even the integral itself and

consequently also ;1 will become infinite, Thus, the obtained value

0
corresponds to X = » and we essenticlly have not maximum

Prnax
pressure pnp but ultimate pressure, which real pressure’approaches
asymptoticaily,

For determination of this pressure it is necessary to assign a
fori of function f(p).

Witk the erponential law cf change of pressure
fp)=anyp

from expressior (4.54) we ohtain

ra=(%)" (4.55)

S ———




With a linear law of burning

we obtailn fp)=A+8Bp

A
P~ N_B"

And with law

)=

2
a4 bp”

we have

e

Plp"( 1YY {(4.57)

Let us note that formula (4.5") can be derived from simple
physical prerequilsites, if one conslders the equality of income cf
gases to those expended.

Actually, In thif case, equatling expression (4.43) and (b.44),
we obtailn

-- PAF,
aS,08f(p) =12,
Vi,
p eV
1ip) ?AFIy TN

whence we obtain expression (4.54) just as formulas (4.55)=-(4.57).

Example 1.
L,et us cdefine ulgémate pressure in the chamber of 2 pooster
during the following
of seven cylindrical unc¢iad charges c¢f bzllicttite fuel,
Dimensions of the charge (in cm):

D=56 d=11 L=115

) 2
'"tice } = = l
Crltical throat diameter dxp 5.6 cm. Here FKp 24.8 cm“.
Density of fuel =16 5y =160"".
119
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Initial surface of the charge 1s determined from expressilons:

See =T (D + )L = 11400 ca;
Spy= T 7 (0F— ) = 166 ca’
8§ = See + 255y = 110 .

Initial volume of the charge 1s determined from expression
W= S0 = 1,66-7,75 = 129 £

Propeliant weight

o= dW, = 16129 =206 kg

Progression characteristic o(¢) is determined from expression
=1 — 2, (4.58)

where

Moreover

S Sai)

A change of area of the end is determined from expressicn
Sp= Sptr = Sy 0= + 80 (4.59)

The parameter x of Pobedonostsev is determined from expression

3=5_ S-5 (4.60)
* o nl—sr'

Internal dlameter of the chamber Duau = 17.5 em, where qu =
.. 240 cm®. Parameter ®(x) will be determined from expression
¢ (x) =1 432104 (x — 100).
The coefficient of thermal losses we determine from expression
(4.39)
0,16
lm-n—m. (4.61)
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Force of the fuel fp = 85,000 m (sic).

The adiabatic index for products cof bturning k = 1,265,

Dependence of turning rate on pressure is determined by
expression

[ 4
“«=fP) =
where

a=7-10% §=325-103,

Here u is expressed in m/s and p in kg/m2.

Parameter N, characterizing pressure in the chamber, 1is
determined from expression (4.49)

Nﬂ - "F" E 3 N.
e sV, By
where
B$)=e @)y () )T.

Besides, for adiabatic index k = 1.25 on Table 3.1 we find A =
= 2.06.

Discharge coefficie?t ¢ we take equal to 0.98.

Besides, we obtaih

098-2.06-248 "
M_mnmm =— = 0,016-10-9,
Value B(y), calculated by the formulas (4.58)~(4.61), are
given in Table U.2.
Table 4,2,
’ sty 3 . o) 1 8(¢)
0 1,00 166 156 1,172 0,840 1,075
0,01 0.9 164 152 1,167 0,843 1,070
o.m 0.99 163 o 150 1,160 0.846 1,063
0.03 0,953 161 146 1,147 0,849 1,053
0,04 098 133 143 1,138 0,852 1,046
0,065 CP| 158 141 1,131 0,855 1,042
0,10 0,94 150 27 1,087 0,867 1,005
0,20 0,958 134 108 1,025 0.8% 0,951
0,40 0,977 101 82 1 0,911 0,932
0.60 0,95 67 65 1 0,927 0,930
0,80 0,953 M 55 1 0,928 0.975
1,00 0,902 [ 46 1 0.¢47 0,917




For an engine of examined type the rise of the pressure curve
occurs for values ¢ within limits 0~0,10,

Therefore for approximate determination of the highest pressure
we take value wcp = 0,05,

Here

0916-10~+

‘- 1—aNY* 1-0,879.10-9.7.10' ', 2
Pop ( Y -( uﬁj.wa.a'g;,.wa) = 18710 kg /m< |

or

Pop = 157 k,_',/arr.; .

Character of the rise of the pressure curve will be examined
subsequently.

In Table 4.3 are given value P (¢} calculated by proceding

D
from values B(y) in Table 4.2,

Table 4.3

¢ '0:mlmlo.-n!w'o‘m!om!n.nolo.zo'o.mlo.uoln.oo

,_,.ES ||:6;l:5'|69l163 138 (137 [1s3 s el w92 | @
cm2 l
/
ExamEle 2. \

We will determine ultimate pressure in the chamber of an engine
of a ballistic missile.

The charge consists of an externally clad cylindrical charge
of composite fuel with internal channel and with longitudinal cuts
(slot charge). Results of calculations of the progression
characteristic are given in § 2.3.

Supplementary data:
= 1750 kg HE / = 90 000 & ne.
;l" (] A - ],.5,

Dypn = 0814 st dyy w0195 a, Fyp = 00290 .
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The dependence of burning rate on pressure will be determined by

formula (4.33)
of the chamber
thermal losses
us take for it

Parameter

at values a = 1.05 x 107; b = 1.3 x 10°. Since walls

are 1solated t'rom the flow then coefficient x of
in this case are less than in a booster chamber. Let
expression

LIRS

¢(x) we determine from dependence

N
p(e) =1 +32:109(x— 1)),
)

Values x, ¢(x), x and B(w) are given in Table (4.4).
Table 4.4

¢ L} 00 0m | 003 I 004 .08

ex) [1,183)1,11211,083(1 1,042[1,016] 1 1 i 1

1 |01950]0,951|0,952(0,452 0,953 | 0954 0,17 12| 0,971 10,970 | 0,986
Bip|1.125]1.100] 1;075]1 1,042 1,030 1,012 1.018] 1,047 | 1,035 | 0,0
i

L3 148 | 135 | 126 | t18 | 113 | 105 | 80 48 28 12 ]
) 1

The parameter of loading N will be determined from expression

s - Mo
N W ’
where ¥AFy 0.98-2.06.¢:.027

=t = = 111310
*TISNVI,  1730-1033 ) dow

1,113
N= m—-)- 1.

From Table 4.4 it 1s clear that minimum value B(y) = 1.012
corresponds to ¢ = 0.10. This value B(y) corresponds to minimum pqp,

which we will Tind considering

(A}
Nesot0 = 1.01

g (10=8 = L10-19%
then 0-10-4.105. 10 *» xe

Papp= (l-:,ﬁﬁ)." - (l_i.:'l.no---l.s-lo- )= “'5'.10.:’-: 7

k2 o
'-'ﬂ “,5:—": -~ 45‘-'_,.
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Values Pnp (v) are given 1n Table 4,5,

Table 4.5
L] e I (¥} |'uo (* 1] l o [X:} ‘ e
m | w o]0 e]|s]|w

§ 4.6, Sensitivity of Prax to Parameter

of Loading Pressure Stability
55—
We will write the expression for the greatest pressure in the
expenential law of burning

]
’"-(-.».)r:;_ (4L.62)
We will examine the change of Prax during a small change of

values in the expression for the parameter of loading N, for example,
durlng a small change of the area of the critical section FK or

surface of fuel SO' Logarithmizing and differentiating both parts

of equality (4.62) and replacing differentials by increments, we
obtain

o, | fda &N
T =T -F)

Analogously from the expression for N we obtain

Thus, we obtain

Mo 1 lom 8y 1 4, 4.6
[ B 77*'%§"'7ii*'7'if} (4.63)

Taking v = g; 1 = 3, we obtain that a change of any
3P T -

parameter in N, by 1% changes maximum pressure 3%. The nearer v is
to one, even greater 1is the coefficient of %?, consequently, even

greater 1s sensitivity of pressure to parameters of loading. Let us
see from a purely physical side why the process of burning cannct be
stable when v > 1,
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From expression (4,43), (4.44) when f(p) = u1p° it follows that

the second input 13 proportional to pv, and consumption of gases is
proportional to p. When v < 1 we obtain the picture depicted in

Filg. 4.4,
Consumption
) . Fig. 4.4. Condition of
1 Income stability of pressure in

| . chamber.
ro
[ | P
irlfe A

The point of intersection of curves corresponds to a certaln
pressure p,, at which income 1is equal to outflow. If for some cause

pressure was p; > P, then consumption will be more than income and
pressure will drop. 1If Py < Pgs then pressure will grow. Thus,
equilibrium pressure will bi stable,

If v > 1, then we will obtain the picture depicted in Fig. 4.5
(equilibrium pressure unstable). If the burning rate law 1is
different than exponential, the question about stabllity of
equilibrium pressure can be solved by comparison of graphs of
income from consumption. For an analytic appraisal of sensitivity
of pressure to parameters of loading it is possible for any function
p(N} to write:

dp=p (N)dN,

ap NEW) N
’ r N

or, replacing differentials by increments:

Ap _NZ (M) AN
’ ? N

We will call the pressure index a function y(N), determined from
expression

1(~)-!@.

In this case we obtaln dependence

AN
FRak o

connecting a relative change of pressure with a relative change of

121

ot e e et s e . . h




the parameter of loading N. The less y 1s, the less is sensitivity
of pressure to conditions of loading.

Income Fig. 4.5. Condition ¢f unstable

Consumption pressure in chamber,

|

t

|

i

L
» 1

In case of an exponential law of burning y = T is constant.

Por the binomial law from expression (4.56) we obtain

NPlp
T--T
or

B
1“"'7’.7

Thus, index of pressure y increases with an increase of pressure,.
For the universal law we obtain

3 1
T=7TT=
and taking into account expression (4.57)
3 e
, = 14+ =),
] T( +"-|")

, When \
) 8=55-10", 6=5.]0°

we obtain
[
T- 1,12 104,

3 142100
=i ()
: Thus, for the examined law of burning

Jp)=—L—

at bph

with an increase of preasure, sensitivity of pressure to conditions
of loading decreases.

For pressure p.,—-')o‘l,‘—:—,—w_-lo‘%;p:-sﬂolo‘ we obtain y = 4,17,

For pressure .-.,-200‘—“},-2-10- 5‘5;,»"'-1,59.10‘ we obtain y = 2,56,

i
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§ 4,7, Method of Construction of the Curve
of Pressure for a Constant Value B{y)
Proceeding from constancy B(v), we obtained dependence (4.52):
WS, in - =@ (N.p)— S (N.p).
or
dp
W,inr.-fr_—;'.-»—'
T (4.64,
»
We will originate from expression
,(’)-¢+0p’°'
Here expression (4.64) takes the form:
X 3 dp
W""I"I 1—N(at o)’
»
or
X 1 dp
Wf,In o= —x; T
T=Na’
[
But from expression (4.57) for pnp it follows that
1 — Na I
——N;—‘ﬂ .’.
Moreover, we have
x 1 dp
u/.'";-r:mfl—_TL
Fap
)
Introducing designation
=L
n Pl
we obtain
[ T a
X (
uf'lﬂz-r:'nzn .I———-F‘T'-. (u.65)

We are now free of parameter N under the sign of the integral
and the latter can be calculated as a function of one variable I,
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\_;Fr has a discontinuity at n = 1 and has the form

Integrand
shown in Fig. 4,6,

PRSI T

L

TN

Fig. 4.6. Graph of function
K(N) utilized for construction
of & pressure curve.

For conditicons Py < Pnp; Mg <1 (usually taking place in

practice) it is possible to assign value N, close to one, for

i example T = 0,95 or I = 0.98, and construction of the pressure curve
if conducted up to this value of parameter I, Introduclng

¢ designation

)
O
[

we obtain expression (4.65) in the following form:

‘ %
Pap (4,66)

The last expression on the basis of formula (4.57) can be {
g recorded in the form
‘ M+‘;‘P." (4.67) .

s e — .
m;.__-—-wl—‘-—[K(ﬂ) K ()] .

Integral K(n)with substitution 2= takes the form 3
: :  pdr | [ 21
b K(@)=15 !m‘f.‘r—_, .
E Integrals in brackets are found by elementary methods (substitution

(substitution 1 + 2 = x; 1 ~ 2 = y).
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Finally we obtailn

l+ll e
K(‘])""fln ~ 3, (4.68)

Values of function K(n) are given in Table U.6. Expression
(4.67) permits setting the dependence of pressure p on x or on the
relative value y of a burning fuel.

Table 4.6

Punct.on K (M)
n 4.00 001 0.02 00 () ' .03 $08 [ 4 o008 0.00

|

0,0 0 0,0103 10,0231 0,631910,0431 ,0,0545[0,0662,0,0781 [ 0.0203 |0
0,10,115310,1282]10,1412|0,1546 O.IMJIO.IB.‘O 0,191 (0,2103'0,2249 04%%
0,2]0,254810,2701 10,2457 (0,016 0,3|76,0,3342, 0,3500 0,367910,3853 0'40'29
0.310:4200]0,4391 |0.4578|0.4767 | 0,194 | 0.5157 | 05357 | 0.5562 [ 0.5771 | 0. 3982
0,4|0,6200! 0,6421 066“')_0,6876 0,711R |0,7351,0,7596 0, 7845 0,8101 | 0. 8262
0,510,8630]0,8%30,9183,0,9469 0,962, 1,006211,0370 | 1 0686 [ 1,1011 1134
0.6 I.IQ&S 1,203 l?-"\s 1,2770 |.3|3.‘.l.3')47 1,3054 | 1,4374( 1 4808 1‘5255
0,7§1,%20)1,6:m lv"unl 172190 1,705R, |.F3l9.|,R'I(N 1,451612,018% 12, 00’6
0.8 ?.l&"l|2.2.’74 2,050 2,3&'-”.‘3.4772"1 ST142 0702 '.’.7807"3‘3951
0,9‘ 3.106.3!3,336‘&,41&35 3.6‘."-13i3.9.’.'l|4 1918 1 S"I 4,7482 5:5457 6 5432

The sequence of calculation 1s as follows,

1. By the methcd examined in § 4.5 we calculate the parameter
of loading N and the biggest pressure pnp'

2. Proceeding from characteristics of the igniter, we assign
value Py and determine

 — I

Pap

3. Assigning several valu~= 1

n°<n<l|
we determine corresponding values &—,
X0
4, Proceeding fro& expression (4.46) for x, we find
x == 3 _
= (5= 1)n=(£-1)(F 1)
As a result of calculations carried out we obtain dependence

p(w).
If 1t is required to obtaln dependence p(t), then it is
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necessary to find dependence ¢(t), proceeding from the equation of
income of gases

fo 1000 ﬂr)

whence at constancy of ¢ and ;

i }7:%. (4.69)
For value
¢
I(P)—:‘;‘;l‘,:'
<2 hie e

. LA
ey 5(’ + i‘ld¢

After obtaining dependence p(¥}, as indicated above, the
integral in expression (4.69) can be caliculated by the method of
numerical integration.

Iet us consider a special case, when Py 2 pnp; nO > 1; this can

take place during excessively great dispersion of the igniter,
inasmuch as Pq depends on parameters of the baslc fuel charge and

does not depend on weight of(the igaiter. It 1s not difficult to
see, that in this case with a growth of ¢ pressure in the chamber
will approach value p = pnp’ but approaching ti.Zs value from above.

During construction of the pressure curve it 1i1s necessary to consider
that in this case Ny > 1, and since when I = 1 the integrand has a

discontinuity, then calculation can be produced only for values 1 > 1,

Let us convert expression (4.65) into the form

F 4 Pup an
ll/, in 7." —T °--i--——'-l .

Previously used substitutions permit leading the last
expression to the form

llf,ln%-T:"—’ﬂ._ll,(n.)‘_L(n)]. (4.70)
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|"— o
where ()= —;— ln—:'m:- + 31,

Formula (4.70) permits constructing pressure curve p(y) for the
case when Py 2 pnp'

Let us consider the case when dependence of the burning rate
on pressure 1s expressed by formula

/)= ap'.

In this case expression (4.64) takes the form

N - ¢
=7

By introduction of substitution

14
X dp
&Z/,ln;; = ‘. —l:"

1
p=r=n(3)”
the last expressiocon takes the form

an

n
31/,‘“7,. SP.'.“. i—:-ﬁlj f

Finally we obtain !

m-{:a%w(“.') - M (T, V)], (4.71)

ML) =G
9

where

1
At v = % value ﬁ’("ﬂy) coincides with the value of function K(n),
introduced earlier.

1
At v = % by substitution (1—-n?)==l we can obtain
1 r 1 STy
M(n."f)=2l!ﬂ —l-_—_ﬁr.-— n ].

At v =

[PV,

analogously we obtain

e

Example of construction of pressure curve during constant B

(v).

127

T AN TS P




Por the condition of Example 1 § 4.5 we construct the initial

section of curve p (¥). Additionally we assign the following
parameters:

k-~ 50
Wen =04 pp=3%0 o n.gmr.o,sl&

Density of loading

- w6 ke ks
a T..—."IAO‘:O‘W- =0 2

an? (U

We determine the initial value of parameter x:
x.-—:-—la-a%-—l=0.7l.

]
We conduct the calculation using expression

x Pry
In =" m(K(“)—K("o)]

or
X
® S = AKM—K (M),
where
- Pup
A= T3y, o= wer
According to the data of Example 1 § 4.5:
157
A= T TR (‘."'_mw-om
. Purther calculatidns are shown in Table 4,7. Values K(0) are
determined by Table 4.6,
Table 4,7
K(T,) = 0,434

| ] [+ 1} [ 53 o8 [ %4 o8 [ X 098 0%

K(m 0,454]0,890 | 1,204 | 1,620 [ 2,227 | 3,332 [ 4,192 | 5,546

K — K () 0,638 | 0,750 | 1,166 | 1,773 | 2,868 | 3,738 3,092

v - 0,014/ 60177 0,0263 0,0436] 0,0564] 0,073

- 00152(K ()~ K (M)} .

P 1,018 | 1,027 | 1,042 {1,063 | 1,106 | 1,140 [ 2,195

'.(_‘.'_..1);. o010 {0,019 |0,090 | 0,045 |0,075 | 0,100 {0,138

,:'n,,,, 0 | 79| o4 | 10125 ]| 11| 149 | 154




§ 4,8, Character of Growth ¢f Pressure Curve Under
Different Loading Conditions

From the example examined in the preceding section it is clear
that pressure very rapidly approaches a maximum and that when ¢ =
= 0,10, i.e., when 10% of the charge is burned, pressure in the
chamber willl differ from the maximum by 5%. Let us see whether in
all cases there occurs such a fast growth of the pressure curve,
Above we saw that during constancy of the surface of burning (o =
= const) and constancy ¢(x) and x{(y) pressure does not have a
maximum, but asymptotically approaches value pn , determined by the

parameter of loading N. Therefore we will assign a deflned value

n o= 52—, at which one may assume that practically the highest
np
pressure is attained. This pressure will be noted by index ¥*:

T S
n =
Subsequently we will take n*® = 0,95 and will look for that

v%, to which it corresponds. Let us see, what parameters y® depends
on. From expression (U4,67) 1t follows that

o Pt g lu
In = L l‘f’

Ky —K L (4.72)

Furthermore, from expression (4.46) for x it follows that
~ vy
YE(T_')(T 1). (4.73)

From expressions (4./2) and (4.73) it follows that at fixed n*
value v* increases with an increase of pnp and decreases with an

increase of §, xfp and a.
In Fig. 4.7 1s given the obtained calculation of the graph of
dependence ¢°*=[(pnp. ) for a model engine. Calculations show that

the influence of initial pressure on value y®* is insignificant.

Since the engines of ballistic missiles are characterized by large
densities of loading and small pressures, then values ¢%* are obtained
approximately 0.01. This means that pressure ln the chamber very
rapidly approaches value pnp’ determined by dependences (4.55),

(4.57) and these formulas can be used for plotting pressure curves
p(v).
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40 a Fig. 4.7. Graph characterizing
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s 4.9, Determination of Pressure in the Chamber of
an Engine with Variable Parameter B(y)

In § 4,7 we examined the method of construction of a pressure
curve at constant values of parameters o, ¢ and x. In a general case
of a variable surface of burning and variables of condition of heat
transfer 1t 1s necessary to consider the variable character of shown
functions. The exact method of determination cf dependence p(y) or
p(t) requires numerical integration of equatlons (4.43)-(4.45) taking
into account initial conditions bg = 0 and p = Py~ Below is

examined the method of approximation of pressure curve p{v) with
variable o(w%), ¢(x) and x(v) with use of the method expounded in

§ 4,7. Por this we will divide the ascending branch of the pressure
curve p(¥) into sections in such a way that for each of these
sections it 1s possible to take B(y) constant and average for the
ezamined section. Besides, for the 1-th section from wi-l to by

calculation formulas take the form \

e P ey — k() u.7u)
N i,./,(l—lh)l i -1 (b.7

where values noted by the sign (~), correspond to mean values of
parameters o(y), ¢(x), x(¥) on the section from vy tO byt

N 3 IN () + N )b

X K() + X))

- _ = \*
Pu i = Puy (No) o (‘_’.‘"!l‘) '
: N,
X =t

where Xy =m -}-- 1




s i

Calculation formula (4,74) will take the form
K(n‘)—K(n,-‘)i- Dlg—‘l—,

LT3

where

230811, (1 —Nu)
ot - ’
Papt
v N,
N,—Fd;-).

The method of construction of the pressure curve with variable
parameter B(y) will be examined in reference to conditions of Example
1 § 4.5 and the example of construction of a pressure curve with
constant B(y) § 4.7.

D

Initial data: f,=sB85000 & 3=1600 -5, x,m071; N,=0916-:10-4
6=T 0% Bm325.10% M= B o T 0076

Values x, pnp and B(y) are given in Tables 4.2 and 4.3,
The sequence of calculations is shown 1in Table 4.8.

The result of calculations of curve p(v) for the ascending secticn
of curve p(v) is shown in Fig. 4.8. A maximum of pressure corresponds

to v = 0,08, On the same figure is shown curve P, (¢). Prom a con-

sideration of graphs of Fig. 4.8 it 1s clear that agger achievement
of maximum pressure the curve practically coincides with curve pnp(q).

For construction of curve p(t) it is necessary to determine dependence
t(v¥) with the help of dependence (4.69).

The appearance of curve p(t) Zs shown in Flg. 4.9.

L1
w
'
.
(
. _— N\
002 qo6 006 008 an ¢ 02 04 os . o 10
Fig. 4.8. Ascending section Fig. 4.9. Graph of curve p(t)
of curve p(y) obtained by calculation
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Table 4.8

1 e 0 0,01 0,02 0,03 0,04 0,03 0,07
? * 0,01 0,02 0,63 6,04 0,05 0,07 0,10
3 Bvey) 1,03 1,066 | 1,088 | 1,049 | 1,044 | 1,035 | 1,015
& NuNy: Bty 0,835-10~ | 0,800 | 0,886 | 0875 | 0677 | 0,85 | 0,90
] Na 0,598 0,003 [ 0608 | 0,613 | 0614 | 0,620 | 0,631
] 1— Ne 0,402 039 | 03 | 038 | 0,38 | 0,380 | 0,369
? P 0.841 0,844 | 0847 | 0,850 | 0,853 | 0,88 | 0,863
4 2,33, 3,13-100 3,13 33 308 3,13 3,13 3,13
] G(N8 102,5-100 15,6 | 14,2 | 103,0 | 1030 | 102,0 | 09N
10 ;.. ' 175-10¢ 172 165 160 158 155 146
Ll N:U0)=D 57,6 61,4 63,2 | 64,3 65,1 65.7 68,0
2| o M mpipy 1 o286 04n | 0635 | 0,730 | 0,79 | 0,855 | 0 06
1 Am g+t 0,72 0,73 0,74 0.75 0,76 0,78 0,81
" . Xy = Xy + Yimy o,n 0,72 0,73 0,74 0.75 ¢, 76 0,78
13 - ) 753 T 1,015 1,004 | 1,013 | 3012 | 1002 [ 1,025 | 1,008
16 1g (& Kim) 0,0065 0,000 | 0,003¢ { 0,0052| 0,0082] 0,0107| 0,0162
i 1) (1) (16) = D 1g (x;: 2 y) 0,374 0,568 | 0,354 | 0,334 | 0.33¢ | 0,703 | 1,100
18 K.y 0,396 o | LB | 12 | 2,008 | 2,62 | 478
19 (N + =KDy 0,770 1056 | 1,612 | 2,056 | ©,46 | 3,325 | =83
F n, 0,464 0,596 | 0,708 | 0,786 | 0,838 | 0,910 | 0.ux
] pi=Tipy & 103 ur ., | 1% 12 141 144

§$ 4,10. OQutflow After Termination of Burning of Fuel

Methods examined above permit constructing a pressure curve p(t)
up to the end of burning of a fuel, For all the time of burning of
the fuel combustion temperature in the chamber is taken constant,

80 that fp = const,

After termination of burning of fuel pressure in the chamber
of the engine rapldly drops. Besides, disregarding heat exchange
with the chamber, it 18 possible to examine expansion of gases in
the chamber as adiabatio, Upon completion of burning of a fuel,
work of expansion of gases 18 accompllished at the expense of internal
energy of gases, l.e., at the expense of a drop of thelir temperature.
Let us consider the method of construction of pressure curve p(t) for
the period of time from moment t, (termination of burning of fuel) to

full outflow of gases.

After termination of burning of a fuel in the chamber there
remgins a certain weight quantity of gases Ql at pressure Py- Value

Ql will be found from the equation of the state of gases

Q‘-L'%:'—'. (u-75/




After termination of burning of a fuel the given force of gases
of a fuel 1s impossible to consider constant, since adiabatic
expansion of gases and a fall of temperature occurs. The expression
for flow rate per second is convenlently given the form

. - AF, r

where n, w — relative quantity of emanating gases and their specific
volume.,

Furthermore, total flow rate of gases from instant tl is equal
to

.HBQl"Q‘Ql_'!':!'

where Q — welght quantity of gases in chamber for arbitrary instant
t, and % — weight density of gasea, Consequently:

.i-—!:u-—:-‘._,. (u077)

Equating expressions (4.76) and (4.77), we obtain

ry Wisu @
vAﬂqV“%-= v dr

whence

4.78)
\ / df == —Yarrf® (
AfyVirw:

Designating z = g , 'rom the adiabatic equation we have:
1
1

W, (%)-%I—w,z" ¥,

-EFJL

Putting w, dw and z in expression (4.78), we obtain

dﬂ--—%‘—l

w _u
a=—-ﬁ%=4'7a
AF, V pw,

Taking the beginning reading of time from the moment of
termination of burning of the fuel and integrating on the left from

*

133

— S e s e = . T S T S e ST Y



gero to t, and on the right from one to z, we obtaln

=y o (7 =)

During replacement of pyw, = xfp and substitution

1 2Wy,u
B A=V, 4

expression (U4.79) will take the form

The obtained dependence is applicable when pressure 1n the
chamber is higher than critical, since formula (U4.76) for flow rate

It 1s necessary, however, to
consider that sauberitical outflow can take place when pressure 1n

per second 1s true only in this case.

the chamter is low (P~2-:%, when Ps=1%/cat). Therefore, with

sufficlent practical accuracy 1t is possible to use dependence (4.81)
for all the period of outflow of gases after termination of burning
formula (4.81) are
Using this table, it 1is simple to construct the
section of the pressure curve after termination of burning of the

of the fuel. Values z = f(Bt) calculated by
given in Table 4.9.

fuel.
\
Table 4.9
» 1 7] « (£ ] [ A} o8 08 04 03 0.3 [ 3]
y ] o ]0,0i0] 0,022] 0,036/ 0,052 0,072] 0,076 0,128 o,m| 0,259
M) 0,10 { 0,00 | 0,08 |6,07 0,06 | 0,05 |0,04]| 0,63 |0,02]00
& [0,239]0,272] 0,287] 0,305] 0,328 0,349 o,asol 0,420 0.479| 0,585

Aamumn

Let us consider conditions of the example given in § 4.9,

have Weu=220 &3 Fom248 ca?, [,=85000 o.
1= 09T, p=91 5

For the end of burning

AP, (=N V1T,
v, =

- “"'“"‘"‘?".‘?'”W = 0.806.

Be=

134

(4.79)

(4.80)
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Assigning different values 2z, we determine Bt by Table 4.9,
Dividing by B, we obtaln corresponding values t, Results of
calculations are given in Table 4,10 and are shown in Fig. U4.9
(final section).

Table 4,10
'] 1] [ R 9.0 03 [ 3] .08 (V.-
’ 9 64 46 30 9 43 1.8
Bt 0} 003 | 0072 | 0,128 | 029 | 0,349 | 0479
¢ o | 0005 | 0,000 | 0,017 | 0032 | 0,044 | 0,059

Let us consider what duration of free ocutflow of gases depends
on. If in all cases we conslder outflow completed at a fixed value,
for example, at z = 0,02, then duration of free outflow will depend
on parameter B, decreasing with its increase. From the expression
for this parameter 1t 1s clear that duration of free outflow 1is

proportional to value-%bi.
L 4

For such an engire and fuel charges wKaM is proportional to d3,
and FK - d2. Consequently, for such an engine duration of free
outflow 1s proportional to the dlameter of the chamber.

§ 4,11, Change of Temperature of Gases in the Chamber

During derivation of the equations which determine a change of
pressure In the engine chamber, we originated from constancy of
temperature of gases, Besides, temperature of gases TO = TOp was

determined from the energy calculation of burning fuel at constant
pressure proceeding from dependence.

Q- = C;To’

During burning of a fuel in a constant volume combustion
temperature 1is determined from relationship

Qﬂ = C.T.',

whence 1t follows that
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We considered thermal losses Iin the chamber by coefficient

x ¢ 1, determined from experiment or calculation. Thus, for an
ideal process we considered temperature of gases to be constant,
Such an assumption would be well founded in case of constant
pressure in the chamber, However, 1in real conditlons of variable
pressure, temperature of gases deoes not have to remaln constant.
For determination of temperature of gases in the chamber it is
necessary, besides the already used three €quations — income,
flow rate and state of gases — to compose an equation of energy
balance.

Let us assume that in a certain time dt a welght quantity of
wd¥ burns and wdn of gases flows out, During combustion of fuel,
energy 1s liberated (in mechanical units)

o Qn _ 2over gy,

where % — mechanical heat egquivalent,

Consldering that

will obtain /

- (4.82,
dU = 25 RTod%.

Energy dU 1s spent:

1. On internal energy of additional gases in the chamber

AU, = o (g~ d) 7 (4.83)

where T — variable temperature of gases in chamber.

2. On a change of internal energy cf gases 1n the chamber,
connected with a change of temperature of gases:

Uy w4 —n+ ) SparT, (4.24)
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where y — 1nitial relative quantity of gases from igniter.

3. On loases of energy due to heat transfer from gases to walls
of the chamber

‘U|-'%'dtn (l"BS)

where q@ = Q(t) — heat flow per second from gases to walls of chamber.

4, On internal and kinetic energy removed by gases flowlng out:

QU = 2+ RTwdn, (4.86)

The expression for dU, emanates from the following considerations.

During ocutflow of gases through the critical section, gases pcssess
internal and kinetic energy. According to motion of gases along the
nozzle, internal energy decreases, and kinetic energy increases. 1In
the limiting case of outflow through an ideal infinitely divergent
nozzle into a vacuum all internal energy is turned into kinetic.
Besldes, speed of gases

oo = V72T AT,

4
where T -~ temperature bf gases in chamber at examined moment of time.

Kinetic energy of emanating gases

_-‘ﬂ i;z = o 2 RTdn=dU,

If outflow occurs not through an infinitely divergent nozzle,
then not all internal energy 1s turned into kinetic. However, the
total quantity of removed energy dUu remains constant and is

determined from expression (4.86). The equation of balance of
energy 1s obtained in the following form:

L ]

AU = dU, + U, + dU, + dU,

or :
R4AT
Blor oy w(dp—dn) o + 0@ —n+ 1) 5y +

+ Lty o RTedy,
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Dividing both parts of the equalit&‘Tby —-';Y’.'

AR=(k—1)c., €,Ty, «Qu. and designating t = T s We obtain
Ov

dy=(dy—dn)r + (}— 7 + 1) de + kudy, + *:5;- de.

Dividing by dt, we obtain

. 4
I~ —(h— ey — 8
( ') ( )‘ QQI‘.

t—a+41

experiment, then equation (4.87) Jointly with equations of
and flow rate of gases:

W |
b= Sn(g)!‘m/(g);
. - A o p _
| ;i?k"r"—'
and with the eguation of state

+ -yt D

==y

walls. Let us congi-der speclal cacses.

n=0 =0

Equation (4,.87) takes the form

: ]—«
1¢'+".

Integrating in corresponding limits, we obtain

( ;-1)=;—};(l —1,).
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. consldering that

If heat flow q(t) 1s known according to calculation data or

permits determining values P, ¥, n, 1t for arbitrary instant.

Subsequently we will nnot consider heat transfer from gases to

1. 1In case of burning of a fuel in a closed volume we obtain

(4.87) )

Income

(4.88)

(4.89)

(4.90)

(4.91)

(4.92)
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If at the initial moment temperature of gases in the bomb is
to TOV‘ then 9

i.e., temperature of gases in the bomb all the time remains equal to
the combustion temperature of the fuel T, . If at the initial moment

temperature of gases in the bomb is less than TOv (on amount of
temperature of the air and gases of the igniter), then Ty < 1 anld the

right side of the equality is positive, Consequently, 1 < 1. Since
the right side continuously decreases, then t continuously grows.
Thus, in this case temperature 1n the bomb continuously grows, but
remains less than TOv' It is not difficult to see that if Ty 2 1,

then 1 decreases, but remains larger than one., Finally, i1f burning
starts in a vacuum, then y = C = 4 always t = 1; T = TOv'

2. Let us consider a stabilized prccess of outflow of gases in

in the cnhamver, when v = n, In this case from equation (4.87) we
obtain

\ S Gt . I
4 < ~——~’_‘+!Q, (4.93)

whence

[ 4
1—dr o f &
%= *!0—\+1'

If in the initial moment T = %, then 1 - kto = 0 and since the
right side 1s finite, then there has to take place equality ky = 1

T,
t=t; T=t=T,.

1
If T kt

is negative

0 1, then also kt > 1, Besides, since the right side

'Thv.:;—‘f<l or t<zs,

Thus, 1f 1, > %,
Analogously 1t 1s possible to show that 1f 7, < é, then 1 grow

then t decreases, remaining larger than

w X

remaining less than %.

Thus, during a stationary process in the chamber, when income
is equal to outflow and durlng absence of heat transfer to walls,

the temperature of gaces either is equal to %, continuously

139

= 1, and from expression (4.92) 1t follows that t = 1,
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approaches it from above or from below,

Let us consider a general case, when 1lncome is not equal to
outflow and when pressure increases or drops, In this case y ¥ n.

For a certain finite interval of time we take n = ny, where n is a
constant number. Equation (4,87) takes the following form:

l—es—(8—1)mm ; ’

T t—vi7 P
or
= b, (4.94)
where
m=14n(k-1) (4.,95)

Comparing equations (4,94) and (4.93), we see that they differ
only by the numerlcal value of the coefficient of 1. Consequently,
we can conclude that during a nonstatlonary process in a chamber,

at every gilven moment value 1 approaches value %, and temperature
T Y
of gases approaches —%!.

Let us wrlte the expression for m. From equations (4.88) and
(4,89) 1t follows that

¢

. ?AF”P
¢ SaWeWVRTc/(p)

(4.96)

It 1s possible to show that for determination of value m in
formula (4.95) with an accuracy of 1% it is sufficient to dete¢rmine
value n with an accuracy of 5% and value 1t in expression (4.96) with
an accuracy of 10%. Under these conditions it is possible in
in expression (4.96) to replace RT3, by value xRTop - xfp, which we

took earlier. Besides,- considerines designation

9AF,
Ne= LA
0Cs (Lo 1 X7 '
52 e V'R,

will obtain:

and n=N55
|
m=1+(k—D)Ng5y (4.97)
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In case of an exponential function f(p) = ulpv we have

N -
3—7;’ .
Considering the expression for pnp

’n-(%)m,
whence
& !
- -.“_'-
we can write:
n-(_’%)l—n
and
m=l+(h—1)(7:7)'“‘. (4.98)

Having the pressure curve calculated by the usual method at
constant temperature in the chamber, 1t 1s possible from expression

(4.97) or (4.98) to detepmine value —%!, which temperature of gases

in chamber approaches from above or from below, It is obvious that
the biggest deviation of temperature of gases from isothermal,

T
determined from expression T = _%X = TOp can be expected in cases of
the biggest deflection of the process in the chamber from stationary,
when pressure in the chamber increages or drops rapidly. This
occurs usually 1in the engine of antitank rocket missiles. 1In
Table 4,11 are given results of calculation of temperature of gases
in the chamber of conditional antitank missile by the method of
numerical integration of equation (4.87)-(L.90) at value k = 1.25.

In the same place are given values %, calculated by formula (4.98)

From a considepagion of data of Table U4.11 we can make the
following conclusions.

1. Under conditlons of the examined problem, relative
temperature 1 differs from its value determlned during a stationary
process (1t = 0,8) in a chamber by a value of up to 10%.

2. Exact values of temperature differ from thelr approximate
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values 1 = % by approximately 1% for the greater part of the period
of burning of a charge,

-

3. For approximate calculatlions It is possible to originate
from dependence 1 = %, where m is determined from dependence (4.97)
or {(4.98).

Table 4.11

¢ P-g-, [} —L
] 75 0,885 0,891
0,1 260 0,847 0,842
0,2 47 0,83? 0,824
0,3 39 0822 0,815
0.4 410 0,814 0,80)
0,3 415 0,807 0,807
0,6 415 0,806 0,803
0,7 410 0,804 0,803
0,8 39 0,804 0,803
0,9 362 0,797 0,784
0,93 310 0.781 0,750
1,00 185 0,735 0,683

§ 4.12, Unstable (Anomalous) Burning cof Rocket
Charges

The external criteria of anomalous burning are liberation of a
large quantity of brown vapors of nitrogen dloxide and a pressure
drop in the englne lower than the computed value determined by
assigned parameters of loading.

Anomalous burning frequently appears in the form of intermittent

burning, when after ignition of the charge and achievement of Pmax

there 1s observed a drop of pressure to atmospneric, followed by
repeated soaring of pressure, changed by a drop, etc.. The number
cycles oscillates from two to three to several tens. In all cases
during anomalous burning a sharp lowerlng of the unit pulse is
observed.

The value of the limiting maria n pressure in the engine
p lower than which anomalnus ourning is observed, is
max)min

determined by propellent properties and consitions of lcading.

Ballistite fuels are characterlized by high values Prax i’ which
! min

under “avorable conditions of loading are near 20-4C kg/cm2. The

upper :.rure pertains to fuels with caloricity (Q, = 800-900 kcal/ke),
PP p 4

the lower figure to fuels with high caloricity (Qx = 1100-123C
kcal/kg) [2]. For composite fuels the border of stable burning is
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lowered to sevyeral atmospheres.

Of the parameters of loading the decisive influence on stabllity
of burning is rendered by parameter x, which in turn was recommended
by Prof. Yu. A. Pobedonostsev as a criterion of stability of burning
of fuel in an RDTT. As experiment shows, for every pressure there
exists a limiting vaiue x, higher than which burning becomes
unstable. The character of dependence Pmax)min ® f(xnp) is

represented in Fig. 4.10. From the graph it follows that with an
increase of maximum pressure at the beginning of burning of a charge,
allowable value x increases.

Foa:

Fig. 4.10. Dependence of

minimum allowable Prax ©N

limiting value of parameter X,

Ay

Let us first consider the cause of unstable burning, connected
with a low level of pressures in the engine under favorable
conditlions of loading (x«i,). The speed of chemical reactlons

flowlng during the gas phase of burning, to a great degree depends
on pressure. In the first place this pertalins to reaction of
interaction of oxides of nitrogen with H, and CO flowing in the

ardent zone. During a lowering of pressure in the engine lower than
a certain limit, the shown reactions are delayed sc much that the
time gases stay in the rocket chamber becomes insufficlent for their
completion. Products of combustion passing from the nozzle in this
case contaln considerable quantities of unreacted oxides of nitrogen
{(>20%), which, interacting with oxygen of the air, will form NO,

(a gas of brown color). Inasmuch as these reactions need almost ha".
of the heat liberated during burning of the solid fuel, thelr
incompleteness leads to a sharp fall of heat emission, and
consequently also value RTO, that involves a pressure drop 1n the

engine lower than the rated value. Since with a pressure drop there
occurs a lowering of speed of gasification, the pressure drop can
become progressive and lead to full extingulshing of the charge.

The process of gasification of a fuel can even continue after

a drop of pressure to atmospheric on account of the heat accumulated
in the surface layer of the charge. With accumulation, in the
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rocket chamber, of a sufficlent quantity of products of gasification,
and in the presence of an initlation source in the fcrm of heated
elements of the construction, a stormy reaction starts among these
products. On account of liberated heat a sharp rise of pressure
occurs,

With a rise of burning temperature (caloricity) of a solid fuel
the speed of reactions flowing in the ardent zone 1ncreases, and
fullness of the process of burning is attalned at lower pressures,
This explains the lowering of the value of ultimate pressure with a
growth of caloricity of the fuel.

At valura of the parameter of Pobedcnostsev xz2rx,, unstable
burning appears at higher pressures Prax than that which, according

to the dependence of chemclal kilnetlcs, conditions chemical
incompleteness of combustion. For explanation of causes of the
influence of « on stabllity of burning of a solid fuel it is necessary
to examine the connection between burning rate and thickness of the
heated layer of the fuel. Distribution of excess temperature in the
solid phase during stationary burning of fuel 1s descrlbed by

equation

LH Y

T—T (", —~Te (4.99)

T Py v ol

where ¢ — distance from surface cf burning; a = %? — coefficlent of
temperature transfer of fuel. \

Derivation of this dependence is given in § 6.8, Chapter VI.
According to equation (4.99) the depth of heated layer is a

conditional value, determined by a certalin rated value cf excess
temperature (T - Tu)’

T,—T,
{q-‘:f”“"f':f." (4,100)

Reserve of the quantity of heat accumulated 1n the surface
layer of the charge 1 m2 is

- - s

Q—J(T-—T.)&cd(:(r,-— .)&cje--:dc,
]

whence

¥.101
Q=(7,—-Tp . (8-100)
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Consequently, during statlonary burning to every value of
burning rate there corresponds a temperature profile in the solid
phase., For example, in Fig., 4.1l are glven design temperature
profiles in a charge made from ballistite fuel for different burning
rates [9]. With deceleration of burnirg, the depth of heated layer
is increased. Besides, the amount of heat accumulated in the
surface layer of the charge also Increases.

Fig. 4.11, Distribution
of temperature in charge
made firom ballistite
fuel for different
burning rates {(design
data).

N o . L5 om/a |
-20 -8 -0 -5 0
Distarca from turning eurface, 1072 em

Consequently, a change of the temperature profile in a charge
during a lowering of pressure 1n the engine is always connected with
an expenditure of additional energy ou heating of the thicke:r layer
of fuel. If pressure descends slowly, the temperature proflle
follows pressure and 18 reconstructed in accordance with change of
the stationary burning rate. During a fast pressure drcp,
reconstruction of the temperature profile lags. Due to this the
burning rate at the 1nitial mcment descends to a larger degree than
this would be caused by a pressure drop (see Fig. 4.12). Lowering
of the burninz rate can lead to unstable burning or even to
extinguishing of the charge.

Fig. 4.12. Change of burning
rate of a solid fuel during a
sharp decrease of pressure.

]
T
|
[}
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As 18 shown in § 6,8, Chapter VI, the characteristic time of
thermal relaxation of a system with a moblle interface of phases is

the ratio a/uz. It 18 posslble to consider that transition to

unstable burning as a result of a pressure drop will occur, if the
time of the drop is less than the time of thermal relaxation

1
L PR

Inasmuch as

1 2 5 !
S~ @i Be~P.

the condlition of stability of burning can be presented in the form

-

const > -+ G- (4.102)

In accordance with the given schemg, the influence of the
parameter cf Yu. A. Pobedonostsev on stability of burning of a
rocket charge is explained by the fact that with an increase of x

degressiveness of burning increases, At x o X speed of the

pressure drop after the erccional peak of pressure attains the value
at which 1nequa11t¥ (4.102) changes 1ts sign. According to
in equality (4.102) the higher the pressure Pmax Preceding the

decrease, even greater 1ls degressiveness of burning, and consequently
also higher x can be allowed without transition of burning of the
charge into anomalous.

In practice stable burning of a charge 1s ensured by selection
of the operating engine pressure (p (p )and the parameter

np'

But sometimes the goal 1s to extinguish the charge. Such a
necessity appears durlng different investigations of working
procesgses of RDTT. In this there 1s alsc one of th2 possible
solution of control of firing distance of controlled ballistic
missiles with RDTT with constant pitch angle at the end of the
powered-flight trajectory. As an experiment shows, there exists
& certain critical rate of pressure drop (dp/dt)np which quarantees

rellable extinguishing of the charge. The value of the critical rate
of pressure in the chamber. It 1is necessary to note that the
critical rate of pressure drop on the whole is an order higher

>
max max ymin

of loading x < x
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than value dp/dt at which unstable burning of the charge starts [1l1].

§ 4,13, Vibration Burning

In RDTT during certaln conditions of burning there appear high
frequency oscillations of pressure, accompanied by considerable
deflections of the average hurning rate of fuel from computed value.
This phenomenon obtained in literature the name of vibration, or
resonance burning. An external criterion of vibration burning 1s
the appearance, on an osclllogram, of secondary peaks of pressure.
The characteristic pressure curve for such a case during burning of a
charge with a cylindrical channel and externally clad surface is
shown in Fig. 4.13 [12]. According to indications of low-inertia
transducers, 0.38 s after 1gnition of the charge, in the channel of
the charge, there appeared oscilllations of pressure with an

amplitude of ~0,07 kg/cma. Then these oscillations began to be
strengthened, and at their maximum strengthening on the oscillogram

sharp jumps of pressure appeared (to T4 kg/cme), exceeding 2.5 times
the average pressure during stationary burning. With a weakening of
oscillations, the process of burning returned to a steady state.

“g [ G FRegion of statle burrirg
3 Region unstable ourning
L Period of , 2 Fig. 4.13. Characteristic
glgom ] curve of change of pressure
2 in RDTT during vibration
P Z burning.
W

5 A -3
3 7 T
R B

o -
g Imition ! € J
& . Time, s

Vibration burning 1is connected with strengthening of oscillations
of pressure corresponding to one of the forms of natural oscillations
of the column of gas 1in the internal cavity of the charge. The cause
of an onset of oscillations 1s unclear. It 1s known that small
oscillations are a usual phenomenon accompanying all types of flame.

As the experiment shows, 1n most cases tangential oscillations
predomlnate. Frequencies of natural oscillations of a gas column
(v1to 10 kHz) during burning of a charge change in accordance with
a change of geometry of thes internal cavity of the charge. It 1s
assumed the focuses cf the appearance of vibration burning are
located in places of antinodes of standing pressure waves, temperature
and densities of gas. Inspection of the surface of charges after
interruption of burning, performed after appearance of vibration
burning [13], [14] leads to such a conclusion. On the surface of
channels of charges in places of antlnodes there are sections of
maximum burning rate of the fuel. The surface 1in these places 1s
covered by ripple, whose orlentation makes it possible to judge
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about the direction of oscillations (see Pig, 4.14 [13]),

Fig. 4,14, Ripple on surface
of burning of ballistite fuel
JPN aftcr lnterrupted
vibration burning. The
ripple is coriented in a
tangential direction.

The probability of appearance of vibration burning in RDTT is
connected with such parameters of loading as ratio S,/Fyp (assigned

level of operating pressure in the engine), geometry of the charge,
initial temperature of the charge and physical-chemical propellant 1
properties. '

As the experiment shows [12], for a cherge of assigned geometry,
according to a decrease of the critical section of the nozzie, in the i
beginning, inclination of the charge to vibration burning increases,
then after achievement of a certaln critical value of operating
pressure it sharply drops. Thus is determined the lower bound of
completely stable burning. This phencmenon 1s represented in

Flg. 4.15 in the form of a graph ppfp,=f(Si/F.,). Where ap - difference

between height pressure durirg vibration burning and steady-state i,
pressure in the chamber., For a charge made from a composite fuel on -
the tasis of ammonium perchlorate, for which this graph is obtained,

critical pressure equals approximately 20 kg/cm2 [12]. i

w .
° .13
j Fig. 4.15. Relative increase :
[ of pressure in RDTT during :
< g i vibzation burning depending
Lo on DO/FKI' Charge made from g
o composite fuel based on
a : anmonium perchlorate burning ;
fr 8 F on the surface of a cylindrical
0 channel,
00 [ 0 Soffny
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Stability of burning favors a noncircular form of internal
surface, hampering development of tangential oscillationa. However
for certain noncircular forms a channel (star«shaped profile)
possibly the appearance of new types of osclllations is possible,
for example, lateral oscillations in angles of the star [1].

Vibration burning 1s more frequently observed with relatively
great lengths of the channel L/d. There exlists for separate
geometric forms a certain critical value L/d, determining transition
from stable burning to vibration (12]. Vibration burning is more
rarely observed for ballistite fuels with average caloricity

~800-900 kizl, and also for composite fuels based on potassium

perchlorate, ammonium nitrate or ammonium picrate. According to
certain data, for fuels based on ammonium perchlorate a tendency
towards vibration burning drops with an increase of dimensions of
coxidizer particles [13].

According to contemporary views on the nature of vibration
burning, strengthening of weak oscillations in a gaseous environment
occurs in the presence of defined phase connections between natural
oscillations of this medium and a strengthening factor — osclllations
of energy, inserted in the gaseous environnent together with new
input of gas from the surface of the charge. As was noted earlier,
the rate of gas formation is determined by heat additions to the
surface of burning fromrm ibe zone of gasification. Oscillations in
the gas phase, accompanied by 2 rhange of all gas~dynamlc parameters,
cuase oscillation of heat flow to the surface of the charge. The
especially lcow thermal conduction of a solid fuel conditlons

localization of thermal vitiations in the surface layer of the charge.

By this 1s determined high sensitivity of the surface of the charge
to such oscillliations of temperature and, connected with 1t, speed

of gas formation. Speed of gas formation and, determined by 1it,
energy enterlng the gas phase plays in the examined process a role
of feedback. Between a change of speed of gas formation and a
subsequent change of parameters of the gas flow in the internal
cavity of the charge exists a certaln break in time, a time lag.
Delay 1s determined by the time necessary for completion of physical-
chemical processes converting produzts of decomposition of the solid
phase Into end products of combustion. Factors favoring
strengthening of oscillations are: high combustion temperature
(caloricity) of the fuel, high heat of phase transition, high
initial temperature of charge. Thus 1s explained the smaller
inclination to vibration burning of fuels with low caloricity, and
also fuels based on potassium perchlorate, for which the heat of
decomposition is almost equal to zero. A more complex role is
played by pressure, which, on the one hand, changes delay time,
promoting a strengthenlng of oscillations, and on the other hand,
increasing intenslty of heat transfer, makes the process of burning
less sensitive to osciilations of boundary parameters.

The harm of vibration burning 1s not exhausted by the possibility

of destruction of the body of the engine at high pressure exceeding
the ccmputed value. Other nossible conscquences of vibration
burning are:
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~ cracking of the fuel charge due to vibration loadsg

— local burnouts of the body of the englne after vibratlon
cracking of heat shilelding;

— harmful influence of oscillatory locads on electronic
equipment of tne rocket;

- fatigue breakdown of separate subassembllies of construction;
- lowerding ¢f unit pulse,

For struggle with vibratlonrn burning at present there are used
methods which have been set by empirilcal means durlng development of
different types of RDTT. Let us consider these methods.

Distribution in the Intefnal’Chagge Cavity of Devices
Made from Incombustible Materials

Depending on the form of a charge and construction of the engine
such devices can be fulfilled in the form of partitions dividing the
internal charge cavity into parts (Fig., U.16a) [15], rois along axis
of the channel (4,16b), perforated plates (L.16c). Sucr devices
ensure accustic "returning" of the cavity, disturbing ccnditions of
the auvpearsiice of ordered acoustic osclllatlong

BRI NST
REPROUYCILLE

Fig. ".16. Mechanical devices
for removal of vibration
burning: a) partition;

b) rods; c¢) perforated plates.
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Strengthening of Disordered Motion of Gases
in the Cavity Charge

In tubular charges burning over the entire surface, this
15 attained by application of through radlial drillings in the arch
of a charge with a diameter < 0,4d of the channel, located over the
length of the charge 1n a helix, In charges of cross~like form this
1s ensured by apirally located clad sections on the external
surface of the charge. The essence of this method consists in
improvement of heat transfer to the surface of the charge on account
of agitation of the main flow of gases, Besldes, stabllity of heat
transfer 15 increased, the dependence of it on oscillations of
parameters of the thermal boundary layer descends [1].

Introduction of Damping Particles in the Gas Phase

As the experiment shows, intrcduction in the composition of
fuel of additions which then will form in combustion products
condensed particles of defin®d dimensions, ensures oscillation
damping of the gas phase, Thls effect ¢an be obtained during
introduction in the composition of fuel of metals (aluminum,
magnesium) which participate in burning (Fig. 4.17) [15].

.

C\
h S \~\~‘A"_,_” Fig. 4.17. Oscillograms
—_— N
——— showing stabilizing action
Compusition without additions of additions of metals.
e e

F”""’ N\

Composition with a-ell percertage addition of magnesium

§ 4,14, Ignition of Rocket Charge

Ignition is the 1nitlal stage of burning of a solid fuel. For
ignition of a charge 1t 1s necessary to bring its surface layer to
such temperature state with which heat emission on account of
thermal decomposition of the solid phase starts to be stably
developed. Along with the thermal pulse given to surface layers of
the fuel, for normal 1gnition of a charge it 1s necessary to create
in the rocket chamber a pressure which ensures stable burning of the
fuel.

Transmission c¢rI heat to the surface of a charge during
combustionr of the igniter can be carried out by means of radiation,
convection with products of combusticn of the igniter flowing arcund
the charge, and finally, by hot so0lid particles settling on the
surface of the charge, In real conditions during 1gnition of a
charge Jjoint acticon of many factors appears, which prevents exposure
of regularitlies of the actual process of ignition. For determination
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of basic criteria of inflammability of fuels speclal sources of
heat can be used which allow one to exactly measure the energy
content given to the charge, Experiments on ignition of solid fuels
with the ald of an arc reflective source [16] set the correspondence
: between assigned probability of lgnitlon of one or another ferm of
i fuel ancd the guantity of established heat per unit surface of the
: charge., The minimum quantity of heat ensuring a 50-percent
probability of ignitlon can be considered the threshceld energy of
ignition. It was found that for composite fuels based on ammonium
perchlorate the threshold energy of 1gnition essentialiy decreases

with growth of pressure to 5 kg/cna, after which 1t 1s changed
insignificantly, being about 1 cal/cmz. At pressures lower than .

0.06 kg/cm2 ignition becomes impossible: burning of the fuel 1is
ceased together with irradiation. Threshold energy of lgnition
is changed with a growth of heat flow to the surface of the charge,

The minimum threshold energy 1s ensured during a heat flow ~70-150

kcal/m2's and composes approximately 1 kal/cm2. Durlng lowering
of the hear flow the amount of heat tapped in the depth of the

increases and threshcld energy of 1gnition increases. For heat

flows 10-20 kcal/mz-s it is approximately 3-2 kal/cmz. Growth of
the threshold energy with an lncrease of heat flow above the optimum
value 1s connected with a decrease of time, and consequently also
depth of heating. These experiments convincingly show that the
temperature of the surface of a charge is not a criterion-of
inflarmnability. The criterion of Inflammability must include zlong
with the critical level of temperature 3? the surface the law of
distribution of temperature in the surface layer of a fuel.

During feed to a fuel of a suffigcient ignition thermal pulse,
ignition of the fuel occurs with a certain delay in time, called
delay time. Experiments on ignition of compnsite fuels based on

ammonlum perchlorate by means of hct gas generated in shock tube
(p = 10-25 kg/em?, T, = 1200-1800° K, v = 50-100 m/s showed that

ignition delay time of a charge 1s changed 1n inverse proportion to
average thermal flow to the surface of the charge. To ensure delay
within limits of 5-U45 milliseconds the value of convection heat

flow to the surface should be 1000-100 kecal/m°.s [17].

Inflammabllity of a fuel 1s essentially intluenced by the
initial temperature of the charge. The threshold energy of ignition
with a lowering of the temperature of a charge increases linearly.
For fuels based on ammonium perchlorate the temperature sensitivity
of threshold energy is of approximately the same order as temperature
sensitivity of the burning rate.

Inflammability of fuels essentially depends on their
compositiun. Ballistite fuels lgnite more easily than composite.
Actual composite fuels are conslderably distingulshed in terms of
inflammability: fuels based on ammonlum nitrate doc rnot ignite
under conditions in which fuel based on ammonium perchlorate will
ignite easily.
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Ignition of rocket charges remalns one cf the least studled
phenomena in the working process of RDTT, Therefore, selection of
an ignit~r during development of a new engine 1s carried out usually
by experimental means. Along with reliability of ignition and
unfalling operation, the igniter of a rocket charge should satisfy
the following requirements:

— minimum dimenslons and weight;

= monotonic action;

— absence of pressure Jumps;

~ safeguard of minimum time of entry of engine into operation;

— possibility of prolonged storage,

2c an irniter composition the most widely used in black powder.
The high I:niting ability of black powder 1s determined by its high
conterit of heated sclid particles in prcducts of 1ts combustion
(up to 60% by welght), which conditions their high emissivity, and
also intensity of contact heagt transfer, Intensity of gas formation
in known limits is regulated by grain value. Also used are
pyrotechnic compositions based or. metals (aluminum or magnesium) and
mineral oxidizers (potassium perchlorate or nitrate)., A deficiency
of these compositions 1is oxidation of metals during prolonged
storage.

We investigated the rossibility of ignition of charges in RDTT
by means of injectlon in the chamber of spontaneously inflammable
liquids (chlorine trifluoride, bromine tri and pentafluoride),
Curing settling of the liquid on the surface of the charge a
chemical reaction starts between the injected substance and the fuel
with liberation cf heat sufficlent for ignition of the charge. Thus
it is possible to ensure ignition of the solid fuel at very low
pressures (to 0.(7 absolute atmosphere). However with wuch a method
of ignition the delay time of 1ignition sharply increases (tens of
times as compared to an 1gniter m de from [DRP] (JIPl1) — black
propellant vowder) and great jumps of pressure are observed [187.

The igniter compositlon 1is usu2lly placed in a hermetic body
made from plastic or metal. Ignition of the igniter composition in
most cases is carried out by an electric detonator. Construction
of the body should ensure suffilcient strength of it during operation
of the electric detonator, untll the flame will embrace all the
ignitor. However the body does not have tc be so durable that
destruction of 1t will occur with an explosion, since then the
rocket charge can be damaged.

Insufficlent mastery of processes of ignition and certain
divergences in views on tne mechanism of ignition of solid rocket
fuels found reflection in a varlety of empirical formulas which were
offered by different researchers for calculation of weight of the
igniter,
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Let us glve two characteristic dependences [10);
Ous’
W

-.-15'/ a

The starting point of the flrst dependence, proposed by
Ya. M. Shapiro, 1s value q - quantity of heat per unlt surface of
the charge which quarantees reliable ignitien. According to the

recommendations of Ya. M, Shapiro g N7 kal/cm2. In the denominator
stands Qm B - caloricity of igniter composition. Of the parameters

of lcading, here there enters only surface of burning of the charge.
The second dependence includes also throat area and density of
loading. These parameters were introduced in a calculation
dependence for the purpose of calculatlon of pressure of 1gnition
and duration of the influence of combustion products of the igniter.
A baslic deficiency of empirical dependences known at present 1s the
fact that they are useful only In a narrow region corresponding to
conditions of the experiment from which they are obtained.

A correct selection of welght of the 1lgniter Lo a considerable
degree determines the ballistic perfection of an engine, With a
weak igniter, yleld of the engine to orerating conditicns is
protracted, a delay of ignition of the charge 1s possible., With
excess welght of the igniter pressure peaks appear, threatening
strength of the construction.
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Footnote

iThe preasentation about the order of magnitude of t
by the following calculation: n: for ballistite fuel JP
= 50 kg/cm?, T, = +21°C, u = 20 mm/s [2]; for ballistite
= 0,32 x 1073 mz/h = 0,89 x 10~7 mz/s, whence

is given
at p =
fuels a =
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CHAPTER V

TUNING RDTT

§ 5.1, Scattering of Thrust Characteristics
of RDTT and the Means of Decreasing 1t

Having logarithmized and differentiated the calculation depen-
dences for pressure in the engine (4.55) and thrust (3.54), replacing
differentials by finite in&xéments of parameters, we obtain the
formulas which connect a relative change of thrust characteristics
of [RDTT] (PATT) with relative deflections of basic loading para-
meters:

& (e AS, 1 &, ‘Fn); (5.1)

' FT T ru (5.2)

For time of burning, taking ¢, = ulpvw, we obtain

& A 1 Aa v [as, 1 &, “’-r] .
TR T T s TS YT TRy (5.3)

According to dependences (5.1)-(5.3) the basic factors which
determine inconstancy of thrust-time curves of an engine are:
inconstancy of solid fuel combustion rate, scattering of its power
characteristics difference of dimensions of charge and nozzle of
engine within limits of allowances on their manufacture.

Of the enumerated factors the dominating role 1s played by
inconstancy of the unit burning rate of the solid fuel., As was
noted earlier, the unit burning rate of a solid fuel essentially
depends on initial temperature of the charge, which in turn conditicns
the dependence on it of thrust parameters, For certain fuels used
in rockets of the army of the United States, during a change of
initial temperature of a charge by 509C, thrust of the engine is
changed 30%? For the ballistite fuels used in the Second World War,
dependence cof thrust on temperature of the charge was considerably

157




greater, Furthermore, at the same temperature in the same engine is
observed velocity straggling of burning of charges due to different
deflections from norms of the technodogical process during their
manufacture and variations in chemical composition of the fuel,
According to American data, change in chemical composition of fuel
from 1ot to lot may cause a change of thrust of approximately 3%.
For an engine equipped with charges made from one fuel lot there can
be a thrust variation of approximately 2% [1].

Deflections of thrust parameters from thelr computed values can
also be caused by accidentel factors appearing in the process of work
of the engine (increase of surfacg of burning due to the appearance
of c§acks in the charge, climax o the critical section of nozzle
ete, ).

The shown deficiencies of RDTT become especially unbearable
during use of this englne in gulded rocketg. Inertial guildance
systems of ballistic missiles presgnt strtggent requirements to
constancy of engine thrust, Duriig use of a liquid-fuel rocket engire
constancy of thrust with an accuracy of 1% is comparatively simply
ensured by control of feed o. the liquid fuel intoc the combustion
chamber, C(reation of guidance systems which allcw considerable
changes of thrust, characteristic for unregulated RDIT, in the opinion
of forelgn speciallsts entalls excessive complicaticn of the system
and increase of 1ts cost with simultaneous lcwering of its accuracy
and reliability,

Thus, for certaln types cof rockets it becomes necessary to
control RDIT to ensure required operating conditions and regulation
of 1ts thrust characteristics, Baslc directions in the solution of
this problem are:

- application of means c¢f automatic control which continuously
watch for a change of pressure in the engine or a change of accelera-
tion of the rocket, and removal of deflecticns of these control
parameters from program values by acting on the working process of the
engine; ,

- prelaunch adjustment, or tuning.

Application of reliably working, compactly designed automatic
dampers would appear to be the most promlising and full solution of
the examined problem, Only thus it 1s possible to be free from
influence on thrust parameters of different accldental factors not
subject to preliminary tuning. During the use of such systems it is
possible also to change thrust of the ~ngine in flight in accordance
with an optimum solution of the problem of exterior ballistics.
However development of means of autoumatic control of RDIT, as far as
this 1s possible to judge by published data remains to emerged from
the stage of long-term investigations.

According to the mechanism of influence of effectors on the

working process of an engine, offered schemes of automatic control
can be divided into three basic groups:
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— adjustment by means of a change of the critical section of the
nozzle;

— adjustment by change of the unit burning rate of the fuel (for
example, on account of ultrasonic influences on the surface of
burning);

— change of power factors (combustion temperature) by putting in
the chamber additional components (water, hydrazine etc.).

Tuning, or prelaunch adjustment of RDTT, is the basic direction
of regulation of thrust parameters of RDIT.

Tunlng in a considerable measure removes the influence of the
most essential causes of instability — dependenre of burning rate on
temperature of the charge, difference of burning rates for different
fuel lots. Depending upon the set goal, we distinguish tuning of
the engine for constancy of thrust and pressure. Adjustment of
constancy cf pressure is produced for the purpose of lowering design
pressure, which determines thickness of walls of the body, in order
to facilitate construction of the englne. The simplest means of
tuning on RDTT 1s by a change of the throat area.

5,2, Influence of Initial Charge Temperature
g
on Baslc Ballistic Parameters of
Tncontrolled RDTT

The influence of the initial charge temperature on burning rate
of a solid fuel appears mainly in a change of the speed coefficient
uy . This position is true in the case of the bhinmial linear law of

burning u = Ei (1 + 5p), so also for the expenential law u = uipv.
Although the influence of temperature also has effect on a change of

eaponent v and ccefficient T, however for existing rocket fuels in
the working range of pressures this influence has a secondary value,
Formulas which consider a change of burning rate with temperature
carry a purely emplirical chaﬁacter. The simplest of them is a
dependence of the form [2].

“lt“"lnf‘_—_‘(‘fafﬁ)‘- (5.4)

where Ugp — burning rate at charge temperature T;? -- burning rate

u
1N
at charge temperature TN’ taken for calculation; B — physical-

chemical fuel constant.

o
'For simplification of designations in this chapter we drop index
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From the analytic dependence (4,5) for burning rate it follows
that at constancy of pressure (X1 = const):

Q
. To—T,——3%
o S A (5.5)
my r'_r_.__‘_
or
Q
T, —Ty—-%
"y LA 5.6
., Q (J
3
R R
Designating
4
BETJ—%:_Tﬂl
we obtain
By (5.7)
' B—(T- ~) St

Thus, by the analytical method we obtalned a dependence which,
coincides in structure with the empirical formule (5.4), Let us
check the identity of value B entering formulas (5.4) and (5.7) in
eén example of fuel HES4016., For this fuel Qg = 140 kcal/kg, Cp =
= 0.35 kcal/kg °K [3]). Considering T, = 874°K (mean value in range
of pressures 10-70 kg/cm2 according to [4]) and taking T, = -40°C

(233°K), we obtain
B=874— 45 —233 =241

According to Table 1.1 for this fuel, experimental value B, correspond-
ing to accepted Tys is B = 1/D = 244, According to data of a strict

analytic solution {4] value B for thne given fuel during a change of
pressure from 10 to 70 kg/cm2 is changed within limits of 17%.

For simplification of calculations connected with tuning RDTT,
it is more convenient to use another dependence [1]

'lr-.w!"('-'n)' (5.8)

where D i1s a constant, analogous to B,
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Application of dependence (5.,8) saves us from labor-consuming
calculations connected with railsing to a fractional power during use
of the exponential law of burning, inasmuch as here there 1is used
an exponential-tabular function, numerical values of which are given
in all mathematical handbooks,

Selection of design temperature is determined by the specific
character of the designed engine. For an engine designed for use in
a wide range of emperatures, as TN one can accept the minimum

temperature of charge corresponding to the most unfavorable conditlons
of burning of the fuel, i.e., case which is calculated to ensure
stability of burning of the charge,

In the given chapter for simplificaticn of mathematical com-
putations we alsc took TN = Tmin'

The distincticon in selection of design temperature does not have
any effect{ on the value of the exponential coefficient D, but leads
to divergence of values Uy N If one were to allow that to design

temperature TI there corresponds uiN then, taking as design temperature

N
Til, we should in formula (5.8) take as the coefficient of burning

rate

o(r-r
b= e H TN,

We will show that formulas (5.4) and (5.8), in spite of external
distinctions, can be examined as mathematically identical expressions
under the condition that in bioth dependences there 1s used the same
value Ty Decomposing the exponential factor of formula (5.8) into

a seriles, we obtain

- D(T—-T D(r—-r,y DT —T,)
e"(r r~)=l+ (ll ~)+ (2! n) + (Tf! ~)

We will estimate the error inserted bty rejecting terms of the
expansicn with a degree higher than one, The blggest value of error
one should expect for fuels witih a high temperature depender.ce, for
example, for powder JPK (D = ©.0C33), Assigning values T - TN = 90¢°C
and D = ¢,0C%, we obtain

27T 1 4036 4 0064 + 000078 4 ...

Consequently, already the value of the third term of the ex-
pansion is nearly 5% of the sum of the first two; “he value of the
fourth term of the expansion is less than one tenth percent of this
sum, For composite fuels the value of the error will be considerably
less, Consequently, considering the large scattering of the
physical-chemical characteristizs themselves, it is possible, telng
limited to the first two terms of the cxpansion, to write the
approximate equality

UM 1 4 D(T Ty
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Inasmuch as the second member of the sum in the right part of
the equality is essentially less than one, according to rules of
approximation calculus the right side can be converted so:

112

1
1=0(~T,

Thus, as a result of conversion of the expression we obtain the
formula /

o, 11D
—'—.,‘; =TD—(T-Ty"

Comparing 1t with formula (5.4), it is possible to write a
dependence for transition from formula (5.4) to formula (5.8)

1
D=. (©.9)

For appralsal of the temperature dependence, in literature they
frequently use the temperature coefficient of the burning rate

dilnm Lo,
= '—a-r——'. (,-.¢‘,)

During determination »f the temperature coefficient from formula
(5.8) we obtain

tm . (5.11)
\

Values 7, for different fuels are given in Table 1.1.

In'.tial temperature of the charge also influences the power
characteristics of the fuel, For ballistite fuels, the heet capacity
of which is approximately equal to heat capacity of products of
burning, the change of combustion temperature is numerically equal to
the change of initial tempersture of the cherge [5]:

Toan=Tom+T—Tp (5.12)

With & change of temperature of the charge from -50 to +50°C
product RT0 changes 3.5-4,5%, which corresponds to a change of I1 by

1.5-2% {5]. Hence the dependence of a given force of the fuel on
initial temperature 1s relatively weak,

By analogy with the temperature dependence for the burning rate,
it is possible to record
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(-7
Jor=font =m,

Value m one can determine from relationship

Toin - 'e"(’-fu) ,
Tom
whence

I (7, T,
m= i), (5.14)
A direct result of the dependence of burning rate of a fuel on
temperature of the charge is a change of operating pressure in the
engine, If one were to use the dependence for the exponentlial law
of bturning of a fuel examlined in Chapter IV, placing in it expressions
(2.2) and (5.13), we would\obtain

1
—\T= =D
p—('w'fi’.’.jn) e UM, (5.15)

The first cofactor expresses the value of pressure in the rocket
chamber at design temperature

a S V7S =
Consequently:
-
p=pne : (5.17)

A relative change of pressue in an engine with fixed throat area
wiil equal

84D .

Lo T, (5.18)
Y
’

From formula (5.18) it follows that a relative change of pressure
with a charge temperature rise does not depend on loading parameters,
but is determined by a relative change of burning rate and force of
fuel on temperature, and also exponent v, From formula (5.18) is
follows also that at a fixed value of constants D and m pressure in
the chamber at small values ,; to a smaller degree depends on tempera-
ture of the charge, By this once again is confirmed the importance
of safeguarding low values v for developed fuels,
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In connection with this one should note the ballistic advantages
oi' fuels during whose burning there 1s observed a "plateau" effect.
If operating pressure in an RDTT 1lies in the region of the "plateau,"

then, inasmuch as in this region v + 0, dependence of erngine parameters

on temperature of the charge will be minlmum.

Example 1l: To estimate in what limlts is changed pressure in an
unregulated rocket engine in a range of temperatures from -40 to

+50°C during use of fuels with high and low temperature dependence.

.
As a2 fuel with a high temperature dependence we will examine sclid

JPN (D = 0.0038, v = 0.69). As an avecrage value characterizing the
temperature dependence of composite fuels, we will take D = 0.0014 at

vae 0.4
For solid JPN on the basis of dependence (5.12) we c¢btain:
)

Topom = 3160 + 30 = 3190°K;
Ty - sy = 3160 — 60 = 3100° K,

and from formula (5.14) we have

~e In (3190/3100)

Too— = 0.00016.

According to source material [1] for certain composite fuels

m = 0.0002. Considering the proximity of calculations of m for powder

JPN, we will round 1t to 0.0002 and take this characteristic to be
1dent1cal for fuels of both tvpes.

For powder JPN

04010

%2 7 T
N o
For a composite fuel
0,000 o
Lim _ JERT ¥y
-

Examgle 2: To estimate the influence of index v on maximum
pressure in an unregulated engine. We consider composite fuels with
equal temperature coefficlents D = 0.0014, but with different indices
v ; 0.7 (fuel of type Alt-161) and v = 0.4 (fuel of type A from Table
1.b4).

For a fuel with v = 0.7

00i6 »
.L"’._ - pm = l.'.- 1,62,
-
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As compared to the fuel for which v = 0.4 (see Example 1), for
Alt-161 pressure at maximum temperature is 27% higher.

As characteristics of the dependence of pressure on temperature
of the charge, sometimes we use derivative %%ﬂ. As it follows from
formula

dlin — Di+m
= (5.19)

_ 1

With a change of pressure in the chamber there will be a change
in the flow rate of combustion products and thrust of the engilne.
Engine thrust can be calculated by the formula

P=0f()poFu—puFu=pF.[0.f 00— £2].

A relative change of thrust at the expense of temperature will be

P py efUD—Plp
ik SPSNE ¢ APLLASIAN e
Py = Px SU—puPy (5.20)

Considering the spallness of the second member of the difference,
it is possible to consilder that approximately

P TR (5.21)
Py e ) :

The linear burning rate of the fuel at temperature T will be
defined as

%("'n)-

o(r-1x
By =l py =€ ¢ ”P}y‘ .
or
Dy o o
S (5.22)
1]
Time of burning of the charge at temperature T
=0,
Relative change of time of burning of the charge
. D
. SN Jne ol (5.23)
S )
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§ 5.3 Tuning the Nczzle of RDTT for
Constant Pressure

Operating pressure in the erlgine should always remaln within
limits determined, on the one hand, by strength of the rocket chamber,
and on the other hand, by stablility of burning of a solld fuel. The

variable area throat sectilons can be presented as the sum of a certaln

constant component, equal to the area of the throat section at design
temperature of the charge FKIN and variable of area FK Designating

- p.
Fo
X For'
we obtain
FIPT=FI|’N(I+X)- (5.2“}

Putting expression (5.24) in formula (5.15), we obtain

Pr=px

AD+-unuw)f5
N
-A

(5.25;

So that pressure in the rocket chamber durilng a change of
temperature of the charge will te preserved constant, it 1s necessary
to fulflll condition

L4 X= 20T

From equation (5.26) can be found the required change of throat
area, expressed in parts of area of it at design temperature. For the
composite fuel examined 1n Example - of the preceding sectlon, the

change of throat area depending on temperature of the charge, calculatedl

(3t

by formula {5.26), 1s represented ir Fig. 5.1.

X

Fig. 5.1. Relative
increase of throat

area during tuning c¢f
engine for constant
pressure (D + m = 0,0016).

) D 0 X a0 ® T%
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The relative change of time of work of the engine, adlusted for
constant pressure, equals

o g 270, (5.27)
N L3

From a comparison of formulas (5.73) and (5.27) it follows that
for a englne with constant pressure, time of work at even temperatures
of the charge 1s larger, and maximum scattering of time with a change
of temperature is less, than for an unregulated engine. Let us con-
sider how during preservation of constant pressure, thrust is
changed depending on temperature. We will consider that during
adjJustment of the throat the pressure recovery factor %, deoes not

change. Then relative change of thrust at temperature T will b

P of (Mr) —PulP

Example: To calculate relatlve change of thrust for an englne
adjustable for p = const = 5C kg/cm‘, with charge made from fuel of
type JPN at temperature +50°C,

The necessary change of throat area

14X P, 0% 1@

F

We will accept that at design temperature T, = -40°C, ﬁé— = 4, 1.e.,
RD

= . = = o = . =

q(xaN) g.25-f (xaN) \0.398&. At T = +50°C, q(AaT) 0.25-1.43

= 0.358. With this value q(AaT) we go to gas-dynamic tables and

find at k

Taking 9.

1.25 the corresponding value of function f(xam) = 0.5438,
0.9, we obtalin
1
Pr 0-9‘0,5433—?0-

= — = 1,395
Py °'°‘°'39°‘“‘:;l6

For a composite fuel of type A in anralogous conditions we obtain:

14 X e PP 00M o
0(,;) = 0.25:1,155 = 0,28%;

' £(0r) = 0453
1
0,9-0,456 —
WAl SO
¥ 09-03981— o

Thus, preservation of constant pressure by adjustment 1s
connected with a considerable change of thrust. To avoid this is
possible in that case when a change of FKp is carried cut with
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adjustable nozzles located at a right angle to the axis of the engine;
besides, the given value of unit pulse, equal toc the ratio of the

pulse of axial thrust to combined welight of the charge, will with :
temperature of the charge drop inversely proportional to a change of :
the throat areas of the lateral nozzles

s o bt Y B LA 0

hr 1

At o 2

: Consequently, such a method of simultanecus adjustment for
i constant pressure and thrust 1s practically unacceptable. The only
‘ possible method of tuning an engine where the condition of constancy

i of pressure and thrust coincide, is prelaunch repgulation of the engine. -
F F i %
: ) |
7,
; : i
| Hinind : ‘ﬁac-! :Third- !_
[} ! l'S ! "‘_ lz].._l loul:cl iinozzley
1 ISac ) h -
' 1
! 1 tle |
e I
1 meztc ) Tl‘|| 1 ozzle | L i
r 7. 1 N 1 i ol 3 11 il ~al
e oD 0 +D +40 +Q0TT 4 XD 0 +D +40 “6OTT
a)p = const p) P =const

it

Fig. 5.2. Dlagram of selection »f secticns cf
shift nozzles: a) during tuning of engine for
constant pressure; b) during tuning for constant
thrust.

LA i

g

In certain cases for rockets of the simplest construction

instead of adjustment for constant pressure, 1t appears sufficient
to limit 1ts change by certain limits so that, ocn the one hand,
i pressure will never fall below level Prin? guaranteeing stable

Rl it a e A o o R

-

TR ST R TR T}

burning of the fuel, and on the other hand, will not rise higher than
Prax® allowed by strength of the construction. This can be attalned

by step adjustment of the critical sectipn by application of a set
of shift nozzles. The dlagram of selection of sections of shift
nozzles and selectlion of a working range of terperatures fcor each of
t them is represented in Filg. 5.2a. Let us assume that the lower

: limit of pressure Pmin at charge temperature TN corresponds tc the

PR FTP | 11T A VPR

relative throat area taken for one. To ensure constancy of this
pressure, a change of (Fxp)max with temperature shculd follow

£

{ dependence (5.26). According to this dependenc: 1s bullt curve
H i) o o 3 \

; (Pxp)max‘ Now let us construct the curve of crange (Fxp’min’
ensuring in the englne constant pressure Prax® The curve {is

DRETIION LITeapue RN PRI
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censtructed by the same dependence (%.26) with the only distinction
that the initilal point of the curve, determined the scale of 1ts
ordinates, wlll correspond tc a smaller critical sectlion according
to equality

1
Fepwhons _ (bl_n_);;‘.
(Fepn)mia Peux )

We will draw from the point corresponding to TN on the upper
curve p = p_,. 4 horizontal segment FK = const to the intersection

with the lower curve. The point of intersection will determine the
upper temperature limit cf applicatlion of the first shift nozzle.
The horizontal segment for the second nozzle again will start from
curve (Fxp)max’
the one lying more to the left of 1t by 5-1C°C, in crder to ensure
covering of the temperature ranges of the shift nozzles. A similar
chart bullt in relative values for a defined fuel permits producing
calculations for shift nozzles for any engine with this fuel. For
this one needs the graphically found relative values Fxp multiplied

but rnot from the point, corresponding to Tl’ but from

ty the absolute value of the throat area calculated for a given engine

in terms of the value of\vmipimum permissible pressure Prtn at
[1 4

temperature TN. With the help of the graph it 1c¢ possible to solve

the inverse problem, when one assigns the number of shift nnzzles in
the set and 1t is required to set the range of change of pressure
in the englne during their use.

If one knows the deflecticn of the average (for a given fuel lot)
unit burring rate dup from face value Uiy the intluence of this

factor can also be compensated by a change of FKT' For thils 1t 1s

necessary that the value of throat zrea calculated taking into account
a change of temperature of the charge, be ccrrected by a factor

day
ele)=1= 7‘;

We note that results of calculation by formulas (5.26), (5.27),
and also by formulas (5.18), (5.21), (5.23) are determined by

difference of temperatures T - TN and do not depend on value TN. This

rermits present results of caiculations in the form of graphs with a
sliding scale T - TN which can be used at any value TN‘

§ 5.4, Tuning the Nozzle of RDTT for
Constant Thrust

Will examine 1in the beginning the rondlition of constancy of thrust
at different temperatures of the charge, when tuning is carried out
by a change of throat area with constant area of the outlet section.
This can be written in the following way:

[o0rf (Rer) Pr — i) Fa = 0w, (\an) Py — Pui] Fan (5.29)
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where ;cT and ;cN — pressure reccvery factors of nozzle during

different installations of regulating device (throttle), correspondinr
to temperatures T and TN, xaT and AaN — dimensionless speed 1n nozzle

exit sectlon, corresponding to these temperatures.

From equation (5.29) we obtain

’r = '_l‘! ,(Alh')

oy R (5300
Substituting expression pT/pN from (5.25), we obtain: 3
oim , L
Py (T-Twn) ) ,(‘- AN
e =(1+X) ,—‘3,0.:'%- (5.31)

Logarithmizing (5.31), we solve the obtained equation with
respect to temperature of the charge

— o AL,
T-T,-}-Ir:;ln(l'fx)'i-.!‘*.ln['--”-‘——"—) (5.32)

Ser '!(l-r) ’

If one were to assign value X, for a fuel with known characteristics
D, m and v it is possible to construct the dependence T = f{(X). 1In
order to use the dependence, it 1s necessary toc set the connecticn :
between value X and a change of the gas-dynanic functicn f(Aa).

Since

0y = Fcpu/Fc;

N
4 F_.0+X
wpr xpN
'(lar)=—),.‘—= 7, —

9 (A7) = ¢ () (1 + X). (5.33)

Inasmuch as value q(AaN) 1s assumed assigned, dependence (5.33)
permits one in terms of value X to determine value q()_.), by which
with the help of gas-dy. amic tatles (6] one can determin~ value f(AaTE.

2

§
%

Example: Construct dependence T = f(x) for an engine adjusted
for constant thrust in the range of temperatures T = -U40 to +6L°C.

FS

Determine how pressure changes 1n the engine in the assigned
range of temperature:,

Propellant properties: v = 0.4, D = 0.0014, m = 0,0002.

oD Take:
TN = ~4p°cC, Fa/FRpN = 6£.25, Oup = oy
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The order of calculation is examlned for one point X = G.3:

() = ETlff = 0,16

With thls value, 1n tables of the gas-dynamic functlons at
k = 1.2%, interpclating, we find:

S (o) = 02652
q(l.r) = .q(l.") 4+ X)) =016-1,3 = 0,208.

By tables of gas-dynamic functions we find: f(AaT) = (0,3373;

1 06 , 02652 _ .
T:-ﬂ'+mlul.3+ 0.«)[6'“-0—.573 +33.3 C.

Calculating for otheyr values X, we obtaln the dependence
represented on the graph (Fig. 5.3, curve 1) and in Table 5.1.

Table 5.1
I C —40 l —12,4 +12,9 , +33,3 l +55
X [} 0,1 0,2 0,3 W
PPy ! 0,9 0,85 0,79 0,74

The relative change of pressure 1s calculated by the formula

1
’r - [ ‘(D+-)(r-r~) ]f:'v
Py T¥FXx 17

Cn Fig. 5.4 are given values X calculated at D + m = 0.C02 for
different values v, and on Fig. 5.5, corresponding to 1t, ratilo
Pp/Py-

For fuels with a high temperature dependence (high values D)
durlng tuning of a pozzle for constant thrust, as follows from formula
(5.32), the throat area must be changed in wider limits. 1In Fig. 5.3
curve 3 corresponds to results of calculations conducted for a fuel
of type JPN (v = 0.69, D = 0.0038). With an increase of D there
increases alsc the pressure drop in the assligned range of temperatures,
within whose limits constant thrust 1s ensured.

As follews frem the graphs shown in Pig. 5.3 and 5.4, an increase
of v should be examined as a contributory factor ensuring the effect
of adlustment during small changes of the cross section of the nczzle
and cperating pressure in the engine.




Xy
ast— T Fig. 5.3, Dependence of relative
J /,1 Increase of throat area on tem-
8t - — '““‘""‘?){*““”““ perature of charyge when tuning
I ’ /// A (f/ on RDTT for constant thrust:

1 -~ when v
2 - when v
3 — when v

Uy B+ mo= 00,0010,
7, L +m = 0.001%;
69, D+ m o= 0.0040,

< OO

non o

llf vap)

% Dvmegoo2

V02

V=03

Va4
v=0§
veQ§
vad?

Fig. 5.4. Dependence of relative increase
of threcat area on temperature of charge when
tuning an RDTT for constant thrust for dif-
ferent values v when D + m = 0,002,

In certain cases we are limited by application of
or application of launcher adapters to nozzles,
of thrust of the engine within lim

Prnax = Fmin’

shift nozzies
ensuring constancy
its of allowed scattering of thrust

If one were to consider that for all shift nozzles the ratio
F&/FK“ 1s preserved constant, the condition of constancy of
Y

thrust
| can be rewritten in the following form:
FuprPr = Fopnpn. (5,345
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Fig. ©.5. Uependence of relative change of
pressure cn tenperature of charge when tuning
an RUTT for constant thrust (D + m = 0.002).

wnence
v e _fon_ 1
’N_FIPT 14+ X°

Substituting pm/PP from (5.25), we obtain

= (14 X)". (5.35)

Hence we will rind the necessary change of critical section of
, the nozzle, ensuring constancy of thrust

Dim
bp Xeme " UM (5.36)

Let us assume that (FHpN>mip — throat avea, ensuring at minimum
temperature the minimum permissitle value of thrust.

To ensure constancy of minimum vaiue ¢f thrust in the whole
assigned range cof temperatures, throat ar<a should have been changed
in accordance with dependence




2?('-'#) ¢
(Flp).u. = (FI'N)-h(l +- X) = (FIpN)me (5.37)
or in relative scale {
Dim .
Fepduia _ o (T-TH) . 38)

';
E Accordingly, for maximum permissible value of thrusc we obtailn
|

242 (r-r)
(Flp)-u = (Fl'N)-ne . ( 5 . 39 )

If in Lt e first approximation we consider thrust equal to
Fr(c)prp, it 1s possible to use dependence

Pmu — lﬂ'_' (Fly’nu I

. LE0
p_lll Pais (Fir}nla

P At temperature TN

! el

P (Fory)mas

Putting equation (5.41% 1n equacion (5.40), we cbtain

kl 1E0 ]
' (Fnh)-l- Pour K us
| P = (522) (5.52)

win

; By dependence (5.42) is determ.ned the relationship of ordinate;

y of the graphs (Fxp)max and (FH Jmip» in the scale of value (Fxo)max
; by dependences (5.37)-(5.39). )

i it is necessary to use such a graph (see Flg. 5.2b) Just 25 the
! graph snown 1in Fig. 5.2a.

]

i

§ 5.5. Baslc Diagrams of Devices for Change
of Critical Section of a Nozzle

OB kL i IO AR A L LU ) AR

The simplest cevice for changing the c-itical section is z set
of shift nozzles. For reduction of time orn preparation of the engline
| for launch, sometimes 1instead ot shift nozzles, nozele launcher
adapters are used (Fig. 5.6). To ensure exact correspondence of
dimensions of inserts and the nozzle duvring manufacture of the inserts,

final machining is done ir combinatlon with the riozzle for which they
are designed [7].




e —— et
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Fig. 5.6.
a) interseasonal 1insert (for average initial
temperatures of the charge); b) summer insert;

Nozzle with launcher adapters:

t "
Kp’ dxp’ dxp
of critical sections of inserts a, b, c;
D(A2/C2)— landing diameter of insert assembly

¢) winter insert; d — diameters

with nozzle body.

Smooth adjustment of the critical section of an engine nozzle 1in
accordance wilth temperature of the charge 1s attained witht the use
of a throttle (F!g. 5.7), which can be shifted along the axis of the
nozzle. Placement of the throttle in the required position can be
produced manually o, with the aid of a mechanical drive.

We know of a serles o:i constructions of self-adjusting nozzles
for which placement of the throttle in the position corresponding to
a given charge temperature 1is produced automatically, without inter-
ference c¢f maintenance personnel.

Fig. 5.7. Diagram of
device for smooth change
of critical section of
nozzle.

L

In the diagram reprksented in Fig. 5.8 (8], shift of nozzle 3
relative to throttle 4 which is rigidly fixed in diaphragm 5, is
ensured by a spiral bi-metallic spring 6. The spring consists of two
bands of metal with quite different linear coefficients of thermal
exparision. One of the ends of the spring 1s sealed 1n the body of
the nozzle, the second can slip 1In the slot of the body of the engine.
A change of amblent temperature leads to deformation c¢f the spring.
Here there appears a torque which, revolving the nozzle, shifts it by
the thread to the regquired position. At the time of Starting of the
engine the axial component of forces of pressure of gases jams the
nozzle in initial position, ensuring invariability of Fxp during all

the work of the engine. A defliciency of the scheme 15 the fact thatws.
tuning of the nozzle 1s produced actually in terms of temperature of
the body of the engine, which can considerably differ from the
average temperature cf the charge.
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Fig. 5.8. Diagram
of self-adjusting
nczzle with a bi-
metalllc spring:
1l — engine body,
2 — charge; 3 -
nozzle; — throttle;
5 — diaphragm; 6 — bi-
metallic spring.

with throttle

Flg. 5.10. Diagram of

Flg. 5.9. Diagram self-tuning rozzle with
pneumatlic cylinder: a) general diagram of
engine with self-tuning device; b) self-
tuning system: 1 — body of engine; 2 -
charge; 3 ~ centering diaphragm; 4 -
throttle; 5 — nobile cylinder; 6 - rod;

7 — pilston; § -~ sealing arrangenment; 5 -
fixed cylinder; 10 - return spr g; f -
volume filled by \apors of low-tolling liquid.

self-adjusting engine

travelling on account of tempera-
ture lengthening of the charge:
direct shift of throttle;

a) variant with
b} variant with reverse

shift of throttle; 1 — tody of engire; 2 — charge ;

3 — nozzle; 4 -- butt ring;
directing cylinder; 7 - rod; 8 -

5 — diaphragm, 6 —
throttle; 9 — pin;

10 — directing rod; 11 - crossplece; 12 - igniter;

13 — bushing.
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Ir the diagram shown 1n Fig. 5.9 [9], the mechanism of the
throttle device consists of throttle 4, mobile cylinder 5 and rod 6
with pilstoen 7, fixed cylinder 9 and return spring 10. Inside the
fixed cylinder in the volume limited on the one hand by the front
bottem of the cylinder and on the other hand by the piston is a low-
bolling ligquid. As such freon-12 and methyl chloride can be used.

In avoldance of leakage of vapors of the liquid during storage of
articles sealing devices 8 are used. With a change of temperature in
the internal cavity of the engine vapor pressure of the liquid changes,
and consequently also the pressure on piston 7 pressed by spring 10.
With a temperature rise the pressure of vapors increases and the

mobile system moves the throttle to the left. The throat section

is then increased. With a lowering of temperature the process is
carried out in the opposite direction.

At the time of starting of the engine during a sharp accretion
of pressure there appears a difference in internal and external
pressures having effect on the shell of the mobile cylinder. Excess
external pressure produces a pressing of the thin-walled section of
cylinder 5 and fastens it to fixed cylinder 9. Thus is ensured
fixatien of the mobile system, and consequently also placement of
the throttle for the time of work of the engine.

In Fig. 5.10 [10] 1s a diagram in which placement of the throttle
1s produced by a change of charge length with temperature. This
diagram was offered in the first place for engines in rockets of the
class "alr to alr”™ and air to surface" utilized in a wide range of
temperatures (from -60 to +60°C) under conditions where temperature
of the charge can considerably differ from temperature of the amblent
alr. For different compositions of ballistite fuel, the linear
coefficient cf thermal expansion oscillates in the limits a = 1.2
x 10" to 2.0-107" 1/0¢C [11]). If as a mean value we take a = 1,6 x
x 107" 1/°C, then 1in the range of temperatures from -60 to +60°C
absoiute lengthening of charges with lengths 1, 2 and 3 m will be
accordingly 19.2; 38.4; 37.6 mm. Thus, linear shifts on account of
temperature expansion of fhe charge turn out to be sufficlent for the
necessary shifts of the throttle.

x

Let us ccnsider the btaslc structural elements of the variant
shown in Fig. 5.1Ca. The rear end of the charge with butt ring 4
rests 1In diaphragm 5. The front end 1s free and can shift in an
axial direction. From the front end of the charge through vutt ring
4 and directing cylinder 6 by means of rod 7 passed through the
channel of the charge, 1s connected throttle 8. The rod is prepared
from an 1iron-nickel alloy with a low coefficlent of thermal expansion.
During axlal lengthening the charge 1s centered on the one hand by
pin 9 in diaphragm 5, on the cother hand by directrix rod 10, rigidly
fastened with crcssplece 11, In the recess of the directing rod is
placed igniter 12 with an electric detonater, the wires from which
through axial channels of the rod and throttle are led to the nozzle
of the engine. The throttle 1is centered by dlaphragm bushing 13.
Lengthenlng of the charge with an 1ncrcase of 1ts average tenperature
leads to a shift of the throttle to the left and an increase in the
critica) section of nczzle. In the sealed volume in which the
ignlter 1is disposed, during operaticn of the electric detonator there

i it i bt
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occurs a sharp Increase of pressure, which leads to inflation of the

thin-walled recess of the directing rod and wedging of the mobile
parts.

In Fig. 5.10b the throttle 1s in the supersonic part of the
nozzle. To ensure necessary shifts of the throttle, the mobille end
of the charge faces the nozzle,
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CHAPTER VI

THERMAL SHIELDING OF RDTT

§ 6.1. Transmission of Heat from Gas
To Engine Wall

During bturning of a fuel part of the heat from combustion
products 1s transmitted to the body of the engine and the charge.
The intensity of heat transfer 1s determined by the thermal state of
basic elements of the construction: walls cf the body, nozzle,
gas-dynamic control equipment. Deslgning of these elements and
calculation of their thermal shields are impossible without knowledge
of basic laws of heat exckhange. Caliculation of thermal liosses 1s
necessary during the solution of the basic problem of internal
ballistice of an [RDTT] YPIIT) and during calculation of engine output
perfermance, Transmissién of heat from combustion products of the
burning surface of the charge 1s the basic factor regulating the
vurning rate of a solid fuel.

To specific pecullarites of heat exchange in an RDTT cne should
relate high pressures and temperatures, high speed of gas flow
especially in the ncczle. For heat exchange in the thrust chamber,
characteristic is the considerable change of speed of the gas flow in
terms of its length, as well as diring work cf the engine. This
creates definite difficulties during use of calculation dependences
which are known from the general theory of heat transfer.

The basic characteristic of heat exchange is specific heat flow
q, constituting the quantity of heat transmitted per unlt time
through a unit surface, normal to the direction of propagation of the
heat. In the theory of heat transfer the value of specific nheat
flow, from the gaseous environment to the surface of the solid is
usually presented 1n the form proposed by Newton:

g=ao(T,- T,,) (6.1)

where TO — determining temperature of gas flow, usually static
temperature in the nucleus of the flow, TC B~ temperature of surface;
a — coefflcient of heat transfer.
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Transmission of heat from combustion procducts of the solid fuel
to elements of construction of the engine and te the surface of the
charge 1s carried out by convectlon heat exchange and raclaticn.
Inasmuch as these processes flow independznt of one another, full

heat flow to the surface can be examired as the sum of two heat flows,

one of which is caused by convecticn (qx): and the seccnd — radiatloan
(qn). taking in conformity with this the coefficient of heat transfer

as a = a, + a_, where a_, and a, ~ coefficients of ccnvection and

b3 N X
radiation heat transfer.

Convection Heat Exchange

In thermotechnlecs, depending on the characiter of motion of a gas

{free or forced) we distinguish two forms of convection heat exchange.

In an RDTT the tasic role 1s played by forced convection, connected

with motion of the gas flow along the rccket chamber and nozzle. Free

convection, caused by a shift of masses of gas with different densi-
ties and temperatures, can appear in separate placas, where there
are stagnant 2zones, for examplie, at the front bottom of the engine.

During a simultaneous flow of beth procﬁ%ses,calculation of convection

reat flow 1s produced for the predominant form of convection.

Calculation methods of determination of the coefficlent of
convectlion heat transfer are based on the use of dependences:

&) during forced convection

N& == f(Re, Pry; (6.2)
\

b) during free convection

Na=1(0r, Pr). (6.3)

In these dependences enter criteria of similarity: Nh::%ﬁ——

criterion of Nusselt; R¢-=-4"5 — critericn of Reynolds; Pr=“T’ -

T .
Prandtl number; Gr-ség%- - Grashof number, where d - characteristic

dimension; y, ¢, v, A — specific gravity, specific heat, kinematic
viscosity and coefficient of thermal conduction of gas, taken at the
determining temperature; v — speed of gas flow; J — acceleration due
to mass force (during bench tests j = g).

The expanded expressions of functional dependences (6.2) and
(6.3) are set by experiment. For calculation of convection heat
exchange during turbulent flow in long pipes, wldely used 1s the
dependence [1]:

Nu = 0023Re**pr*. (6.4)
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This dependence hss obtained application in the theory of rocket
engines, although mot on of a gas through a rocket engine essentially
dirfer from motion 11. long stralght channels with constant cross
sections.

Several works are known for checklng the fitness of dependence
(6.4) for conditions of & rocket engine. For this in a liguid-fuel
rocket engine measurements were produced of local heat flow over the
length of the comtustion chamber and nozzle. The value of heat flow
was determined by the method of measurement of transient temperature
of uncooled thick walls or by calorimetric means according to a
change of heat content of the liquid during passage through a cooling
section of small length of section of the engine. Greenfield [2] from
experiments with a liquid-fuel rocket engine with liquld oxygen and
ethyl alcohol obtalned an emplracal formula for the coefficlent of
heat transfer, coordinated with dependence (6.4). Recently such
investigations were conducted by Witte and Harper on an engine where
as a fuel they used nitrogen tetroxide and hydrazine (3]. Their
comparison of experimental data and that calculated by dependence
(6.4) shows that calculation with sufficient practical accuracy will
agree wlth experimental in all the length of the engline with the
exclusion of a small sectlon before the critical section of the nozzle.
Heat flow measured on this section conslderably (40-50%) exceeds that
calculated by dependence (6.4). The authors explain this by the high
gradients cf pressures on the glven section of nozzie which change
the character of the boundary layer. These conclusions obviously,
are compietely appllcable tc nozzles of RDTT. For ecnditions of the
rccket chamber of an FDTT the lustice of despendernce (6.4) is affirmed
by the structure of the experimental fcrmula which sets the connection
between the quantity of heat transmitted to the wall of the chamber.
and the average specific flov rate of gas (€.20) (4].

Sclving equaticn (6.4) with respect to the coefficlent of heat
transfer during forced ccnvection, we obtain

0,023 (ye )0 A04¢0¢
"=WL’%—?-{"‘ (6.5)

Uniting the coefficient of the constant and parameters determined by
compositicn and temperature of combustion of the solid tucl (c_, v,
A), we obtaln P

= j ues
=K & (6.6)

As it follows from formula (6.6), during assigned characteristics
of combustion products of fuel by a basic facter determining value
ags there is a specific weight consumption G = yv, 1l.e., mass flow

rate of gases, referred to a unit of area of the cross section of the
engine: G = G/F

Specific weight consumption constitutes the value which variles
with length of the englne. Crn the section of the charge, where the
areca of the cross section is usually preserved constant by length,
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accretion of value G in the direction tc the nozzle is caused by an
income of gases [rom “he surface cf burning of the charge. After the
lower secticn of the charge, consumption of gases remalns constant,
and specific welght consumption is changed, as

[ 4

0 l//—; 2 )ﬁg M) 7 (6.7)

The blggest value G corresponds to a maximum of the gas-dynanic
function g(A) = 1 when A = 1 and 1s attained in the critical section
of the nozzle. In this section is ensured the highest englne value

ay . According to expression (6.7) value G changes proportionally to i

pressure. Consequently:

o o 4 \
a.=K.ﬁ- (5.63,

For characteristic dimensicn d, entering in criteria Ku and ke,
we usually take equivalent diameter

d=3
R (€.8)
where F — area of cross secticn cf gas flow, flowling arcund internal 2

surface of englne; 1 — perimeter of this section.

As follows from formula (£.6), valyp d weakly affects coefficlient
ag. Putting expression (6.8) in formulia (6.6), we obtain

b dutatladl + i

~=K.%.',£;:- (6.9)

For a freely inserted charge with burning on the exterral surface
of grains and on the surface of channels

RERSVIPR TR IR R Nl

N==xD, 41, (6.10)

Y ITIL N iR T

where n3 — external perimeter cf gralns.

.H

The area of free passage for gases 1in Jomaula (6.9) for this
case 1s taken equal to

ol
F=F="f_3F, (€.11;

where 2 Fr - total area of facets of grains, including the area of
channels.
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Consumption in dependence (6.9) 1s determined on the external
surface of burning of the charge.

Inasmuch as use of dependence (6.9) for calculaticn of local
values of the coefficlent of heat transfer In the nozzle on separate
sections leads to considerable errors, attempt were started to
definitize this dependence. Bartz [5] offered a formula which can be
represented in the form

Shea L rdg, 01
02 =0026 i () () = (6.12)

where b — radius of curvature of wall in examined section; ¢ — param-
eter whilch considers a change of properties of gas across the boundary
layer, caused by a change of temperature.

o= (plpa)™* (1y/100)™"

where P p and p. — density amd viscosity of a gas calculated at deter-

£
mining temperature; Po and Moo T these are parameters caluclated

accordingly at static temperature of the gas and at stagration
temperature.

As devermining tempeirature in formula (6.12) is accepted the
value which we find from condition

T,=05(T,—7¢ )+ 022Pr" (Ty—T.,)

For calculatlion of the coefficient 5f heat transfer during free
convection D. A. Frank-Kamenetskiy recommendrs the dependence (6]

4
Nu=) 0r, (6.13)
whence after elenentary transfermations

€, e e
#, = 0,324 '/:— (‘;,’;"-;)' (6.14)

Radiant Heat Fxchange in RDIT

The value of a radiant heat flow 1s determined by the formula

T \¢ T [
ql=.n.l"r'4-96[(ra.‘)) ""(T?ﬁ’) J-
where e, -- effectlve degree of blackness cof combusticn products, the
ratic of intensity of thelr radiation at a given temperature to
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intensity of radlation of an 1deal black body gram the same surface
with that same temperature; €eq.o effective degree of blackness of

the internal surface of the chamber.
The coefficient of heat transfer by radlation 1s defined as
To \*
“(r. )

¢,=,.__i'7‘—~_=.¢,A,--,49610'T’ I Pt (6.15)

c.®

Radiation of products of combusticn of a solld fuel is composed
of radiation of a gas phase and of condensed particles

Let us first conslder radiation o!r the gas phase.

The basic peculiarities of radiatlon c¢f gases in contrast to
solids 1s selectivity of the radiation, i.e., radiation of energy only
in defined narrow spectral bands, and the volumetric character of
radiation. During passage cf heat rays tnfough a gas there occurs
absorpuiion of the transmitted rays cof energy, which 1s stronger as the
quantity of molecules encountered in the way of the ray increascs.

Thils finds expression 1n the formula fcr degree of blackness of a
pure gas

:—:l-e—‘w

where kx — attenuatlon factor of ray in layer, reduced to pressure in
1 [atm(abs.)); p — pressure of gas; S — effectilve thickness of radia-
ting layer.

Thus, the degree of blackness c¢f a pure gas is a functlon cf tuwg
parameters: TO and pS.

Inasmuch as bi-atomic gases at the temperatures of a rcchket
chamber are for heat rays practically transparent; radiation of the

gas phase is wholly determined by the qentent of triatomic gases Cu,
and H20. <

For determination of the degree of blackness of chese gaces

€ o~
Cu2
and €4 O'in thermotechnics are used experimental graphs with two inputs
2
i and wit! 2 inp S and p
TO and pcozs for carbeon dioxide and with three inputs TO’ pHQO and
for steam, where p and p — partial pressures of the gases.
CO2 H20

Effective thickness of radlating layer & characterizes the
peculiarity of radlation of a limited gas volume. For a cylindrical
vessel with radiation of the lateral surface during 4 change of
relative length of the cylinder 2/d from 1 to = vaiuve S changes within
limits from 0.6d to 0.9d [1].

Graphs are bullt for a pressure of 1 [atm(abs.)]. The

r<yion ¢f
use of these graphs c¢f pressure can bte exnanded by introduction

1 of

e i
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correction factors “COQ and CH20’

in work [B]. The degree of blackness of the gas mixture is defined as

which are determined on graphs given

g = 'co.cco. + 'u.ocu.o - A'ck (6.16)

where Acr — correction, considering covering of the spectra of steam

and carbonic gas.

Calculation determination of €r for conditions of a rocket engine

with use of the shown graphs carries a tentative character. D. A.
Frank-Kamenetskily, :stimating the role of radiant heat exchange in
RDTT, thus considers a defined value of e as a lower 1imit [6]. As

the effective blackness of a gas ¢, he recormends taking the

arithmetic mean of two limiting values

s +1
8, = -————r"; .

For combustion pr.ducts of nitrocellulose with 12.5% N in a model

engine (S = 6.5°10°° m) he obtaired

o =231 _o78

Similar to this the effective degree of blackness of the wall is
fournd as the arithmetic mean from the degree of blackness of the
surface materlial, ccnsidering abscrptien of heat during a first hit ol
a ray on a wall, and one, which correspends te full abscrption cof neac
durlrng multiple reflections from tite irternal surface cof the chamber:

==

ey +1
LT “.1 .
According to calculations conducted by D. A. Frank-Kamenetskly,
for an engine of small dimensicns the coefflicient of radlant heat
exchange in the range of temperatures 1800-2700°K can be from 0.075 to

0.24 kcal/m“s®K [6]. In work (4] the effective value of o _ was

n

cbtained by extrapclaticn of the experimental dependence of the total
= C.8 = .

coefficient a on (G/g)” to a value G = 0, A% the intersection of

the graph with the crdinate axis a value ag = 0.14 kcal/m?s°K was

ctbtaired, wnich corresponds to a temperature TO ~ 2300-2500°K.
Frank-Kameretsgly by calzulaticn obtained for thls interval of

temperatures a; 0.15-G.16. Thus, the computed value will agree wit

i

experimental aata.

During burning cf composite fuels with additions of metals in
combustion preducts there appears a great guantity of condensed
particles. If dimenslons of particles are great as compared tc a wav:
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of radiation of the gas phase, their participation in radiant heat
exchange reduces to‘'simple blocking of the passage of rays through the
gases. In this case the degree of blackness of combustion products
can be defined by the well-known dependence

brer =1 — eXp (— A (Peo, + Ph,o) + ¢Fr] S'. (6.17)

The addend in brackets which considers weakening of the ray on
account of contents of condensed parti:les, is equal to the product

of the number of particles per m3 by the area of projecticn of the
surface of particles normal to the direction of the ray.

If one were to conslder that the content cf the condensed phase
in combustion products 1s 20% at speciric gravity of the condensed
phase 4000 kg/m3, we obtain ¢ = lB-lOu/nD3l/m3, where D — diameter of
a particle. Taking Fp = nD2/N, D= 50 uym = 5-10'5 m when S = 6.5-10°
m, we obtain cFTS = 0.585.

2

Preserving for the gas phase the value calculated by Frank-
Kamenetskly, kr(p002 + szo) S = 1.51, we obtailn

Sppp =1 —exp[— (1,51 4 0,585)] = 0,88.

Thus, in this case on acccunt of the contents of the condensed
phase, the rated value of the degree of blackness of combustion pro-
ducts increased by 60%, and effective degree of blackness

¢.=Li,g‘g- by 20%.
\

With an increase of dimensions of an englne, combustion tempera-
ture of the fuel and contents of solid particles, the role of radiant
heat exchange in RDTT increases.

A comparison of the intensity of basic forms of heat exchange in
RDTT shows that the decisive role in transmission of heat from gases
to the body of an engine belongs to forced convection. The share of
radiant heat exchange needs 20-30% of the total quantity of heat fed
to the body. Therefore, an analysis of the dependence of heat
exchange in RDTT on different factors 1s usually conducted with the
use of dependences for only forced convection.

In certain cases for application of simple calculation methods
kXnown from the theory of heat transfer, allowing one to obtain an
approximate engineering solution, it 1is necessary to assign a constant,
averagned in time, value a, which we will call the average effective
value of the coefficlent of heat transfer ag:

i.(ro— r‘..)d‘

~ .
I(Tc—‘rc.a)“
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The numerator of expression (6.18) constitutes the full quantity
of heat Ql transferred to 1 m2 of the wall of the engine.

Approximately, value Ql can be found by the equilibrium tempera-
ture of the wall Tp which 1s set after termination of work of the

engine during equalization of temperature over the thickness of the
wall:

Q= (T’ —7,) 1ca,
where 4 — thickness of the engine wall.

The denominator of expression (6.18) is simple to calculate by
the oscillogram of temperature of the internal surface of the wall.
For a static engine with thick walls the denominator can in the first
approximation be presented as

J@e=T dt =T —T..,),
¢

where Tc 5 ~ time average value of T .

Then approximate value agq willl be expressed as

WA (Ty—Tw

Q- "r.__re‘.) M (6-19)

N

In Fig. 6.1 values a, c;lculated by dependence (6.19) for experi-

mental data [4] are given. The experinents were conducted on an
engine with a gauge from 51 to 298 mm with charges made from
ballistite fuels JP and JPN. Values a, are represented as a function

of average specific consumption to the power 0.8. The linear
character of thls dependence confirms the rightfulness of use, for
RDTT conditions, of formula (6.4).

According to the graph

a, = 0,14 + 0,005150% (6.20)

The first member of this formula is the coefficient of radlant
heat transfer, the second -~ ccoefficient of convection heat transfer.
The formula can be used for calculation of a in an engine working on
ballistite fuels. The time average value of specific weight consump-
tion 1s determined from condition:

Tar (6.21)

i 1
O"-T
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jr“{ Fig. 6.1. Experimental
‘/;47_ - dependence of a_ on
A (5/8)0'8-

45’//
% 0D X NN O 0 W0

: The value of the integral can be obtained for any section of the
| engine on the basis of data of a ballistic calculation.

; If during determination of the mean value of specific weight
! consumption of combustion products throcugh an examined section of the
; engine one assumes that the area of the free sectich of the chamber,

| during a constant burning rate of the fuel, is changed }!'iearly in
if time, then

:- 808, , G

‘ For a rocket chamber with freely inserked charge the most
dangerous section for heating 1s that which coincides with the lower
F end of the charge. In this section the flow rate of gases attalns a
maximum value for a cylindrical section of a chamber. Therefore a
check calculation of the chamber for strength, taking heating into
account, should be conducted for this section.

Below as an illustration are comnputed values of coefficlents of
heat transfer, obtalned for conditions of a model engine by D. A.
Frank-Kamenetskily [6]:

et ey

Table 6.1

! a kcal/mQS deg
i Beginning End of
i of burning | burning
!
g Basic 'ﬂ”’if;?' 52.3 z‘o
i M . N
I[ dimensions dx 10 0,50 1,9
§ Beginning L&
: of chamber| "=t 0 078
0,235 0,295
End of o 1,220 0,34
chamber emayta, 1,390 0,500
o 0,688 0,688
Nozzle e, 2,810 2,810
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§ 6.2. Propagation of Heat in the Wall
of an Engine

During the study of heating of walls of the body of a rocke®
engine, the process of thermal conduction of the material is usually
assumed to be one-dimensional. Distribution of temperature in the
wall can be found by solving the heat-conduction equatilon

*7 6.2
LY .2 (6.23)
under the following boundary conditilons:
=0 T (x 0)c=const =Ty (6.24)
or .
x=0 I(T'_TC-.)-_‘(;—;)I" (6‘25)
o
el (% om0 (6.26)

where T, — initial temperature of the wall; Tc.B

4 — thickness of wall; X, a — coefficlents of heat and temperature
transfer of the wall. N

- temperature on

Equation (6.26) indicates that in most cases heat flow, directed
into the surrounding medium, is negligible as compared to internal heat
flow. In that case, when during flight of a rocket with great speeds
it 1s necessary to conslder aerodynamic heating, the boundary condition
on the external surface is given in the form

” o - LY
"(T;)..."A(Tu— ) (6.27)
where TO — stagnation temperature in an incident flow of air; ay -
A
coefficlent of heat transfer during aerodynamic heating.

System of equatlions (6.23)-(6.26) 1s true for both a single-layer
and for a multilayer wall, but with the only distinction that for a
multilayer wall coefficlents a and A will have different values for
separate layers.

The exact solution of this problem, taking into account the change
in time of the coefficient of heat transfer and the change from
temperature of values a and A presents well-known difficulties.

[ J
The simplest method of solution is the use of an analog arrangement
of a hydraulic or an electrical type. The action of such an arrange-
ment 1s based on the community of mathematical dependences which
describe processes of propagation of heat in a wall and overflowing o"
1lilquid in a system of capillaries, or electrical current in a system
consisting of resistances and capacitances. In other words, analog
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hydraulic and electrical models constitute a computer for solution of
the problem of thermal conduction with a program of the solution
already embodied Ain them.

Resolution of the problem of thermal conduction on electronic
digital computers requires presenta'ion of the heat-conduction equation
in finite differences,

Below simplified methods of calculation are examined which allow
one during minimum 2xpenditures of time to estimate in the first
approximation we expected temperature of a single-layer wall of an
engine, Application of the simplified method of calculation is based

on the following assumptions:

1. The coefficient of heat transfer from gases to wall of the
engine is taken independent of time and equal to a certaln effective

value.

2. Basic heat-physical characteristics of the material of the
wall (A, ¢, Y) are assumed independent of temperature.

System of equations (6.23)-(6.26) can be represented 1in
dimensionless form, 1f one crosses to new dimenslionless variables and

criteria:

Bi--.x‘— - Biot number
Fb-.-— — BQurier criterion (6.28)
. —
"T.Tf." temperature simplex

x5

Then

(6.29)

From the theory of heat transfer we know the solution of the
problem of nonstationary thermal conduction for an unlimited plate with
thickxness 24 with equal distribution of temperature in the initial
moment during bilateral heat exchange with environment, having
temperature TO. Inasmuch as the intensity of heat exchange with

assigned coefficient of heat transfer a on both surfaces 1s identical,
heating of the plate should be symmetric and heat flow through the
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central plane of the plate should equal 2ero. Consequently, this
solution should also be true for an unlimitvd plate of half thickness
during one-sided heating and under the conditi~n that heat removal
from the other surface of the plate be absent,

The shown conditions correspond tc formulation of the problem
about heating of the wall of an RDTT. Thus, for calculation of the
temperature field of the wall of an RDTT it is possible to use the
ready solution of the classical problem of thermal conduction, which
has the following form [9]:

< - -o'm
'-‘E'W%OL_MECO'(O“)‘ e (6.30)

Here ¢, are consecutive values of roots (from 1 = 1 to =) of the
transcendental equation:

Bl-o,tgtb,. (6'31)

On the basis of dependence (6.30) tables of 8 = f£(Bi, Fo, x) [10],
were calculated, allowing one for any instant to construct a distri-
bution curve of temperature over the wall of the engine.

Good convergence of the infinite series in formula (6.30) makes
it possible for determlnation of value 6, starting from certaln
values Fo, to use only one member of the series. The error induced by
such a simplificatidn when Fo > 0.3 is not more than 1%. Using the
shown pessibility, for calculation of heating of the wall of the
engine we obtain the following the simplest dependences.

For the internal wall surface

-oir

.‘_.-PG o (6‘32)
For the external wall surface
.t-l b h'c-.gh. (6. 33)

On the average for all the mass of wall material
."I=M¢-.7’°_ (6- 3‘4 )

In the exponent 1n all case we have ¢, - first root of the

transcendental equation (6.31), which in turn determines the values or
coefficlents N, P and M:

28in®, , | 20 O, . 2sia @ sin ®
N- 0‘+|In3,cos¢. ' P".-}-dt@.tﬂ‘. co‘o" M=3l+lh;;;u;| 3‘. *
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Value 01 and, determined by it, values N, P, M deperd ly on
criterion Bi.

Numerical values of these coefficients are given in (The Mach.ne
Builder's Handbook,) V. 2, Mashgiz, 1962. For intermeiiate values ¢/
Bi the coefficients are found with the aild of simple .inear inter-
polation. Formulas (6.32) and (6.33) can be used wher ¥o > 0.3.
Formula (6.34) 18 applicable also at considerably smai. 'r values oI
Fo, and when B{ > 0.5 — in all the regfon of Fo.

Calculating ec 8’ ecu' ec , 1t 1s simple to determine the corre..-
ponding ahsolute values of temperature

T=T, 1=+,

¢ 6.3. Coefficient of Thermel Losses
In a Rocket Chamber

The general expression for determination of the coefficient of
thermal losses in a rocket chamber has the form
'-
{ ei\~T.)eF

Xem)-—2 ¥0 . (6.35)

where Y — quantity of fuel burning per unit time; TO — temperature of

combustion products; Tc s " temperature of internal surface of body

touching gases; a — coefficient of heat transfer; FBH ~ area of
internal surface of the chamber.

Parameters o and Tc.s are changed along the surface of the body

touching gases, as well as in time, conditioning a time change of
coefficient x.

The character of the change of thermal losses in an RDTT and
their total quantity are determined in the first place by such factors
as the type of charge, relative surface area of the chamber touching
gases, presence of thermal insulation coverings, temperature and
composition of combustion products, character of motion of gases in
the chamber.

The values of the coefficient of thermal losses and its determin-
ing deperdences are essentially different for an engine with a freely
inserted charge and for an engine with a fastened charge; therefore
these two cases are examined separately.
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Engine with Freely Inserted Charge

This case is characterized by the great surface area touching
gases, and also by 1ts constancy during burning of the charge. The
basic part of thermal losses are apportioned to the cylindrical
surface of the rocket chamber. This section, including from 80 to 97%
of the internal surface of the engine, is washed by a gas flow with
relatively high speeds. Therefore, calculation reduces to calculation
of thermal losses on the cylindrical surface of the chamber. Thermal

losses in bottoms and the diaphragm are accounted for by correction
factor kg.

Flow rate in an arbitrary section of the charge for calculation
by formula (6.9) can be defined as

Oil), =l L, (6. 36)

where & — length of the sectlion of the charge above the given cross
secticn; u — burning rate, averaged over the length of the charge.

Hence

0, =9 (6.37)

In formula (6.9) the perimeter of the free section can be
expressed as v

nx - &0,

Putting expressions (6.36) and (6.37) in formula (6.9), we obta.n

KA G A%
= (6.38)

Although coefficient kn is a varialbe, averaging it in time, as

follows from formula (6.38), does not have to lead to significant
error.

The obtained dependence for a can be simplified if one conslders
that ratio G]_/FH is equal to the mean value G = Fop for all the free

section of the chambter. The area of free passage for gases can be
presented as

Fu=Fn..(‘+M)o (6'39)
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where Fcn.o — area of free passage at the beginning of burning;
"'TéT — coefficient which depends on initial filling of the chamber
with fuel.

Taking into account expression (6.39) the formula for a obtalns
the form

Ve

ah
‘_K'W . (6.‘0)

The difference of temperatures TO - Td'B , 1f one were to use the

average effective value of the coefflcient of heat transfer for a
glven section of the chamber, according to equation (6.30) can be
presented in the form:

To—Team > Aexp(—01 5 1),
=l

where Ai and 01 - coefficlents which are a function of ag.

The expanded expression for determination of x obtalns the form

¢
1 K,xD, : @ Ghal )
x-l——'yo:( ry )..':.I:A‘CXP(-—Q‘\ 'y ‘)—’._, . (6.41)

The cumbersomeness of the obtained a¥alyt1c sclution limits the
possibllity of its practiral use. Howevel this dependence can be
subatantlally simplified in reference to the limiting cases which
have wide application in technology. Such limiting cases are:
engine with thermal insulation; an engine with a thick metal wal

an
-
1.

i

A

In the first case temperature or. the internal surface of the
chamber increases rapidly durlng operational output of the englne and
then changes very little. Therefore, for the basic section of the

pressure curve it 1is possible to consider (TO = Tc B) r constent.

e o
ey

% "y

In the second case (test engine) the temperature on the internal
chamber surface during work of the engine remalns low, composing a
small part of value TO’ which permits averaging value (TO -7

time.

AR, s W

e B) in

2. el e T,

In both cases dependercce (6.4l) will be converted to the form:

¢
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If one were to take G(l)-O,m-i-.

we obtain:

K a‘ll F.. (r.—rg .)
Xe=1— gL T Wik TI R (6.43)

Uniting the values which change in a narrow range, and the con-
stants into one coefficlent A, and also taking Y v G, we obtain

Reml— 5 (6.43a)

An experimental study of thermal losses in an engine with a freely
inserted charge was conducted by Ya. M, Shapiro.

Experiments were conducted cn a test engine with interruption of
burning at different instants. The quantity of heat accumulated by
the body of the engine during the time of burning of the charge was
determined in a calorimeter where the engine was placed immediately
after interruption of burning. Determining thus the thermal losses
for different times of burning of the charge, he obtained their
dependence on time t and on ¢. This dependence Ya. M. Shapiro
presented in the form

A
K== A (6.44)

For conditions q{ conducted experiments
4 A=030, 5=5]12).

Thus, our earlier theoretical dependence in structure coincides
with .he empirical formula (6.44),

Engine with Fastened Charge

For an englne with a fastened charge burrning on the surface of the
figured channel and from ends, thermal losses in a rocket chamber will
be determined by heat removal to the covering of the body in the
prenczzle part and in the upper bottom. The value of thermal losctes
as compared to a engine with a freely inserted charge decreases
sharply. During the use of heat shielding coverlngs the temperature
of the internal surface of the chamber, touching hot gases, can in
the first approximatlion be considered constant. The coefficlient of
heat transfer a, whose value is determined by forced motlon of gases
in the prenozzle volume or free convection in stagnant zones, 1s also
preserved constant in time., The change of thermal losses during
burning of a charge 1s conditioned by the growth of the heat exchange
surface on account of burnling of ends of the charge; the increase of
surface can be expressed by the formula

Fou=Fus(l + 5%). (6.45)
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Consequently, 1in this case the dependence for x takes the form

=1 —A(l+ 8)) (6.46)

An intermediate position is occupied by a slot charge. For 1t
at climax of the slots along with an increase of the surface of heat
transfer there will be observed a lowerlng of_coefficient « on account
of a decreagse of specific weight consumption G.

§ 6.4, Constructlon Materials for
the Body of an RDTT .

In. auch as for the body of an RDTT subject to the action of
intern{ . pressure the determining form of deformation 1is stretching,
from the structural materials, used for 1ts manufacture in the first
place 1s required maximum specific streng:ch aB/Y, where op — temporary

reslstance of material to rupture. Of the other necessary qualities
one should mention plasticity, good chemical stabllity under conditions
of the environment durlng storage, manufacturablility and good supply.
2asic strength characterlstics of construction materlals for bodies

of RDTT are given 1in Table 6.2. \
]
Table 6.2
Specific |Elastic [Specific |Specific
Material Brand gravity, |modulus Jstrength jrigidity
Y E, kg/cm oB/y E/y
Special steel for 6
rocket chambers [13] H-11 7.84 2+10 25.5 2550
Special steel for
rocket chambers [15]) D6AC 7.85 " 19. 4 "
Aluminum alloy [18) 758T | 2.77 | 21.7
Titanium alloy [15] Ti-6A1-
iv k.5 28.1
Fiberglass laminate on
epoxy-phenolic resin
(10] 3Q-32- ' 5
301 1.7 2.2+1¢C 24.0 1300

Epoxy fiberglass (ori-
ented for vessels under
nressure) [16) 1.8 31.2

Epoxy unidirecticnal

fiberglass (theoreti- '
cally accessible !
values) [16] 1.8 ' 97.5
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At present the bodles of large engines in mcst cases are prepared
from sheet alloy steel. According to American data [13], strength
characteristics of utilized brands of steel lie in a narrow range, for
which as average indices 1t is possible to take: o, ™ 140 kg/mm2, og =

= 160 kg/mmz. The highest 1indices are possessed by steel H-11
(oS = 183 kg/mma, on = 200 kg/mmz). In the opinion of speclialists, in
the near future the strength of brands of steel used in rocket building

may be ircreased to 280-300 kg/mm2 [14]. However, according to a
decrease of thilckness of the wall of an en;ine on account of an

increase of strength of the material, there 1s an increase in the

danger of weakening of the construction due to concentration of stresses
in places of accldental cuts and scratches.

Of other metals allecys of titanium attract special attention which
in terms of specific streng h exceed steel. Thus, for example, for 2
titanium alloy Ti-6A1-4V at T = +20°C, oy = 126 kg/mm?, o = 105 kg/mm

and op/y 1s 45% higher than for steel [D6AS] (QI6AC). During manufacture

from this alloy of the body of the RDTT of the second stage of the
"Minuteman' rocket, 1ts weight drops 30% as compared to the steel
variant. Thickness of walls increases one and a half times, which
increases rigidity of the construction and makes it less sensitive to
cuts [15].

Recently in rocket building different types of reinforced plastics
have obtained wide application, and also laminar compositicnal
Structures on thelr basis. The expediency of use of these materials
for manufacture of bodies of RCTT is determined by theilr high specific
strength and good heat-physical and technological properties. Rein-
forced plastics consist of a strengthening (reinforcing) filler and
a polymerized binder. s reinforcing materlals glass and quartz fiber,
asbestos, and tissue fro hese fibers are used. At present it is
possible to use as a reinforcing material artificial graphite fiber
for increasing heat stabllity of the material. As a binder epoxy and
phenolic resirs are widely used. The biggest strength of material is
attalined usually with a welght ratio of filler and binder 70:30.

During manufacture of the body a method of winding 1s used. To
the mandrel at a defined angle to 1its generator they reel out in
several layers a fiberglass brald of a fibre impregnated with the
binder compound. Then the article together with the mandrel 1s placed
in a furnace and subjected to prolonged heating. Here occurs polymer=-
lzation of the binder and the material of the article obtains the
required mechanical qualities, So that the construction will be evenly
durable, on account of the angle of the winding the necessary aniso-
troplsm of material in tangential and axlal directions 1s ensured.
According to reports of the forelign press, the plastic body of the
first stage to the "Minuteman" rocket 1s 35% cheaper and 25% lighter
than such a body made from high-quality steel, with yield points

o, = 152 kg/mm2 [16], [17].
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A comparative appralsal of different materials in terms of their
specific strength essentilally depends on the temperature at which
they are used. In Filg. 6.2 [18], [20] 1t 1s shown how with tempera-
ture value oB/y changes for the most characteristic materials. A

sharp fall of strengtn characteristics for aluminum alloys 1s observed
at a temperature of over 150-200°C, for tltanium alloys - over
400-450°C, for steel — over 650-750°C, Thus, strength possibilities
of contemporary materials in full measure can be used c¢nly in engines
with heat shielding of the body.

§ 6.5. Maximum Time of Work of an Engine
Without Thermal Insulation

Let us consider the limits of possible use of an engine without
thermal insulation and their dependence on different factors. Here
we will consider the average temperature of the engine wall, and
consequently also ecp to be assigned. Imasmuch as transcendental form

in which the connection between temperature of the wall and parameters
of heat exchange is expressed hampers such an analysls, we will convert
formula (6.34) to a form which allows one to obtain an analytical
dependence.

For values of criterion Bl, corresponding to conditions of an
RDTT with a metallic body without thermal insulation, coefficient M
changes very little. Thus, for example, in a range of Bi from C to
4 M 1s changed a total of 3.5%. Consequently, taking as its mean
value Mcp’ we allow an error 1in determination of ec less than 2%.

The tabular function 05 = f(Bi) in the range of Bl which interests us
can with an accuracy of 1% be approximated by the formula

® = 0,78/
This permits converting dependence ((.34) so:

8, = M exp (—0,78¢" Fo).
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Logarithmizing, we obtain
Bl." Fo=329(g Mc. —Ig oep)-

Substituting the expanded expressions of Bi and Fo criterla, we
have

()" o =320 Ug My — 1 8 (6.47)

The thickness of the wall necessary for the condition of strength
can be in the first approximation calculated as

Vo d (6.48)

where Opp — tensile strength of material at assigned average tempera-
ture of the wall Tcp.

Putting in expression (6.47) dependence (6.48), the value of the
coefficlent of heat transfer (6.6a) and solving relative to t, we
obtain the maximum allowed time of work of the engine without thermal
insulation

n,s dl“ o
‘—{( “‘ur =~ (g Mg — 15 %), (6.49)

where
lo’

K=l335FT

According to the obtained dependence at a given value ecp’ and
consequently at fixed value o> the basic factors determining maximum

time of work of an engine are: engine gauge d, coefficlent of
temperature transfer of material of the body a, and pressure.

Formula (6.49) considers the distinction of design pressure Prax

and operating pressure p, corresponding to the case for which the
maximum time of work is determined, If these pressures coincide, for
example, for an engine with a heated case or for an engine tuned for
constant pressure, the formula takes the form

Thus, with an increase of design pressure when ecp = esan, the

allowed time of work of the engine increases. This 1s explained by the
fact that although with growth of pressure the intensity of heat

transfer from gases to the wall of the englne (o ~ p0'8) increases,
the thickness of the wall, however, determined from conditions of
strength, grows faster (~p), 1n consequence of which the heat
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accumulating possibilities of the body of the engine are increased
with a growth of pressure.

14 — ——

"

— 4 » Fig. 6.3. Dependence of maxi-

2 G P-B0&/en” pin time of work of an engine

- without heat shielding on

o gauge, operating pressure, and
) combustion temperature of the
4 fuel Ty: - - - - T, = 2600°C;
¢ —_ TO = 2000°cC,

4

\
2
{17 §
o /

According to formula (6.50) the allowed time of work of an engine
increases 1in proportion to gauge to the power 1.44, 1Ir during a change
of gauge of the engine we preserve the geometrle similarity of all its
elements, then thickness of the burning arch, and consequentliy also
time of work of the englne have to change in proportion to gauge to
the first power. Consequently, during geometric modeling of an RDTT
with growth of gauge, the time allowed by conditions of wall heating
for work cof an engine 1s increased faster than real time of work
increases.

Computed values T ron? obtained by us by formula (6.50) for

different pressures and gauges, are represented in the form of graphs
in Pig. 6.3. Calculations were conducted with the following initial
data:

%= 18 K =08 1075 Tpum 500°C; oy = 2500 kg/cn? |
1=001 kcal/ms °C; ¢=0,l4kcal/kg°C; 1= 17820 kg /m".

As calculations show, the allowed time of work of an RDTT without
& heat shield is extremely small: 1t is from several tenth fractions
of a second to several seconds. With an increase of thickness of the
wall of an engine along with a lowering of average temperature, there
is an increase of temperature on the internal surface of the wall
Tc.n’ In certain cases during determination of the permissible time

of work of an engine this factor becomes the limiting one. Thus in
our calculations the determining role of tnis factor 1s revealed at

To = 2600°C at pressures over 100 kg/cmz. The upper 1limit of possible
use of an engine at TO = 2600°C, corresponding to TC p = 0.9 Tnn’ is
drawn on graph 6.3 by a dot-dashed line.
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§ 6.6, Basic Types of Heat Shield
Coverings Utllized in RDTT

Thermal shielding of elements of the carriler construction from
hot gases is ensured by coverings made from special materials, and
also by a fuel charge fastened to the body of the engine.

The basic requirements of heat shield coverings are: reliability
of the shielding of the carrier construction, minimum weight of the

covering each 1 m2 of protected surface, good adherence of the covering
with the material of the carrier construction, sufficiently high
resistances to vibration lcads and mechanical and thermal shocks, ease
of manufacture.

Protective coverings for RDTT known at present can be divided
into passive and active heat shielding coverings.

Passive heat shielding 1s ensured by thermoresistant coverings
made from materials which combine high melting points (Tnn > To) with

low temperature transfer. Thickness of these coverings in the process
of work should remain constant, therefore they have an additional
requirement: sufficlent resistance to erosion influences.

The basis of such coverings are refractory oxides (Mgo0, A1203.
ZrO2 and others), carbides, nitrides and borides of certain metals.

A 1list of refractory materials is given in Table 6.3 [21], and
physical properties of certain of these materlials are given 1n Table
6.4 [(20], [22], [23].

During the use of a glass-llke bilnder one obtains two-component
ceramic. In two-component compositions we sometimes and a fluring
substance for the purpose of increasing the contents 1n a ceramic of
fireprcof materlal. Ceramig coatings are deposited in thin layers and
can consist of a uniform material or alternating heterogeneous layers,
each of which has its own special purpose.

Thus, for example, the external layer can consist of material
with raised erosional stabllity, whereas internal layers will ensure
high heat shielding qualities of the covering.

Wide application in rocket technology has been given to the
method of flame spraying, which consists of the following. From a
powder of fireproof material (silica, zirconium oxide, titanium oxide
and others) a rod 1s formed which 1s placed in & high-temperature
flame of a burner, The melted material 1s atomized and ejected on
the preliminarily purified metalllc surface. Adhering to the surface,
the particles harder. rapidly, forming protective layer. Such
coverings made from refractory materials with sufficlent thickness of
the deposited layer can resist high heat flow. However due to porosity
of the structure these coveringspossess insufficient erosion stability.
The adhesive strength of such coverings with the metal 1s low; this
conditions their relatively low resistance to mechanical blows and
vibration influences (211, [24].
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Table 5 3. List of superrefractory materials
(melting point over 2500°C).

Materisl Melting point, °C
Elements:
carbon 3500 ¢
molybdenum 2650
osmium 2700
rhenium 3170
tantalum 2850
tungsten 3370
Oxides:
beryliium L 2500
calcium 2550
hafnium 2800
magnesium 2800
thorium 2800
zirconium 2700
Borides:
hafnium 3050
tungsten 2900
zirconium \ 2900
Carbides: \
hafnium 4150
molybdenum 2550
niobium S 3530
silicon 2700
tantalum 4150
thorjium 28CC
titanium 3100
tungsten 2860
zirconium 3550
. zirconium-tantalum 3900
Nitrides:
boron 2750
hafnium 3300
scandium 2650
tantalum 3300
titanium 3200
zirconlum 3000
Zirconates
barium 2700
calcium 2660
strontium 2700
thorium 2800
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The biggest adhesive strength of a covering with a metallic
surface is attained durlng the use of a plasma-arc torch, ensuring
heating of the powdered material to A temperature of 10,000-12,000°C.
Here deep diffusion embedding of the protectlve material in the layer
of metal occurs.

One of the possible directions 1is creation of cermet coverings
obtained durlng sintering of powders of the refractory material and
metal, for example, A1203 and Cr [23].

An active thermal shield of a body 1s based on absornrtiun of a
considerable share of heat fed to the surface with destruction and
removal of material of the covering. This heat is expended on phase
transitions (fusion and evaporation, sublimation) and endothermal
reactions (pyrolysis of organic substances) in the surface layer of
the covering. Due to this the heat flow tapped in the depth of the
material is small as compared to the flow fed to the wall. Coverings
of such a type are fr@»quently called ablating.

The term "ablation" is collective’and embraces different cases
of thermal decomposition and subseguent removal of a substance from
the surface of a solid during heat exchange with a gas flow.

A specific requirement of such coverings 1s the greatest possible
heat of ablation.

A basic advantage of ablating coverings 1s the possibility of
using them at any combustion temperatur? of a solid fuel, whereas
application of heat-resistant coatings is limited by the melting point
of the covering materlial. Furthermore, as a rule, ablating coverings
possess smaller speciflc gravity and higher mechanical characteristics.

Active heat shielding coverings are divided into coverings with
surface and internal removal of the substance.

The first subgroup unites sublimable materials and certain

gl mefgswhich are decomposed without formation of a carbonlzed layer
51, ].

Sublimable coverings finding application in RDTT consist of
mineral salts (sublimable material) and an organic binder. The materlal
of the covering can be deposited on the surface of the article in a
dlluted state by brush, and also by atomization or casting.
ggagacteristics of certain sublimable materials are given in Table 6.5

2].

A covering of such a type 1s used in the RDTT the ballistic missile
"Honeat John" as heat insulation of the nozzie [26].

Of coverings of this subgroup one should also mention differnet
types of rubber 1insulation. There are indications of the use of
rubber coverings at a temperature of ~3900°C for 120 s [25]. Such
coverings are used in the RDTT of the three-st.ge "Minuteman" rocket
[27] for thermal shielding of the body and bottoms of the engine.

The thickness of the rubber covering, depending on conditions of work,
is changed from several millimeters to several centimeters. Thus, for
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Table 6.5

Specific Heat of sublimation
Substance | gravity, Boiling point, °C or dissoclation,
kg/m3 10-3 kcal/Kg
Mg3N2 - 1500 (decomposition)... 2130
313Nu 3.44 Sublimates.iceaeniaans 2800
AlN 3.26 2000 (sublimates)...... 3720
NHQF 1.315 Sublimates.....e. e 1276
NH,C1 1.527 355 (aublimates)....... 994
A1F3 3.07 1270 et cennssnovsaasns 205
518, - Sublimates... «...v.0n. 694
cd0 6.95 900-1000 (@sintegration) 694
Zn0 5.61 1800 (sublimates)...... 556

example, for the engine vf the third stage of the "Minuteman" rocket
the thickness of the layexy of rubber on the nozzle cover attalins 26
mm.

Coverings with internal removal of a substance consist of a
nondestructible component (structure of the carrier) and a removable
component which 1s a heat sink. Of coverings of such a type the
most wide-spread are reinforced plastlcs. During thelr heating there
is decomposition of the organic base with formaticon of gases
diffusing to the surface and a relatively durable carbonized layer.

Reinforced plastic can be used in an RDIT as protective coverings
and structural materilals. If the RDTT body, made from reinforced
plastic, does not have an additional covering, the surface layer of
the plastic itself fulfills the role of an ablating ccvering. In the
case when reinforced plastic fulfills only the function of a thermal
insulation covering, it is possible to select an optimum composition
which most fully corresponds to requirements of thermal shielding
of the engine body. Coverings made from reinforced plastic are used
in many samples. The thermal shield of the engine body of the anti-
missile missile "Nike-Zeus," working for 8C s, is ensured by an
internal lining made from filberglass laminate. Coverings made from
fiberglass laminate are used for shielding the lower part of the body
of the engine of the first stage of the "Minuteman" rochet. The
thickness of the plastic layer in place of bracing of the lower bottom
attains 50 mm.

Of the other possible compositions of coverings with internal
removal of a substance 1t 1s possible to indicate porous graphite and
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tungsten, filled with a sublimable substance or polymers [22].

§6.7. Deslgn of Refractory Thermal Insulation Coverings
(Passive Thermal Shieldling)

The character of distribution of temperature in an engine wall
with a refractory thermal insulation covering is shown in Fig. 6.4,
Lere and subsequently the account of index M pertalns to material of
the carrier element of constructloa, index T — to tuc covering. In
the thermal insulation layer a sharp fall of temperature 1s observea.

For determination of the temperature fleld of a two-layer wall
we used the system of equations:

&r _ ar.
37 =N

A
An>.z>0, _laln, a=a;= n

nfn’

‘M X
Aﬂ+AM>x>Aﬂ' AEKM, ﬂﬂian=1—n“;,

Xm0, —Ang;;l-a(T.—Tg,.); (6.51)

Ty Ty .
x-Aﬂ' 1n—a}—-ﬂxn—6“—;

Tn a.TH:

Ty
x—An+A“. ——)«"-&'——0,

An analytic solution of this system of equations leads to bulky
calculation dependences whose use in engineering practice is diffi-
cult in view of the considcrable labor-input of calculations [28]. &
substantial simplification of these dependendes is attained by
examining limiting cares, which present the greatest practical
interest. One of thrm is the case when temperature gradients in the
protected material ere insignificant. A similar phenomenon is
observed when the currier element of construction is made from metal,
inasmuch as the coefficients of thermal conduction of a covering and
metal usually differ by almost two order. Thils can be ensured also
for a construction material with low thermal conduction at the experns.
of great thickness of the covering.

Solutions for this maximum case are given in works [28], [29],
{(30]. In work [30) the relative temperature of the boundary of
covering and wall is represented in the form of a function of two
parameters —~ the criterion of Fourler, enumerable for covering, and
the compound criterion u:
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Fig. 6.4, Distribution
of temperature in engine
wall with a passlv: heat
shield covering.

M= Tn¢nsn
Tmeminm

The dependence for determination of temperature on the border of
the covering and metal (it 1is the temperature of the wall) has the
form

AN
{ . ~re} )
T,—T _ v pe sec @) .
L R Ny st (6.52)

=1

where ¢, - positive roots of the transcendental equation
A
O tg® =
g (el

In Fig. 6.5. there is a graph of the dependence 8 on Fo for values
of u from 0 to 50 [30]. Values of 6 are glven in logarithmic scale.

As can be seen from the graph, with the exceptlion of a very
limited region of small values Fo where 8 + 1, not of practical
interest, the dependence of the logarithm of 6 on Fo when u = ccnst
has a linear character. This indicates that the work of a heat-
resistant thermal insulation covering almost wholly flows under con-
ditions of regular thermal ccnditions (see Chapter VII).

With the ald of the graph it 1s easy to solve the inverse problem
(check calculation): determlination of the temperature of the protected
material at assigned thickness and heat-physical characteristics of
covering. However it 1s inconvenient for solution cf the primary
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Fig. 6.5. Dependence of relative excess
temperatire con border of covering and metal
on criterion Fon.

problem — detecting the thickness of the covering necessary for
limitation of wall heating to the allowed temperature Tnon‘

A simple solution of the primary problem 1s obtained If the
solution represented by the grap' 1s approximated by a dependence of
the form

A

where A, C — apprcxlmation coefficients; lg 60 — approximation con-
stant.
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As analysis shows, when A = 0,45, C = Q.40 ig 0, = 0.0212,

accuracy ol the approximation in the region u = 0.2 to 20 is approxi-
mately 1-2%., When u -~ O errors oI approximation increase, remaining
within the limits 10-12%.

Putting in dependence (6.53) the expanded expressions of Fo and
u we obtaln an equation squared relative to & Solving icv, we find

i
1
== (24 )+
L/, R A" Aaq: (6.54)
+Vw ) e (G et
where
47 _In‘n
M= TmEmin

With an increase of temperature of the material of the wall its
strength characteristics cdescend, but in accordance with this the
necessary wall thickness determined from the condition strength of the
rocket chamber increases. Slmultaneoucly with an increase of the
temperature limit to which heating of the wall 1s allowed, the
necessary thickness of thermal insulation An decreases

During calculatioQ 6f a chamter for strength the thermal
insulation, in view of‘its low strength characteristics is not taken
into account.

Pisrecgarding curvature of a two-layered chamber wall, the weight
of one square meter can be determined as

Q=T1n8nt Tmim
where & can be calculated by formula (6.54), and oy 1s defined by the
apprcximate dependence
8, = -4
Chadl

where p — design pressure; n — safety factor; ogp ~ tensile strength
taking into account temperature of the wall,.

Among the infinite set of relationshlps of bq and Ay satisfying

the condition of engine body strength at assigned parameters of the
process of heat transfer in the engilne (TO’ a, T}, there exists one

which ensures minimum welight of the construction. If from this
optimum relationship it 1s displaced in the direction of decrease of
thickness of the wall AM’ weight of the construction will increase

on account of the consliderable increase An necessary to ensure low
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Fig. 6.6. Dependence of

welght of 1 m2 of wall of
an RDTT body on allowed
temperature of metal

&y = thickness of metal;
welght 1 m2 wall per
wall Q,; - - - - tempera-

ture of metal °C,.

§ 8 & 8 B

8

40 o,

temperatures of the wall. With a decrease of 4p welght will increase

on account of growth of By
Clearness of the minimum of welght of the construction depends on

conditions of the process, characteristics qf covering and material
of the body.

’
In Fig. 6.6 are graphs Q = f(AM), calculated for a steel wall

with cove~ing made from zirconium oxide at Ty = 2000°C, a = 0.695

kcal/m28°C, for different times of work of the engine. Here the
dotted line represents the dependence for temperature of the wall.
Conditions cof construction of the graph are expounded below.

As investigation show, for a seriles cf combinations of metal with
refractory covering a sharply expressed minimum of welght of the
construction is observed and selection of optimum thickness can ensure
a8 considerable gain in weight,

Example.

To find the optimum combination of thickness of a steel wall
and c¢overlng made from zirconium oxide under assigned characteristics
of materials and conditions heat transfer,

Given: d=30 mm;

Characteristics of wall material
kcal

In= %20 kg/m3 ¢q = 0,140 m'
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The dependence of tensile streng*h of the material on temperature
is shown in graph 6.7 [20].

Fig. 6.7. Graph of depen-
dence of tensile strength
of heat-resistant steel
on temperature,

y 38 8 §3

AL

Characteristics of covering material:

kecal
= 4400 3 eg=o0168 Kcal 2, =0172.10- 2882
n kg/m n —T-ks 7 msoK

(see Table 6.4),

Let us assign several values of temperature of the wall T pom
For each of them we determine 80 By and calculated Ql. Let us con-
sider the sequence qf' calculations for Tnon = 500°cC.

According to the graph, at T = 500°C, ogp * 7400 kg/ch:

b= %%’. = 0253 car = 2531073 ar;

To—Tpon _ 2000—300 ..o
Yo = F— P = o= = OIS

in 0,172.10-4 a
= — - . -
Tnen - 4400-0,68 ~ 0305103

n  0172-10—
e T T 058

an =
=0.248:10 x;

eyd . .253.
o Jucuin | 7620014028810 o0 0, o

1
M " ten 3400.-0,168
g0 —1gl = --0,1418;

B = — o0 (0268 4 374).10~ 4+ /L (0248 4 37410~ —
704 L7
-:6‘-‘-( 0,248-374-10- 4 9&'_0-0_____ 73.'4::"“‘") = —499-10- 4 9,81.10-1 =
-r
- 482.107 o
Qi = 1p8y + 1pdn = 7620-2,53-10~ 4 4400-4,82- 10— = 41,0 kg/m3
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Table 6.6

Toe'C - 300 400 S00 550 600 615
kg -
o 8500 8000 7500 7200 6500 4700
by 100 2,3 2,31 2,83 2,63 2,9 4,02
Ap 100 1,2 5,8 4,82 4,38 3,82 2,73
o KB '
Q. 49,4 44,; 41,0 3,8 | 39,6 43,4

Results of analogous calculations for other temperatures are
given 1ir Table 6.6,

As it follows from graph 6.6, minimum welght is attained when
AM = 2.8 mm and composes 39.3 kg/mz. As compared to the maximum
variant Tnon s 300°C at which 9g still remains practically constant,
the optimum variant ensures a 25% galn in weight of the construction.

Similarly buillt are two other graphs in Fig. 6.6.

§ 6.8. Design of a Sublimable Covering

Let us consider the case of stationary sublimation, when the
surface of the sublimable covering shifts 19 the depth cf the materilal
with a constant linear speed u, Let us intrcduce a moving coordinate
systcin, combining its origin with the surface,of the covering, and the
direction of the positive axis ¢ with the directicn of sublimation.
The connection of the fixed and mobile coordinates 1is defined as

(X8

We will present the heat-conduction equation for material of the
covering in the moving coordinate syutem. Inasmuch as:

X . &% LT 9T, o _ T & ar
r ik ekl B A O i 3 i

the heat-conduction equation will take the form

a =y (6.55)

Introducing deslgnation GT = % and taxlng 1into account that the

distribution of temperature depends only on cocrdinate g, equaticn
(6.55) can be presented in the form

aT 4T

212




| Equation (6.56) has the general solution

T-=——c,8,e'm'+c,. (6.57)

We will find the value of constants of integration:

when C=oo, Tﬂr.. C.QT.;
when {=0, T==T3. ¢y —(Tg-— «8r.

After substitution of values ¢y and P the equation of the
temperature fleld 1n the covering takes the form

T—T = (Ts—T)e "7, (6.58)

‘
Let us note that for sublimable coverings the temperature of the
surface Ts under any conditions of heat addition from the gas phase

remains constant, equal to the temperature of sublimation of the
coverling material.

Let us estimate the depth of heating of the covering material
during stationary sublimation, taking as a conditional border of
heating the point in which temperature of the material 1s increased
20°. Let us take as initial data y = 2000 kg/m3, ¢ = 0.35 kecal/kg°C.

T, = 320°C, T, = 20°C, A = 0.667-10"" kcal/ms®C, u = 0.4-1073 m/s,

S
then
3 T—r, 066710~ 0 —2
"",7;(“"‘" r,;r:)” W04 1070 I ;m—zo)"
== 0,645-10~% x.
Thus, depth of heating is within limits of tenth fractions of a
millimeter.

The temperature gradlent at the covering surface

(.28 Te—T, 1¢u
7):=__‘T-’-T(T3—T-)

and, consequently, the flow of heat fed from the surface to ths Jdepth
of the material, is equal to

@=—2 (5 ), = e (Ts—T0). (6.59)
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Heat flow qQ, fed to the surface of a sublimable covering, 1is
calculated by the formula

0= G0 — 018 (fs— /5). (6.60)

where ho ~ heat flow, calculated neglecting gas formation on surface
of covering; IS -~ enthalpy of sublimat~ at surface temperature, IO -

enthalpy of sublimate at the temperature of the nucleus of the gas
flow; "y experimental coefficient.

The second member standing in the right part considers weakening
of the heat flow on account of absorption of heat by the sublimate
moving toward 1t. Experimental coefficient nq is ~0.8 for laminar

flow and ~0.4 during turbulent flow of gases in the chamber [31].
Speed of stationary sublimation can be found from the equation
of heat balance for the surface of sublimation:
(6.61)
'l-'i"" Y“QS' )
Putting in the equation of heat balance (6.61) the ottained
expression for aq, (6.59) and value q, from formula (6.60), we find:

8 o= L] (6-64)
O+ (Is—Ta)c+y(h=1"

The thickness of layer sublimating durlng the time of wcrk of
the engine 1s equal to

A‘-n
Calculation of organic coverings, decomposing during heat with-
out formatlion of a carbonized layer 1s similar to calculation of a
sublimable covering. The speciflc character ofAcalculation of such
a covering reduces to calculation of the dependence of mass speed of

decomposition on temperature of the surface, which usually follows
the law of Arrhenius [32]:

..3-1"-K.e-”’3v (6'63)

where E — activation energy; Km - preexponential factor.

Putting expression (6.63) in the equation of heat balance for
the surface of the covering, we obtain

- 2
W(Te=Ts)—n UUe—1Is) =Kt T [c(Ts—T)+ Qs). (6.64
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Expressing enthalpy as the product of temperature and average
heat capacity of the gas, we cbtain

(«—r.,?,)(r.—r,)-x_.-“’i[,(r'_r.)_’_ Q. (6.65)

Solving the obtained equation by selection, one can determine
the surface temperature Ts, and then by equation (6.63) one can find

speed of ablation.

Inasmuch as the curve of the dependence of speed of decomposition
of a plastic on temperature has a very steep climb (by analcgy with
burning of solid fuels), then it is possible to assume that in real
conditions surface temperature of the covering during ablation

osclllates in relatively narrow limits, and one can introduce in the
calculation a certain mean value Ts‘ In this case we recturn to

calculation dependence (6.62).

Placing in dependence (0.62) the expanded value 9y We will

reduce all secondary values and those which are determined by
characteristics of the material to coefficient Ka‘ Then

/

\
s=K (1 - )T,

The obtained formula permits one in the first approximation to
estimate the dependence of speed of stationary ablation on basic
parameters of internal ballistics: pressure p, speed of gas flow Vv
and combustion temperature of the fuel TO.

As examined by us, statlonary ablation, strictly speaking, is
the 1imit which the process of ablation approaches asymptotically,
and the time for establishing a stationary process equal to infinity.
However, 1n reality, after a short initial period, the process of
ablation practically insignificantly differs from stationary. For an
appraisal of this initial period we will examine the equation of the
transient process of thermal conduction in the covering

&r T o (6.66)
‘F-T—.T'

We shall express thls equation in dimensionless form, selecting
corresponding scale units. As a time scale we will take a certain
time 7, as a linear scale value a/uc (uC - speed of stationary

ablation), as characteristic temperature, temperature on the surface
of the covering during stationary ablation TS. Then:

T=TTgs (=( te={fr, memun,

a
';;
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—_— = —_— g — .67
& = 'u R (6 )

Equation (6.67) will be converted to an equation for stationary

process when u + 1, and << 1, Thus, value a/us characterizes the

ocwl o

time which 1s required to ensure a stationary distribution of tempera-
ture in the covering. Let us designate 1t by Tp and call it time

of thermal relaxation. The dependences derived for a stationary pro-
cess become useful when t >> Toe As a rule, tvime of thermal relax-

ation for coverings 1s small and can be disregarded. Thus, in the

example examined above v .
1 0,667.10—
™ T = 03501610 =06 g,

Let us note that the dependences derivid above ¢f thermal con-
duction in the solid phase during ablation ‘and sutlimation are use-
ful for calculation of the distribution of temperature in a solid
fuel during burning.

The minimum covering thickness necessary that temperature on the
border of the covering and carrier elements of construction will not
exceed an allowed value T pgp, in first the approximation will be

defilned as 3

a Taon—=Ta
A—ut+(=l‘+—;(—lﬂ"t':ﬁ')' (6.68) i

For a coverlng one should consider as optimum the materilal, the
complex of physical-chemical characteristics of which ensures the
least weight of the covering. Let us consider the simplest case, when
avallable materlals differ only in speed of ablation. With growth
u there 18 an increase of thickne=s of the ablating layer, anrd a
decrease of thickness of the heated layer. Differentiating expression
(6.68) with respect to u and equating the derivative to zero, we
find the optimum speed of ablation which ensures a minimum covering
weight:

™

- l/%(—-ln%%’%): (6.69)

L - = - . Py VO P
A
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According to formula (6.69) value ugpp descends with a decrease

of temperature transfer of material and with an increase of time of
work. For an engine with a relatively short time of work, a smaller
covering weight 1s ensured at greater speeds of ablation.

§ 6.9. Design of Carbonlzing Plastic Thermal Coverings

Under conditions of a rocket chamber durlng insufficlilent speed
of the gas flow, solid remainders of thermal decomposition of the
covering or plastic materlal of an organic-base body will form on
the surface a porous carbonized layer whose thickness can attaln
several millimeters.

A diasgram of heat-mass transfer for this case 1s represented in
Fig. 6.8. Let us consider sequence of processes flowing here.

[XEERNER]

\
] 7
- N1,
Sy 4/// i
- 3 7 // G
: 5 Tu .
~ N ////////’ (e

L

Fig. 6.8. Diagram of heat-mass transfer
between gas flow and plastic covering
in the presence of a carbonlzed layer.

During intense heating of the plaz*ic thermal decomposition of
the binding substance occurs (organlc resins), known as a reaction of
pyrolysis. A study of pyrolysis of plastics 1n tubular and arc
reflective furnaces [33] has shown that products of disintegration
consist of volatile substances and hard remainders in the form of a
rigid nenuniform carbon compound, ccnnected by the glass filler
matrix. In a typical plastic from phenolic resin reinforced with
glass fibre, the welight content of resin is 20-30%. As a result
cf pyrolysls approximately half of the resin (i.e., *10-15% weight
of all the material) is turned into gaseous products. During

217




- m e m—

s i s T === T SRR TR L iTmT ad

decomposition of epoxy resins the yleld of gaseous products 1s nearly
80% of the weight of resin. A typical composition of gaseous products
of pyrolysis of phenolic resin 1s glven in Table 6.7.

Taole 6.7. [33]

Components Molar, %
H, 54
co 12 :
CH,, 12
H20 12
Phenol 2.5
Crescl 2.5
Other gases 5
(CZHM’ C3H6, Cpilg:
toluene, benzene,
xylene)

;o\

As it was established a s0lid remainder 1s a stable substance up
to temperatures ~1600°K. At higher temperatures liberaties of CO is
possible on account of carbon reduction of silicon oxide from the
fibre.

The reaction of pyrolysis of the organic binder 1s endothermic.
The thermal effect of the reaction for phenolic resin 1is Qs = 300
kcal/kg [34]1. 1In Table 6.8 are given computed values of Q_ for

different polymers, checked by experiments on decomposition and
burning of these polymers under conditions of convectlon heat exchange

{343,
" Table 6.8
keal kcal
Polymer Qs’ mole Qs’ ke
Polymethyl metacrylate 13.0 130 .
(C.HQ0,)
57°8¥2'n )
Polystyrene (CHHS)n 16.4 102
Polylsobutylene (CQHS)n 12.6 92
Polybutadiene (CUH6)n 17.9 82

Thus, for a sufficiently large quantity of polymers value Qs is
changed from -80 to -130 kcal/kg.




As results of experiments show [32], the mechanism of pyrolysis i
of the organic binder can be represented as a reaction of the first
order with respect to the parent substance.

The speed of the monomolecular reaction, as a result of which

relative welght of the undecomposed substance Gﬂn continuously :

decreases, 1s determined by derendence

. _Lg.‘u_auag-”‘". (6.70)

where E — activation energy; B — preexponential factor; T — temperature
at a given point of the covering. H

According to dependence (6.70) reactlions of decomposition of the
substance flow over all the heating region of the plastic.. Due to
this the content on undecomposed binder monotonously decreases,
approaching zero as one approaches the border of the carbonized layer.

Derivation of calculat.on formulas for determination of the
thickness of the carbcnized Mayer on the basls of dependence (6.70),
as this 1s done in work [3¢], is very complex. Without much error,
the solution of the probler cah be simplified by using the following
considerations.

As 1t was shown by Ya. E. Zel'dovich and D. A. Frank-Kamenetskiy
{35], under steep exponential dependence of the chemical reaction
rate on temperature, the reacti~n baslcally flows in the region of T
| the temperature of completion of the reaction.

In reference to ocur case this means that actually the reaction
of pyrolysis of the organlc substances is 12calized in the narrow
zone on the border with the completely carboniczed layer. This allows
one to cross to the following simplified scheme of the process.

l. Decomposition of the organic binder occurs wholly on the
interface of the undecomposed plastic and carbonized layer (pyrolysis
front) at a certain temperature TS.

‘ 2. Before the pyrolysis front only heating of the plastic on
X account of thermal conduction 1s observed.

The mass speed of decomposition of the material on the pyrolysi.
front will be expressed by the depenlience

[ 4
h,:Kse Wr:_ (6.71)

Similar simplirications are widely used during solution of

| problems in the theory cof combustion. For appralsal of the error

: introduced by such a simplification in the solution of the given
problem, calculaticns were made of mass flcw rate by formula (6.71)
for temperatures of the interface from reference [32]. From a
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comparison of obtained data with results of calculations in [32] 1t
follow: that error in determination of mg during transition to the

aigplified dependence (6.71) for assigned conditions does nct exceed
5“ ,-

The quantlity of gases forming during pyrolysls per unit of time
on a unit area of the pyrclysis front qill be mSX, where x — amount

of material transformed into gases.

An 1nsignificant amousrt of formlng gases remains on place,
filling pores formed in the material; the basic mass moves through
pores of the carbonized layer to the surface of the wall. The mass
flow rate of gases, taken over all the thickness of the porous layer
as beling constant, per unit area ncormal to the direction of motion
of the gas will be

llia,(l—-'l;-).

The expression in parentheses conslders the quantity of gacses
remaining 1n zone of formation of filling of pores. For simplification
of rotaticn we introduce the designation

T=x{(1— 1)

By porssity of carbonlzed layer e we understand the ratio of
volume of pores to the full volume of the material. The interesting
product of effective density and specific heat for this layer can be
presented as

06p),, = (1 =) (), -+ ¢ (o5, (6.72)

.For determination of the given value of the coefficlent of
thermal conduction of carbonlzed layer the following empirical
dependence is recommended in work [32]:

Ap= (1= 0) Xy, + 6hy,. (6.73)

Oppceling transfer of the substarce, heat flow from rhe surface
13 directed to the depth of the wall. Inasmuch as the value of voids
(pores) is sufficiently small as compn,.2é to thickness of the
carbonized layer, it 1s possible to ccnsider that ir any point of
thls layer local eguaiity of temperaturss of the solid remainder and
gas penetrating through it 1is observed.

Proceeding from this, we will derive the heat-conduction equation

for the carbonized layer. Let us separate in the carbonized layer an
elementary section dx (Fig. 6.8), limited by control planes normal to
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the directions of prcpagation of gas and heat flow. For the positive
direction of coordinates we will vake the direction of motion of the
pyrolysis front. Into the examined element through a unit area on the
left there enters per unit time on account of thermal conduction a
quantity of heat

o
! Rkl V%

In the same time through the control surface from the right by
means of thermal conduction there is removed a quantity of heat

or [J ar

Together with gases proceeding to the examined element from the
right, a quantity of heat 1s introduced equal to

\ q,=c,th,‘i(T+—g§dx).

Gases emanating from Qhe element through the left control surface
carry c¢f'f with them a quantity of heat equal to

go=¢,mgXT.

The change of heat content of the element for the same time 1s
equal to

A9 == Cyppey dx —%‘L .

where pnp — given density of the layer taking into account the gas
fiiling the pores; cnp — glven heat capacity of the porous layer taking
into account heat capacity of the gas.

Equation of heat balance of the separated element will be written
as

M=q,—q,-_+q.—q..

or after substitution and reductlion by dx

(6.74)

ar arT - ar
Capfep 3z = ap G + EmX




L

Dividing both parts of the equality by Chpfr- e We obtain the

heat-conduction equatlion of the carbonized layer -

*7 ar : a7
Qg 3 ™ "X — M3 gr (6.75)
where Gop ™ Caprar given coefficlent of temperature transfer of the

carbonized layer;

S S

Caphap :

For solution of the obtained equation thé'boundarv conditions

are
used:
a) on the pyrolysis front of the fiberglass
or a7 .
~a(4F), == (3), (5.76)
where 8 — relative amount of binder 1in material.
b) on the internal surface of the wall
--X.,(-:-} u—(“"l.x’i':‘r)(ro"'ru)- (6.77)

where a — coefficlent of heat transfer from gases to wall of the
engine neglecting the blow of gases on the boundary layer.

Syatem of equatlions (6.75), (6.76), (6.77) and (6.71), describing
the process of carbonization of the co;;ring, 1s sclved on an elec-
tronic digital computer with the use of the finite-difference method
or with the aid of analog devices.

During removal of carbonized material from the surface of the
covering the system examined above should be augmented by an equatio:.
which describes the process of removal.

Let us consider the case cf a stabilized process, when speed of

removal of material from

the surface equal to speed of advance of .

the pyrolysis front into the depth of the undecomposed plastic. The
heat-conduction equation of the carbonized layer takes the form:
Oop J = — Mgx I (6.78)

In equation (6.76) the first member in the right part, which is
heat flow fed from the pyrolysis front to the depth of the covering,
during a stabilized process according to equation (6.59) is equal to
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—ly ;;):_a,c.,(r,-—r,.w%).

We deslignate
Q
r r,-r,-p;_{-.

Consequently:

a7 . -
-x.,(-;;-),-mm.(T: Ty)- (6.80)
Passing from partial derivatives to full, inasmuch as the only
variable is coordinate X, twice integrating equatlon (6.78), we obtain:

Toe 5 Co¥ 46 (6.81)

where

P/l
\ 1 Sy

We rind the constant of integration.
}

& ] At x = L (
Lot ar - M foa
‘; ]-,—,—L—C.e M= x':, (Ts—T9)- (6.82)
“ \

whence
‘ C:-'--—%—-(T,-—-T,)e"'. (6.83)
‘ At x = 0

c (6.84)
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Hence

ComTo— ot (Ty— Ty ™. (6.83)

After substitution of constants of integration, the equation of
the temperature fleld of the form:

TmTam G2 T~ Tay e (1 —e™). (6.86) -

Considering x = L, T = T_, we solve the obtalned equatlion with
respect to thickness of the carbonized layer:

- e T T 6.67) i
L i‘ﬁ l“(l + Cualap T,-T, )' ( 1

Value TCB will be determined from condition:

ar
7;¢“-=cr
Putting in value C1 and using boundary condition (6.77), we
obtain:
1 .
(T’—-r:')eua-““ ("_w.fxct)(rl— u)- (6,88)
o

Inasmuch as according to equation (6.87)

iyt TamK
Caafny T‘—T:‘ '

putting this value in equation (6.88) and solving the latter relative
to tcn’ we obtain:

. (6.89)

o M e

i‘t.. €ns Casltap

Measurements of temperatures, performed by means of low-inertia
thermocouples in a covering made from asbestos-phenol plastic during
bench tests of RDTT, showed that in the range a = 4.9-5.9 kcal/m@s
temperature on the surface of the carbonized layer attalns T,p, » 170C°C

and on the pyrolysis front T % 600°C [36].

With growth of thickness of the carbonized layer, flow friction
to the gas flow increases, moving through pores to the surface of the
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covering. This also promotes gradual packing of the carbonized
material near the surface due to deposition in pores of atomle carbon,
given off during decomposition of gaseous hydrocarbons. Over the
thickness of the carbonized layer considerable pressure drops appear
which can attain several atmospheres. The value and sign of stresses
in the carbonized material are determined by the relationship of
forces of internal and external pressures:

e=(p+ AP)-;%;—P%;."

where p — external pressure (in gas flow); ap — pressure drop in
thickness of the carhonized layer; n — relative area of pores. At

high external pressure (rocket chamber) in the material negative
stresses (compression) will predominate. Under conditions at the
outlet socket of the nozzle at low pressures in the flow, commensurable
with value 4p, phenomena of breakaway of the carbonized layer are
possible. Furthermore, in all cases of destruction of the carbonized
layer, tangential fricticnal forces participate which effect the
surface of the covering.

§ 6.10. Heat Shielding of the Nozzle of an RDTT

The nozzle 1s subject to the greatest heat stresses of the con-
struction of an RDTT. 1In speclally rugged conditlons there are layers
of material near the nozzle throat. Here are combined high intensity
of heat transfer and strong mechanical influence of the gas flow on
the surface of the nozzle. During prolonged azction of these factors
and insufficient stability of the material the high point of the
critical section moves foreward accompanled by a chop of pressure
and thrust of the engine, and in certaln cases even damping of the
charge. It fcllows from this that the basic requirement for the
material and construction of a nozzle 1s safeguard of high heat-
erosion stability.

In an engine with & short t&me of work, conditions of heating of
the wall of the nozzle is knowingly nonstationary, and the temperature
of the surface of metal In the reglon of the critical section remains
considerably lower than the combustion temperature of the fuel.

It 1s consldered that thelnozzle for an engine with a short time
of work 1s best prepared from a low-carbon steel, a noncritical
material which possesses, as compared to heat-resistant steels, higher
{2-3 times) heat conduction and due to this it ensures good erosion
stability of nozzles.

For an engine with a long time of work the nozzle is usually
assembly consisting of separate sections or components made from
various materials. Since in such an engine the surface of the nozzle
in the critical section 1n the process of work obtains a temperature
close to stagnation temperature of the gas flow T,., the nozzle throat
is fulfilled in the form of an insert made from hgat-resistant
material with sufficient resistivity to thermal shock, chemical and
mechanical influences.
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These materials can be divided intc three groups: 1) different
forms of graphite, 2) heat-resistant metals, 3) ceramic materials.

Of the different forms of graphite, the most useful for manufac-
ture of nozzle inserts 1s considered to brc pyrolytic graphite or
pyrographite [37]. Pyrolytic graphite differs from the usual kind
by considerable thermal anlsotropy: heat conduction of the material
across layers of crystals can be 50-1000 times less than heat con-
duction along layers. At the same time pyrographite possesses the
same high temperature of sublimation as usual graphite (~3500°C). :
Pyrographite possesses raised density (up to 2.22 g/cm3) and high
tensile strength st high temperatures, and also differs from usual
graphlte oy greater stabllity to erosicn and corrosion. Baslic
characteristics of pyrographite depending on temperatures are gilven
in Table 6.9 [37].

For uae of thermal insulation properties of pyrographite it 1is
necessary that 1its layers be parallel to the flow of gases. A
characteristic peculiarity of this variant 1s high temperature of the
internal surface of the insert. After sharp accretion during the first
seconds cof work of the engine it then changes very little, remaining
close to the temperature of combustion products. Due to the low heat
conduction across layers in the thickness of the 1nsert, very high
temperature gradients appear (up to 700-800°C per 1 mm of thickness).
This permits one in certain cases to combine an insert made from
pyrographite with the carrier element of the construction made from
light but not thermoresistant material (aluminum, plastic). In all
cases the necessary thickness of the insert, guaranteeing 1ts external
surface temperature allowed for materlal of the carrler construction,
may be calculated by the method expounded irn § 6.7. Due to high
thermal conduction of pyrographite in an aylal direction, during
heating there 1s a temperature equalizatlion over the length of the
insert, so that drops of tempeirature 1in the thickness cof the insert
for agll cross sections turn out to be approximately identical. There-
fore, inasmuch as the value of the coefficlient of hegt transfer
versus length of the insert can change within considerable limits,
calculation of heating of the 1insert should be conducted by proceeding
from the average lengthwise value of o, examining a change of tempera-
ture in the materizl only in the transverse direction.

An essentlal deficiency of articles made from pyrographite is
the presence of residual stresses which appear during cooling of the
article after manufacture, which 1n unfavorable conditicons can lead
to destruction of insert.

Stability of graphite to erosion influences sharply increases
upon introduction of silicon in its structure. This operation is
called siliconizing of graphite [381], [39).

Heat-resistant metals for nozzle Inserts possess high a melting
point and high thermal conduction () v 0.039-0.025 kcal/ms°C). Of
them the most wide-spread are molybdenum and tungsten (Table 6.3).
These materials preserve h.gh strength during heating, for example the
tensile strength of molybdenum at 1100°C is 2100 kg/cm2. A combina-
tion of high thermal conduction with good strength characteristics
and a low linear ccefficlent of temperature lengthening
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Table 6.9

Coe11rded-nt of Linear coefflolery .
wat ¢ond . of temperature Tengile eiren.th,
'..1.‘,;); ;2102. heaty CLer thangne extensior, kgf/mn?

empael 0 ST e [RceacY .

al L kg g} 13 a) k)
21 890 | 0,447 0.2 0,05 009 |4,92— 9,84 0,369
260 84.8 0,367 0,30 0,10 6,7 4.92— 9.4 0323
837 703 0,330 0.38 0.25 13,4 [4,92— 9,84) 0274
815 53,8 | 0,295 0,45 0,51 20,0 [4,9%— 9.84] 0,218
1093 - - t 0,31 1.10 26,8 |5,27—-10,2 L0138
1649 2.8 40,0 |5,98-~11,6 | 0,088
2205 4.3 53,6 |7.73—14,75] 0,086
2761 6,6 67,0 [8,43-239 | 0,160

a) in a longitudinal direction;
b) in a transverse direction.

(for Mc » 5.“-10’6 1/°C) ensures high stabllity of these materials
agalinst thermal shock. However these metals are easily oxidized at
ralsed temperatures, which hampers their use 1n the presence in
combustion products of a solid fuel of chemically active components,
During oxidation of molybdenum M003, a volatile compound, which after

formation immediately departs from the surface, 1n conseguence of
which the metal burns with a certain constant speed [23]. To ensure
stabllity of metals against the influence of chemically active
components 1t 1is considered expedient tc apply coverings contalning
boron nitride, which 1s inclined to self-restoration at railsed
temperatures [24].

Of other deflciencies of materials of this group ope should note
their high specific gravity (for molybdenum — 10.2 g/cm3, for tungsten

- 19.3 g/emd).

At present construc%ions are known of nozzles with a tungsten
covering, which 1s deposited on the curface of the base material in
melted form with the ald of a&n electric arc [40C].

Ceramic nozzle inserts, used at present, are not coisidered
promising to to thelr fraglility and sensitivity to thermal shock.
An 1deal soluticn, apparently, should consist in combin!ng materlals
with high heat-resistance with metals which possessing §reat
mechanical strength.

It is noted that as a basis for new fireprcof compocitions one
can use carbldes of hafnium and tantaium with a melting point of
h1s0°c [23].

With the growth of pcwer characteristics of solid rocket
propellants, accompanled by an increase of combustiion temperature,
presently known heat-resistant materials become less and less useful,
because the melting polnt approaches the %emperature of the gas flow.
Furthermore, thelr ability to resist erousion drops in view of the
steady growth of contents in gases of condensed particles and products
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of dissociation with high chemical activity.

Preservaticn of the efficlency of nozzles in these conditions
can ve attained by application of external or internal ccoling.

Externa! cooling 1s ensured by a refrigerant, between the nozzie
and 1ts surrounaing Jacket. The nozzle is prepared from refractory
material with high thermal conduction., As refrigerants metals with
low melting and tolling polnts can be used. Dyring work of the
engine the refrigerant is melted and is brought to the boiling polint.
Vapor of the refrigerant emerges through special holes. After th:
beginning of bolling the temperature of the wall 15 preserved
constant, equal to the balling point of the refrigerant. Cooling of
the nozzle 18 ensured by absorption of great auantlties of heat
during evaporation of the refrigerant. The allowed time c¢f work of
the nozzie 1s determinec only by the presence of the necessary
quantlity of refrigerant.

In Table 6.10 are given heat-physical characteristics of fusible
metals (11]. According to the table the most useful for the
examined goal are aluminum, lithium and magnesium, for which an
acceptable bolling point 1s combined with a very high heat of
evaporation.

Table 6.10 '
Fusion J Boliling
Metals specific temperature, |specific temperature,

heat, °C heat, °cC

kcal/kg kcal/kg
Aluminum.......... 9.3 658 2228 1800
Potassium......... 14,7 2.3 511.5 760
Lithium....... N 32.8 186 2540 1200
Magnesium...... 70 651 2574 1100
Sodiume e ernnns 27.5 97.5% 1015 880
TiNee e varens . 14,4 231.8 271 2260
Leadeo vveere.. . 6.32 327.5 203 1420
/5 + 1 N 24.09 419.4 425 907

When selecting a refrigerant in terms of boiling point, 1t is
necessary to take into account that with a lowering of temperature of
the wall of the nozzle the quantity of heat transmitted to the wall

increases and consequently also the necessary quantity of refrigerant.

Furthermore, at a very low temperature of the wall of the nozzle, on
i1t there can be condensed vapor of different mixtures to the fuel.
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Liquid metals possess a very hlgh thermal conduction, which
ensures intense i.eat exchange on the external surface of the nozzle.

It is necessary to note that inasmuch as for liquid metals the
values of the Prandil number are very small (Pr = 0.005-0.03), heat
conduction 1s a predominant factor in heat transfer from the wall to
the liguid.

Effectiveness of such a method of heat shielding was proven by
experiments with a nozzle made from molybdenum with wall thickness
1.5 mm duringz use of magneslium as a refrigerant. Walls of the nozzle,
washed from within by a flow of gases #ith stagnation temperature
Ty = 3350°C for 60-80 s preserved a temperature equal to the bolling

point of magnesium -~ 1100°C [4l].

Internal cocling of the nozzle 1s carried out by feeding the
refrigerant into the subsonic part of the nozzle. The shroud of
colder gas forming at the wall, moving together with the basic fluw,
protects the surface of the critical section from thermal and chemical
influences of products of combustion. The protective gas shroud can
te created by products of ablation of the covering of the subsonic
part of th=2 nozzle [42]. “Effectiveness of the heat shield will be
determined by the mass speed of ablation and parameters of products
of ablation. In work [43] refsults are given of tests of tungsten
nozzle inserts during installation on the input in a nozzle of pro-
tective rings made from different ablating materlals. Tests were
conducted in an engine of gauge 305 mm working on a combined fuel
with combustion temperature 3300°C. In Table 6.11 are indicated
values of relative increass of the throat area due to c¢limax when
the duration of work of the engine in 17 s. Full absence of c¢limax
is obtained during use of a protective ring made from polyethylene a
material with the highest speed of ablation. On the graph (Fig. 6.9
values are given of temperature on the internal surface of the nozzle
Insert, calculated by indications of two tungsten — tungsten-rhenium
thermccouples, bullt in the insert at different distances from the
internrnal surface.

Table 6.11

Material of pro- Increase of throat
tective ring area, %
Polyethylene....... 0

Polyvinyl chleride
+ potasslum

sulfate.......... . 3.6
Graphlite + phenolic
resin..... ... .vi0h 9.0
Without protective
ring. .. ievieenanan 9.8
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Fig. 6.9. Change of temperature -
on the internal surface of a i
tungsten insert in time: 1 -
without protective ring; 2 -
with ring made from graphlte and !
phenolic resin; 3 — with ring
made from polyvinyl chloride and
potassium sulfate; 4 - with ring
made from polyethylene.
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In the cpinion cof certain resecarchers, one of the promtlsing g

directions is application of nozzles with allowed climax of critical ]

section made wholly from plastic [44]. As follows from Fig. 6.10
[45], the influence of climax of the critical secticn of a nozzle on
pressure in the engine decreases according tu growth of dxp and wi:ch

TR RN e

a very large dlameter it is relatively small. Furthermore, the ;
influence of climax of the critical secticn can be compensated by an

increase of the surface of burning (application of charges of
progressive form). This makes possible the use of nozzles with
allowed and precalculated climax in an englne with large diameters c¢f
eritical sections of the nozzle. 1In the oplnion of supporters of this
direction, application of a one-plece plastic construction of a

nozzle simplifies manufacture, control of the technological process
and conslderably increases reliablility of work of the engine,.
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CHAPTER VII

HEAT EXCHANGE BETWEEN THE ATMOSPHERE AND ROCKET
BEFORE STARTING THE ENGINE

During exploitation of rockets, and also durlng adjustment
and tests of [RDTT] (PITT), cases are possible when the 1initial
temperature of the rocket charge consideréply differs from the
temperature of the amblent air. Duration of the process of
temperature balance i1s deflned as the conditions of heat exchange
between the surface of the rocket and the air and thermal conduction
of the body of the rocket and the charge.,

During investigation of heat exchange between the air and the
charge we usually pursue the following &arget:

1. To determine the time necessary for establishing a
temperature equilibrium.

2. To set the distribution of temperature in the charge for any
intermediate instant if starting of the rocket is produced before
establishing the temperature equilibrium.

Let us consider the possibility cf an analytic solution of the
problem on hand.

Subsequently for uniqueness coolling of the rocket charge is

examined, however the expounded dependences with a change of sign
can be used for calculation of heating of a cooled charge,

§ 7.1. Coefficient of Heat Transfer

The value of the heat flow per unit area of the external
surface of a rocket engine 1s exprressed by the formula

=a(Ty— 4»
where TA - temperature of ambient air; Tn ~ temperature of engine
surface; a — coefficient of heat transfer, which in turn can be

-
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represented in the form

sz, + ay,

where ap = coefficient of convection heat transfer; “p - coefficlent

of heat transfer by radiation.

In calm air, transmission of heat to 1t from the rocket will
be carried out by means cof free convection. The coefficient of heat
transfer from 2 c¢ylindrical surface during free convection in
thermotechnics 1s determined by the formula [1]

- n? Y/ T=T,
"= Verrosgaary V T a (7.1)

where dn — diameter of the article.

During motlion of alr, when transmission of heat 18 ensured by
forced convection, the coefficlent cf convection heat transfer for
transverse rlow around the cylinder 1is determined from the criterial
dependence [2]

Na = CRezPr'™*, (7.2)

where Nu =.;h - criterion of Nusselt; Re
A

Prf — Prandtl number,

£ - criterion of Reynolds;

In formula (7.2) value C and n are selected depending on the
interval in which 1s located value Re,. Solving dependence (7.2)

with respect tc the ccefficient of heat transfer, we obtain

w4 vyyi-e

e=CL (—,‘1)(—,)

=07Wr;': keal j#' p °C,

where coefficlent D includes physical parameters of the air Af, Vs
ap, determined at 1ts average temperature near the cooled surface:

1
TI=—2‘(TA +Tp)

The dependence of value D on Tf 1s relatively weak. Thus, during
a change of T, from 0 to 100°C value D when n = 0,6 is changed

within 1imits of 8%. In the first approximation it 1s possible to
consider that coefficient D does not depend on temperature and 1s
determined only by value Ref. Therefore for englneering calculations
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in thermotechnics the following dependences are used [1:

Wd, <08 x¥/s

-.—3475—‘4'%'; Kead /n?n ¢ (7.3)

when
Vdn > 0.8 "/-

L .
0.=3,6457ﬂ~"— keal/w?i ¢ (7.4,

The coefficlient of radiation heat transfer 1s calculated by the
formula

'.=7n—i—rjl(Tr£ ()] ot ve (7.5)

where ¢ — radlation factor.

§ 7.2. Temperature Field of #the Charge

The temperature field of a charge 15 determined by the solution
of the differential heat-conduction equation of a solid fuel during
assigned boundary conditions, which are inlitial distribution of
temperature i1n the charge and the law of heat exchange between the
body of the engine and the external surface of the charge.

In an englne with a fastened charge, transmission of heat from
the charge to engine body 1s carrled out by means of heat conductlor.,
An exact sclution can be obtained by the usual methods which are
used for calculation of thermal conductlon of multilayer articles.

A simplified approach to the solution of thls problem assumes two
cases:

1. The body of the engine 1s made from materlal with a high
thermal conduction as ccmpared to the fuel.

2. Thermal conduction of the body is approximately the same as
the fuel  Adlcosive covering (armoring) in both cases 1s examined as
one whole with the charge.

The firat case corresponds to the use of such materials as steel,

titanium, aluminum alloys with thermal conduction 50-100 times
exceeding the thermal conduction of the s0lid fuel. With such
distinction of coefficients A, taking into account also the small
thickness of the wall of the engine, 1t 1is possible to consider that
the temperature on the surface of the charge is equal to the
temperature on the surface of the body, and calculation of thermal
conduction of the fuel must be conducted at the rated value of the
coefficient of heat transfer on the surface of the body.
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The second case can take place during manufacture of body from
plastic. Certain sorts of plastics by their heat-physical propertles
approach solid fuels. Besides, for simplification of calculations
it 1s possible to examine the body as one whole with the charge.

Transmission heat from a freely inserted charge to an engine
body 1s carrled out mainly by free convection in the air layer between
the charge and body. In the theory of heat exchange, calculation
of free convection in a limited space reduces to calculation of
thermal conduction of its filling medium with a certain equivalent
coefficlent of thermal conduction ’

)“. o= h..
where ) — normal coefficient of thermal conduction of medium (air);
€ T coefficlent of convection.

Coefficient ek when GrPr < 1000 *s taken equal to 1, and at
higher values of this product it i1s calculated by the formuia

o = AL (8T)'",

where AT — differnce of temperatures of charge and body. &5 — valye
of clearance; AO ~ coefflclient depending on temperature of air.

During a change of air temperature from 0 to +50°C value A0 is
changed from 20.0 to 16.0.

Thus, and in t»~» case of an engine with freely 1inserted charge,
solutlon of the problem reduces to calculaticn of thermal conduction
of a multilayer artilcle with assigned conditions of heat exchange on
the surface.

However even for the simplest cases of a fastened charge, an
analytic solution of the problem of nonstationary thermal conduction
is possible only for such forms as a solid cylinder or a cylinder
with a central cylindrical channel.

Trese forms to one or another degree are approximated by such
types ol fastened charges as slot, a charge with channel of star-
shaped piofile and large thickness of the burning arch, and others.

Let us consider the solution of the problem of nonstatlonary
thermal conduction for a hollow cylinder with assigned dimensions -

with external radius'RH and channel radius RBH with constant initial

temperature over all the mass of the fuel TH , which at some instant

would be transferred to the atmosphere with constant temperature TA'

We will consider that temperature in separate points of the charge
depends only on radius and time. The system of equations for this
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case takes the form: !

o rr

7'“(37?'* %%f*) R, <r<R,
T(. 0)=T,

MR ¢

,__;!._)_ =’lT(Rlv‘)_TA], (7.6)

!
'.-).ﬂ.(_;ﬁ;i’.aa ‘

The system of equations can be represented in dimensionless
form, 1if one crosses to new varlables and criteria: j
AL t impl
‘T_‘:ﬁ — temperature simplex;
Fom 2 - Fourier criterion;
"
BJ=—';’}L — Blot criterion
M=o ‘\
- r
fﬁ'k—.-.
Then
‘ N B et )
_aTo—uj;’—-’-Td;. M<r<‘n
0(r.0)=1;
AR (7.7)
.__'.-nB;O.,
or
Mo
o Q.
The analytlic solution of this system of equations, obtained in
work [3], has the form
‘= 2 exp(— Fo¥l) f, (M, Bi,3)-1.(r8, M3,), (7.%) .
=1 )
vhere

=Bil, (MY (8,1, (8) — Bily (3.)) .
!l (M. B‘. 8[) (.‘I; (.‘) - B"° (.‘)F —_ (E.'.:‘:- .;-' p’ (Ml[) ’

71 (r M) =1,(R,) ¥, (MB) —- Y, (72) 1, (MB,).




1]

Here &, constitute consecutive positive values of roots (from

i
1 =1 to ») of the transcendental equation

Iy (MY) [3Y, (3) — BiY, ()] — Y, (M3) [3/, (2) — Bils (8)] =O. (7.9)

In the above mentioned expressions TO and I1 — Bessel functilons
of zero and first crders of the I kird, YO and Y1 ~ Bessel functions
of the IT kind.

Results of calculations by formula (7.8) are given in tables

[4]. Tables of values ¢ = f(Bil, Fo, r) are given in the appendix
to the present book.

Example. To find the distribution of temperature in a
¢ylindrical charge with assigned dimensions (RH = 150 mm, RBP = 90 mn)
and initlal temperature Tk = +20°C in twe hours after holding in air

with temperature T; = ~30°C when o = 12 kcal/meh °C.

Pr.nellant properties:

2 gt
= 08—
«=032-10"" a*': {S):
= 2Ry 12015
Bi= % =51 =0
¢ 032.10-.2
Fo= -5 =200 " = 0084,
[ 0,15
= _Rll — 0.09 -— .
M= R, = 0,15 = 08

T= TA-—O(TA-—-T-)=-&‘)+509

From tables for M = 0,6, Bi = .0, interpclating for Fo = 0.0284,

we obtain values ® = f (r) and by it calculate the value T = £ (r).
Results of calculationg are given in Table 7.1.

Table 7.1
’ L] r°c | r=Ryr uu
]
1,0 0,25] —16,0 150
0,9 0,540 - 3,0 135
0.8 0,733 + 6,1 120
0.7 0,841 +12,1 10
0.6 0,880 +14,0 I 90
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§ 7.3. Influence of Nonunlform Charge Temperature
on Balllstlic Characteristics of an RDTT

In practice cacses are possible when starting of an RDTT is
produced befcore attaining a temperature equilibrium between the
charge and environment, As will be shown below, with large
dimensions of a charge and an initial drop of temperatures of
several tens of degrees for achievement of equality of temperatures,
from several hours to several days are required.

During constant hold of a rocket in'&tmOSpheric conditions at
the starting position or on a launch installation, irregularity of
the temperature of the charge can be caused by twenty-four hours
oscillations of temperature of the air. The value of these
oscillations depends on the season and climatic conditions. As an
example we will indicate the fact that for the Soviet Union the
daily amplitude of temperature of the air in the summer 1s changed
from 6° in the northern Europeu.n part (Teriberk) to 11° in Yakutiya
and 16°C in the Turan~Kazakh Oblast (Nukus) [6]. In winter the
daily oscillations of temperature are less than in the summer. For
large charges the time of thermal relaxation (reconstruction of the
temperature fleld) can be larger than the period of oscillations of
temperature of atmospheric air, which leads to the appearance of a
temperature gradient through the thickness of the arch of the charge.

The irregularity of temperature of a charge, a direct result of
which 18 a change of unit burning rate through the thickness of an
arch, changes the progression characteristic of a charge. Let us
explain this 1in an example of a charge with channel of star-shaped
section (Fig. 7.1 and 7.2) [7].

Leocreases ot "reation &f nonupning
pertioles of 1.8l during s necative
. t ;
St erral apere.ure fump
Lemporature o
tie ohargs «29°¢

R/ .. Flg. 7.1. Temperature fileld
-E / of charge with channel of
oy f star-shaped section during

; maximum difference of
temperatures through the
thickness of the arch.
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Fig. 7.2. Change of burning
front on account of an
irregularity of charge
temperature,

At a temperature of a charge constant in all its thickness,
the surface of burning in a cc:talin 2arbitrary instant occuples the
position depicted by § dotted 1line. At a temperature diminishing
from the periphery tc 'the center of a charge, due to a lag in the
burning rate on central sectlions, the turface of burning after
achievement of point 1 will occupy position A.

The surface of burning in this case will be larger than during
equal distribution of temperatures, 1.e., burning of the charge will
become progrecsive, accompanied by a growth of pressure. Besides,
part of degresslve remainders of the charge will be increased.

Conversely, al a temperature growing to the center of a charge,
burning on sections of the surface located nearer the center, will
move ahead of burning on peripheral sections, in consequence of
which durlng passage of the burning front through point 1 it will
occupy position B, corresponding to a smaller value of the surface.
Burning in this case will be degressive, with a drop of pressure 1in
the enrin?2, but with a decrease in the fraction of degressive
remainders.

Calculation of ballistics of an engine with such a charge is
complicated by the fact that for every instant the surface of
burning must be split into small sectlions, within limits of which
the turning rate 1is taken constant, corresponding according to
expression (5.4) to the average temperature of the fuel on this
section. Displacement of the front of burning on each of the
sections during a small interval of time 1s considered to occur
at a constant pressure normal to the initial positicn of this
section.

For the end of the interval of time a new value of pressure in

the engine 1s determined in accordarce with the attained value of the
surface of burning and with a new velocity of distribution of burning
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over this surface. The interval of time 1s selected wlth the
calculation that a change of temperacure of Lhe charse vhrough the

thicknesgs of an arch during displacement of the front ¢f burning for
this intervsl will be 3«5°C,

In Table 7.2 calculation data are riven obtained for a charge
of shown form wlth a dlamete> of 152 mm. I¢ was accepted that
ambient temperature TA changes abruptly. 1Initial distribution of

temperature was assumed uniforn. Calculations were conducted for a
drop of temperst.res through the thickness of an arch which was the
highest possible durlng the assigned difference TH - TA (Fig. 7.2).

Tatte 7.2
TA=-TC 1) =421°¢C
Ty=+31*C TH=-0"C
" Des s Design | D(Nign | Design
. pressure precsure presaare |pressure of
or Bl of - .
TH=4'C | 7;=42C | Tpo qiec TH=tneC
> (31 pho p-l1s

Tands f seount of degressive
remimiers of dharge during a | + 7,9 + 8,28 — 6,3 -7,
X igrr ron of temperatures
through wis thickmess of the
aron

Oapgs 3¢ tims o bum.ng in S| 41,5 45,2 —39.8 39,2

.

From the table it follows that the amount of the degressive

remeainders is increased at TH > TA and decreases 4at TH < TA'

§ 7.4, Time of Egqualization of the Temperature of
the Charge 2nd the Surrcunding Medium

The process of change of the temperature fileld of a rocket
charge during constancy of temperaturd of the alr and the coefflclent
of heat transfer can be dlvided in time into three stages:

— stage of disordered process;

— stage of regular conditiong;

— stage of thermal equllibirlum.

At the first stage, distribution s heat 1n a charge carriles to
a well-known msasdare an accidental character, not connected with
conditions of heat exchange and determinad chiefly by the initial
thermal state of the body.

At the second stage the influence of the 1nitial thermal state
weakens and the change of temperature for all points of the charge

in time follows a simple exponential dependence. Here the natural
log of excess temperature for any point of the charge wlll be changed
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by 2 liuear law,

At the third stage the temperature in all points of the charge
is equal to ambilent temperature. A similar regularity 1is cbserved
during heating and cosling cf bodies of different form [8].

In Filg. 7.3 empirical curves are represented for the depsndence
of 8 on tirm> for separate polnts of a cress-shaped (harge MK-13.
placed in a rocket engine with a dlameter of 82.5 mm [5]), Vaiuz ¢
1s in logarithmliec wscale., As it follews from the graph, upon the
expiratlon of & certalin periud of time curves of 1lg 6 pass in direct
lines, located in parallel to one other, i,e,, ccoliing of the charge
follows regular conditions., Inasmuch as the surfazs layers of tha
charge in the beginning are coole? faster than the central ores,
curves lg 6 for them at the first stage are turned with convexity
downwards. Conversel,, fcr central points, curves lg 6 are turned
with convexity upwards. Duration of the initial stage of cooling
is small and time of conling 1s basically determined by the second
stage.

hY
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Fig. 7.3. Change of the logarithm of
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points of a cross-shaped charge in time.
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In the case examined by us this regularity is revealed during
analysis of solution (7.8)., 1Inasmuch as every subsequent root of
the characteristic transcendental equation (7.9) 1s considerably
lager than the preceding:

< <. <8,

series (7.8) rapidly converges and, starting from a certain value of
criterion Fol, value 8 1is determined by only the first member of the

series, as compared to which all remaining members become vanishingly
minute. Starting from the instant determined by value Fol, the

relationship between excess temperature and time will be described
simply by the exponential

0=f, (M, Bi,3,)f,(r. M. 8) exp(— Fo.2}).

The angle of inclination of 1line 1ln 8 = f(t) will be determined by
value

(201 ]
m--—--—-&—,

which 1n thermotechnics is called the rate of cooling (heating) of
an article. During regular cocndltions this va" - 1s ldentical for

all points of the charge, and also for average Lemperature T over
the charge.

Value m through average temperature 1s expressed 1ir the
following way:

é TA'—f) 1 oT X
M==-§ln(—';»:—f-“— =—-T_—7;W— (7.10)

The gereral equation cf heat balance during regular condltion
can be recorded in the form

codl o (T —Ty). (7.11)

From equa .lons (7.10) and (7..1) we obtain

aF Ti=Tn (7.12)
w TLT
Uy
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We designate

T\—Tq
r,—~T° (7.13)

$=

Coefficlent ¢y is called the criterlon of irregularity of the
tmperature fileld. During equal distribution of temperature in the
charge ¢ = 1. During the highest possible irregularity (Tn = TA)

y = 0,

Inasmuch as

ABI A
R W a=a (7.14)
then m= L% (7.15)

Value ¢y for 2 charge of arbitrary form can be derined by
measurements of temperature in several points of 2 charge for two
consecutive instands t) and t,:

/
_ ¢w In§ —InY, 1 £
Y=quF 4—4. ; (7.16)
or, using dependence (7.14):
1 in0, —Ino
t= alR "_'lf:t,‘!'
here 1.2
w R.zT
Inasmuch asg
o
-——-=:FO,
[4
1 R, lInp,—~Intd )
then ¢=—,7¢f—‘}r;',t7‘ﬁ- (7.17)

From the obtalned depernidence it follows that ¢riterion ¢ 1is
determined by criterion Bi and form ¢f the charge {:. but does not
depend on itz absolute dimensions,

Cependence {7.17) permits one according to the data of a single
epceriment tc determine value vy, true at Bl corresponding to the
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condition of experiment for any charge of the same form geometrically
similar to that with which the experiment was produced, Geometric
similarity reduces to constancy of RV/RH.

For charges of tubular form
| 4 {1 — AR,
FETo
Consequently:

g lb=ine. 1
= "%o,—Fo, ~ZBI * (7.18)

On the basis of formula (7.18) according to data of table ¢ =

= f(Bi1, Fo, r) we calculated value y for values M represented in the
table. Results of calculatlons are represented on the graph (Fig,
7.4)., With an increase of Bi value ¢ descend, where the faster 1t
descends, the less the relative diameter oF the channel.

' l |
10 -+
031\ E\\ 1 : F

t \\\\ ] 1
a5 NN N | e

M= QN e
02 i =08 \QEE:\\
[

12 3 ¢ 56 78 30&”‘0506070005:008&
Fig. 7.4. Dependence of the criterion of
irregularity of the temperature field ¢ for
a charge with a cylindrical channel on
criterion Bi at M from 0.2 to 0.8.

Calculating by formula (7.15) the cooling rate of the charge,
one can determine time 1, during which excess tempzrature in the

point of the charge or average all over the charge) willl be changed
from e, to LPE

....5,.".1"';. (7.19)
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Example. To determine the time
charge made from a composite fuel an
initial temperature of the charge 1is
amblent air -30°C with wind speed 10

Dimensions of charge: DH = 300

necessary for setting in a slot
average temperature -27°C, 1if
+15°C, and temperature of the
mn/s,

mm, do. = 60 mm.

Fuel on the basis of a copolymer of polybutadiene and acrylic
acid (combustible~binder) and ammonium perchlorate has the following

characteristics [9]; x» = 0,355 kcal/mh °C, & = 1,65 x 103 kg/m3, c =
= 0.289 kcal/kg®C; a = 0.742 x 1073 m°/n.

1. Determination of the coefficicsnt of heat transfer a.

Inasmuch as for the examined article when d

= Dy Wd, = 10 x

x 0,3 = 3nm /s > 0.8, for calculation we uce formula (7.4)

10000

o = 3615 - 206

keal

03017

m2n °C’

The maximum value of the coefficient of radlation heat transfer

for the beginning of cooling will be

8 [/288 ‘-(
= 1533 L\ 100

f

243 \4 k/cal
w) ]2t

The degree of blackness of full normal radliation 1s taken for

aluminum paint egual to ¢ = 45 [2].

Thus, the initial maximum value

ap does not exceed 15% of value

ayg - With a fall of temperature of the surface vaiue ap sharply
drops, therefore in calculations of it, it can be neglected.

Let us take a = @ T 30 kcal/mzh °C.

2. Calculation of characteristic criteria:

= oxs =2

'n ’A—'r
s TA—(,

M‘—-—:O'Z

—30—15
=Twyy <

From the graph (Fig. 7.4) for a hollow cylinder at M = 0.2 and

Bl = 12.75 we find ¢ = 0.23.

3. Calculation of cooling rate.




For a hollow cylinder

Hence according to (7.15)

- a8 - 2.0,743-10-3.12.75 1
- m’ Ts?tr_—o'r—)—O.ﬁzo,?ﬂl——. .

h

4, Calculation of necessary time nf cooling

1 [ A 1
f“:htﬁmmlgl‘s:ll‘ i

We will examine the change of time of cooline of a charge with
an increase of guage with preservation of geometric similarity.

For the conditions accepted 1in the example, the calculation time

’ of cooling of charges of different diameters 1is given ir Table 7.3.
l Table 7.3
i PR ' 1% ' 0 ‘ ] ‘ 1300

~gh . -l 45 l 13,4 | ©0,3 ‘ m

For one and the same charge, growth of coefficlent a leads to an
increase of the rate of cooling. However this increase 1s not
; infinite inasmuch as what follows from the graph (Fig. 7.4), with a
? growth of Bl there 1s a drop of the value of the coefficient y. 1In
Pig. 7.5 1s shown the dependence of the prcduct Biy = f(B1),
entering in forimula (7.15), calculated for a tubular grain at M =
= 0.8. Fron the graph it is clear that, starting with B1 = 60,

product Bl ¢ remains practically constant.

A similar regularity,

observed for any form,

is explained by the fact that, starting from

a certain value a and corresponding to it Bi, the “emperature of the

surface layers of the charge approaches the tempe:

ture of the ™

ambient air and any further increase of coefficient a at insignificant
difference of temperatures (TA - Tn) cannot ensure growth of the heat

flow directed to the surface of the charge; consequently, an increase ‘
of the rate of change of temperature of the charge has 1ts limits.
In work {5] 1t is noted tliat according to experiment the cooling

rate c¢f a charge,

127 mm, of an alrcraft rocket remains practicclly

constant during a change of speed of the ambient air from 8 to 130

m/s.

In the same work are given experimentally determined values of
the cooling rate for the charge Mk-13 1n a rocket engine of diameter

e

Al g i T4 1 o s, o A A o o
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82.5 mm under different conditicns of cooling (see Table 7.4). As
follows from Table 7.4, a change of wind speed from 0 to 8 m/s
leads to growth of the cooling rate by one and a half times.
However, application of such a strong cooling influence as
submersion in water leads to further increase of the rate of cooling

by a total of 14f%,

PofT
0 A
pd Fig. 7.5. Dependence of
. value yBil on criterion
He03 Bi.
s

D 4«0 & & o &

From a comparison of calculation data for fastened charges of
tubular form with experimental data for charges of the same form
freely inserted 11 the engine [5], it follows that under identical
external conditions 19 the second case the cooling rate turns out to
be 30-40% lower.

Table 7.4
Irr;tu.? ambiant |Tims corpu-:
chargs . | sponding A
Conditionyof ccoling temperature T_Ct:p;ﬂ. to 4= C,:lmg y
THe *C ") Ty % * h rete m, h
Calm air 54 13 2,75 2,33.10—
Wind with apee: of & r/s N5 0—21 1,75¢ 3,67-10—+
Coocling tn water 60 0 1,33 4,16.10—

*pverage value

For fastened charges with a channel of complex configuration an
approximate calculation of the coolling rate czn be carried out by the
forementlioned graphs and dependences for a charge with cylindrical
channel, For this 1t is necessary to determine the relative value
of the internal radius of an equivalent hollow cylinder

M, = l/l-— S
. :R:'

where ST — area of cross sectlon of a charge of given form.
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§ 7.5. Calculation of the Necessary Power
of Electroheating of RDTT

The dependence of intraballistic parameters of an RDTT on :
temperature of the embient air can be removed by application of
heating devices which keeps the temperature of the charge at a
certaln constant level. Such a thermal insulaticn case with electric
heaters located on its internal surface is used for regulating the
temperature of the military rocket of the army of the United States

?Honest gohn" durlng its transport on a cart and on the launcher -
Fig. 7.6).

Fig. 7.6. Military
rocket "Honest John"
with heating case.

The calculation diagram of the electroheating case is
represented in Fig. 7.7.

il

heating layer of case; 3 — body
of englne; 4 - charge,

T2 1, ;

J ) ;

f**éf:f;gg i

X T 62 2 Fig. 7.7. Calculation dlagram i

YRV of electroheating: 1 - thermal ;
Y 3 insulation layer of case; 2 - i
i

i

T8 MRt Ykl A,

During calculation of processes of statNonary thermal conductic:.
of cylindrical wall we usually use€ Jp,p kcal/mh — linear density of

heat flow, inasmuch as q kcal/mzh is a value, which varies in the
direction of propagation of heat.

Let us define linear density of heat flcw, directed from a
heated layer to the external surface of the case. Let us assume
that temperature of layer 1in which electric heaters are disposed 1is
kept egqual to TR' Then

b bl kit

s
'un'=::2:(rn" n):
e (7.20)

3
2t
3
=
3
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where dn ~ extecrral diameter of englne with case; dR -~ diameter of

engine with heated layer of case; A — coefficient of thermal
conduction of thermal 1insulation layer.

The linear thermal resistance of the case

-~

|, 4y
=g (7.21)

The drop of temperatures in the thermal insulation layer is
equal to

T,,—T,,-=r,q.°,.. (7.22)

Linear density of heat flow directed from the surface of case
to the amblent alr

Qoor, = 3%y (T — T,,). (7.23)

whence external linear thermal resistance is equal to

r,g..—:z, (7.24)

The external dr‘{)p of temperatire is egual to

TI'I—TA=’3qnor,’ (7.25)

Adding (7.22) and (7.25), we obtaln:

Ta—Th =m0, + o, (7.26)

Using the comdition of equality of heat flow {ue, =@, we find

]
Yoo =757 To—T). (7.27)
or . \
qlﬂ‘=Kl.((TR_'TA)I " (7.28)

ny
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where qur -~ linear ccefficient of heat transfer, equal to

——
_in S0 )
A an

Kone = ———
. 12 (7.29)

Losses of heat to the environment must be compensated by
liberation of heat in resistors during passage of electrical current.

According to the law of Joule-Lentz the quantity of liberated heat
1s equal to:

" BT 7 [T

Q= 086/E = 086/7R =X

n L]

(7.30)

where I - current intensity in A; E - voltage.’ drop in v; R = total

resistance of splrals, disposed on an area of case in 1 m2, in @;
0.86 — thermal equivalent of one watt-hour.

Hence the required power of the source of electrical energy
feeding the heating device should be:

N= L

_‘ e (7.31)

i where L - length of the engine.

Value N 1is calculated tor the most unfavorable conditicns (for
the least value of temperature of alr during the blggest wind speed).

During dense adjoining of the case to the surface of the englne
temperature TR can be taxen equal to the supported temperature of

the engine. For approximate deterrination of coefficient «
neglecting radiation by formulas (7.3) and (7.4) it 1is not necessary
to know the temperature on the surface of the case Tn'

As analysis shows, with a2 sufficient thickness of the thermal
insulation layer the temperature on the surface of the case turns out
to be close to the temperature of the amblient air. Besides, the
amount of thermal radiation 1n total heat flow does not exceed
several percent and it 1s possible to dlsregard it.

The time necessary for heating all the charge to the temperature
of the temperature regulator if from the very beginning 3t is kept
constant in the heated layer, 1t is determined only by dimensions of
the charge and the coefficient of temperature transfer of the fuel.
According tc data of A. V. Lykov [12] the temperature field 1n a
§011d cylinder with constant temperature on 1ts surface 1is
practically leveled at Fo = 0,.6~0.8. Hence the necessary time of
heating of a fastened charge in the first approximation is defined as

R

=07,
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Example. To determine the required power of the source of
electrical energy for heat regulation of an engine of gauge 500 mm
and length 6 m at a temperature of +20° C. As calculation

conditions we take: TA = ~40°C, W = 15 m/s,

Dimensions of the case; dp = 520 mm, d, = 570 mm. For the

R n
thermal insulation layer (mineral wool) A = 0,040 kcal/m x h °C,

l. We determine the coefficient of heat transfer.

Inasmuch as Wd = 0.57 x 15 = 8,55 m/s > 0.8, the calculation
1s conducted by furmula (7.4)

e = 3645 LAk =366 kcal/n °C.

2. External thermal linear resistance

|}
36,6-0,57

=

= 0,048 uh °C/ xcaj

3. Interrial thermal linear resistvance

1 0,57
n= 30050 " Ugz = LHs® °C/ kea)
(

4. Coefficient of\heat transfer

= 2.63 koal/an %¢

Kaor =

3
C,048 + 1,145

5. Linear density of heat flow

Gnor = 2,63 (20 4 40) = 158 kcal/mh

6. Required power of power supply

1586 . _,
N:—mlo =11 kW
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APPENDIX

8= f(BI, Fo, r)

N =02 i
Fo -
> 0,02 ' 0,05 ] 0.10 | 0,20 | 0,50 I 1,0 | 2.0 l 5.0 In
r . ] {
Bi=0W H
1,0 1 6,920 I a{,m 0,820 | 0,740 | 0,538 © 0,351 | 0,138 { 0.0 + i
0.9 €,9581 0,931 0,858 | 0,775 | 0.585 | 0358 [ 0,145 | 0'wry . ._ i
0.8 0,981 ] 0,943 | 0,891 | 0,807 [ 0.610 [ 0,383 { 0151 | 0loumr ©  — i
0.7 | 0,992 0,95 0 uis | 084 [0.631 | 0396 | 0156 | oot i — |
0.6 0,998 | 0,920 | 0,939 { 0.858 | 0,449 | 0,408 | 016t | 0’010 _ 3
0.5 6,999 | 0,989 | 0,956 | 0,876 o‘rmio.4|7 0165 | 0,01y —
0.4 1,000 | 0,934 | 0,967 [ 0,801 ; 0,675, 0,124 | 0,167 { 0.0l  — !
0.3 1,000 | 0,957 | 07971 {0,900 | 0'683 | 00429 | 0l160 | 9'npg i
9,2 | 1,000 I 0,998 | 0,997 | 0,901 ; 0,686 l 0,431 | €,150 i 0010 —~ i
v i
Fo ! i i - i e ! . ! !
> ' 0,01 ' 0,02 | 0,05 | 0,10 { 0,20 | 0,50 | 1,0 2.0 T :
r :
Bi=1,0
1,0 0,858 | 0,773 1 0,686 | 0,509 1 6,313 | 0,147 ; 0,023 -] -
0,9 | 092} 08411 0751 (o621 [0375 |0lcs]ony] — 1 :
0,8 0,971 | 0.8% | 0,867 | 0,573 [ 0,407 [ 0,176 | 0,033 - . = i
0.7 0,99 | 0,93 08%3 0,717 10431 [ 0 188 | 0043 | — 1
0,6 [ 0,99 0% | 089075 (04381 a1 | om7| — _
0.5 0,922 0,981 | 0,918 | 0,785 | 0.477 L 0’207 | 0030 | — —
0.4 1,000 1 0,980 1 0,938 | 0,800 fo4 a3l almn | — -
. 0,3 1,000 | 0,991 | 0,950 | 0,825 ] 0,512 | 0,218 | 0,04l - -
0.2 15,0000 0,996 | 0,955 { 0jg%0 | 0506 { 02w ] olon | = |, =
Bi=20 :
¥
s 1,0 | 0,801 | 0,732 0,613 10,501 ; 0,348 | 0,10 | 0,041 jo.cor; — :
0.9 0,924 | 055 l 0,721 0,597 | 0,440 | 0192 { 0041 | o'y '
[} 0,974 1 0,934 | 0,817 [ 05K 1 6,507 1 0,221 G.0% 1 0,01y -
0.7 0,995 | 0,973 I 0,885 10,756 | 0,58 | 0,248 | 0.3 | 0Lmy  —
0.6 1,000 1 0992 | 0932 | 0816 ] 0,621 | 09212 0.1 0.0
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u,

S. BOARD ON GEOGRAPHIC NAMES TRANSLITERATION SYSTEM

Block Italie Transliteration Block Italic Transliteration
A a A a A, a P p P p R, r
B 6 5 & B, b C ¢ C ¢ S, s
B » B o vV, v T = T m T, t
rr r G, g Yy Y y U, u
o x a e D, d ® ¢ o @ F,
E ¢ E o Ye, ye; E, e* X =z X «x Kh, kh
X x N x Zh, zh U u a y Ts, ts
8 » 3 Z, 2z 4 % Y v Ch, ch
H x H u I, 1 Ww w W w Sh, sh
A 1 A Y, ¥ W w W u Sheh, sheh
K x K x K, k B > D » "
N a N a L, 1 W o u A u Y, ¥
M x M M M, m b » b '
H » H N, n 9 » 9 E, e
O o 0 o 0, o 0 ©» O » Yu, yu
D n 7T n P, p A = A »a Ya, ya
/

AY
* %E initially, after vowels, end after %, b; € elsewhere.
en written as ¥ in Russien, transliterate as y¥ or &,
The use of diacritical marks is preferred, but such marks
may be omitted when expediency dictates.
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FOLLOWING ARE THE CORRESPONDING RUSSIAN AND ENGLISH
DESIGNATIONS OF THE TRIGONOMETRIC FUNCTIONS

v
Russian English
sin ain
cos co8
tg tan
otg cot
sec sec
cosecC osc
sh oinh
ch cosh
th tach
/eth coth
sch sech
. cech csch

arc sin sin-i
arc cos cos™
arc tg tan—1
arc ctg cot-1
arc sec sec—1
are cosed T
arc sh sink~1
arc oh go.h.l
arc th tenh-l
arc cth coth=1
arc ach sech-1
arc cech cach~l
rot curl
1g log

L

|

]

|
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