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ABBREVIATIONS AND ACRONYMS USED IN THE TRANSLATION

aA - adiabatic H.n - heated surface

scn - auxiliary oK - oxidizer

BX - inlet o.n - cooled surface

eux - exit onT - optimum

r - fuel O.T - cooling loop

ra3 - gas ox - coolant

ras.s - gas recovery n - vacuum

r.s - gas vortex nn - melting

rHA - hydraulic noc - [unidentified]

AY - power plant noTp - required

S- liquid, fluid np - reduced

3 - ground, surface p - rocket, missile

3.s - ignition delay pad - working, operating

K - chamber pacn - available

K.8 - kinematic viscosity c - nozzle

K.3 - swirl chamber cp - mean, average

KHn - boiling CT - wall

HOH - convection, convective T - propellant

KOH.H - convection-heated TypO - turbine

mp - critical YA - specific

S- radiation, radiant ycn - arbitrary

P.K - radiation/chamber 0 - injector

Hac - pump 9 - effective

Ha4 - initial 9K - equivalent

ERE - electric rocket engine [3PA, ERD]

ETJE - electrothermal jet engine [3TPA, ETRD]

LOX - liquid oxygen
LPRE - liquid-propellant rocket engine [HPA, ZhRD]

MMH - methylhydrazine [MMF, MMG]

NRE - nuclear rocket engine [RPA, YaRD]

TPA - turbopump assembly [THA, TNA]

UDMH - uns. dimethylhydrazine CHAMr, NDMG]
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CHAPTER IX

TYPICAL SCHEMES FOR LIQUID-PROPELLANT ROCKET ENGINES [LPRE]

§9.1. Features of LPRE schemes

Liquid-propellant rocket engines with a displ~oement system of

feeding propellant to the chamber can be subdivided, based on the
method of producing the displacing gas, into engines with compressed-
gas accumulators, with liquid gasifiers, and with solid-fuel gasi-

fiers (see Chapter VIII). The simplest scheme of one such LPRE was
examined in §1.2; they will be described in detail in Chapter XIII.

LPRE's with a pump system of propellant feed are classified ac-
cording to the aggregate state of the propellant components entering
the chamber and by the features of removal of the working medium

after it has operated in the turbine; often the working medium is
generator gao, i.e., it is generated in a gasifier.

As will be shown below, it is desirable to design an engine such
that it operates without th- use of additional propellant components.
Therefore, in what follows we will examine only those schemes for

LPRE's whose turbines operates on gas obtained from one or two basic
propellant components. Usually, the chamber is cooled by the fuel;

this is taken into consideration in all the schemes examined in this

chapter.

FTD-HT- 23-14142-72

II

~ ~ -- ,



- -r TO-

LPRE's with exhausting of spent generator gas to the ambient

medium (Fig. 9.1). The oxidizer and fuel enter the combustion

chambers of such engines in the liquid state, i.e., the engine oper-

ates on the scheme "liquid-liquid," while the spent generator gas is

exhausted through the nozzle of the exhaust pipe of the turbine to

the ambient medium. Exhausting of this gas reduces the specific

thrust of the engine. Although the nozzle of the turbine exhaust

pipe, as already noted above, develops a certain thrust, its specific

thrust, because of the low temperature of the generator gas and its

low expansion ratio, is comparatively low. In the examined LPRE

scheme, the generator gas is products of the incomplete combustion

of a two-component propellant containing a large excess of oxidizer

(a >> 1) or fuel (a << 1). A liquid gasifier operating with
OK OK

" O >> 1 is called an oxidizing gasifier, while one operating with

"<< 1 is called a reducing gasifier.

An LPRE with feed of the spent generator gas to the combustion

(afterburner) chamber. In such LPRE's the gas passing through the
turbine is directed along the ga:. guide to the chamber as one of

the basic propellant components; engines can operate on the "gas-.

liquid" and "gas-gas" schemes, Their common feature is high gas pres- S

sure at the turbine exit: it exceeds pressure pK by the value of the

hydraulic losses in the gas guide and the pressure differential in

the gas injectors of the chamber.

In addition to the generator gas generated in a one- or two-com-

ponent liquid gasifier, the working fluid of the turbine may be the
gas that forms as a result of heating of one of the basic propellant

components (e.g., hydrogen) in the chamber's cooling loop.

An LPRE with a one-component liquid gasifier can be created if

one of the'basic propellant componints can decompose with the re- I
lease of heat.

Let us examine the scheme of an LPRE in which the working fluid

of the turbine is the products of decomposition of the oxidizer (e.g.,,

FTD-HT-23-1442-72 2
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Fig. 9.2. LPAE operating Pig. 9.3. LIRA operating
Pig. 9.1. LPRE with ex- on the scheme "ga*-liquid" on the schoem "gas-liquld"
hausting of spent generator with oxidizing single- with oldlsing two-coft-

gas to ambient medium. component liquid gasifler. ponent liquid gsitriez.

oP 0

Fig. 9.5. ONE operating

FIg. 9,. . 'RE operating on the s gacme gsa-liquid"
on the scheme "gas-liquid" with gasification of
with Veducing two-compo- working fluid of turbine
nent liquid gasifier. In chamber cooling loop

Pig. 9.6. LPRB oper atln on thle scheme "gas- PIS. 9.7. LPRE with in-
gas": I - afterburner eoctlos 2. 6 - gas troductlon of working
guldse; 3 - turbine of oxidis9r TPA; 4 - oui- fluid, after operation
diner puept S - oaidisin8 liquid $&ssiiert In the turbine., Into the

S-turbn of fuel ?tA; 8 - reducing liquid expanding part of the
8asifiert 9 - fuel pump. nossle.

I
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hydrogen peroxide H2 0 2 ) (Fig. 9.2). The total oxidizer flow is fed
to the gasifier of such an engine. The gaseous decomposition pro-

ducts that form enter the turbine and then, along the gas guide, to

the combustion chamber. The fuel flows through the cooling loop of

the chamber, cooling it, and then, in the liquid state, enters the

combustion chamber. The gasifier of such an engine is an oxidiuing

gasifier.

It is possible to use LPRE's with a one-component reducing liquid

gasifier; here the liquid oxidizer and the combustion products of the

fuel (e.g., ammonia NH3 or hydrazine N2HH4 ) are fed to the combustion

chamber.

In an LPRE with an oxidizing two-component liquid gasifier (Fig.

9.3), the total flow of oxidizer from the pump and a relatively small

part of the fuel are fed to the gasifir; the main portion of the

fuel flows along the cooling loop and entert the chamber in liquid

form; unlike the above-examined schemes, this is an afterburner

chamber. Therefore, such LPRE's are called engines with afterburning

of the generator ga.

These also include LPRE's with a reduoing two-component liquid

gasifier (Fig. 9.4); the chamber of such an engine is fed the spent

reducing generator gas and the liquid oxidizer, while to the liquid
gasifier is fed the total flow of fuel (after passing through the

cooling loop of the chamber) and a relatively small amount of oxi-

dizer.

Since the pressure in the iUquid gasifiers of these examined

engines is greater than pressure p., the pressure of that part of

the propellant component directed to the liquid gasifier should be

greater than that of the basic portion of component fed directly to

the chamber. For this purpose, behind the main pump (the first-

stage pump) an auxiliary ("booster") pump, also called the second-

stage pump, is installed (see Figs. 9.3 and 9.4).

14
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Let us compare LPRE's with oxidizing and reducing liquid gasi-

fiers. Usually, for two-component LPRE's the coefficient x is greater
than one, i.e., the flow of oxidizer is greater than that of the fuel.

The available turbine power, as will be shown in 13.13, depends on

the gas flow through the turbine and on the product RT of the indi-

cated gas. Therefore, from the standpoint of gas flow to drive the

turbine, LPRE's with oxidizing liquid gasifiers have an advantage

over those with reducing liquid gasifiers. However, the oxidizing

gas, having a high temperature, has a strong oxidizing influence on
the structural materials; therefore, its temperature must be lowered.

On the whole, however, it is more advantageous to use an oxidizing

liquid gasifier in an LPRE.

The product RT of the reducing liquid gasifier gas of hydrogen

LPRE's has a high value because of the high gas constant of hydrogen;

therefore, in these it is more advisable to uce a reducing liquid
gasifier.

LPRE'8 with gasifioation of the working fZuid of the turbine in
the chamber oooZing Zoop can be created if liquid hydrogen is used
as the fuel. Here it is not necessary to have a liquid gasifier,
which simplifies the engine scheme.

One possible scheme for such an engine is shown in Fig. 9.5.
Liquid hydrogen passes through two pumps in succession, after which

it enters the chamber cooling Icop. The gaseous hydrogen formed is
directed to the turbine aiid then, along the gas guide, to the com-
bustion chamber. The cx'dizer (e.g., LOX) is fed to the chamber by
the pump; this pump car ce on a separate shaft and driven using a
gear from the shaft containing the two hydrogen pumps and the turbine.

An outstanding feature of such LPRE's is the low temperature of
the gaa at the turbine inlet, approximately 200-2750 K. In engines
with liquid gasifiers this temperature is substantially higher
(z8O0-1075 0 K).

5
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A disadvantage of LFRE's with gasification of the working fluid

of the turbine in the chamber cooling loop is the relatively low
pressure pK (40-50 bars [z40-50 kgf/cm 2]).

In LPRE's operating on the "gas-gas" scheme (Fig. 9.6), both :
propellant components are used completely to drive the turbopump,

assemblies [TPA's], while in LPRE's operating on the "gas-liquid"

scheme, one of the components is either not used at all or only a

small part of it is used for this purpose.

LPRE's operating on the scheme "gas-gas" have two TPA's and .

two liquid gasifiers each. The combustion products of reducing

liquid gasifier 8 serve as the working fluid of turbine 7 of the

fuel TPA; from the turbine it is fed a.long gas guide 6 to after- i
burner chamber 1. Similarly, the combustion products of the oxi- i

dizing liquid gasifier enter turbine 3 of the oxidizer TPA and then,

along gas guide 2, also to the afterburner chamber.

Pump 9 feeds the main portion of the fuel to the reducing liquid

gasifier, and the rest to the oxidizing gasifier. From pump 4 the

main part of the oxidizer enters the oxidizing liquid gasifier, while

the rest goes to the reducing gasifier.

As can be seen, LPRE's operating on the scheme "gas-gas" are

engines with afterburning of the generator gases in the chamber.
Such LPRE's can have higher pressure of the combustion products in

the afterburner chamber as compared with LPRE's operating on the

scheme "gas-liquid," or identical high pressure in the afterburner

chamber with lower required pressures of the propellant components

at the exit from the pumps.

An LPRE with input of working fZuid, after operation in the

turbine, to the expanding part of the nomnxe (Fig. 9.7). If the

engines operates on the scheme "liquid-liquid," but the working

fluid, after operation in the turbine, is not sent to the ambient

medium but to the expanding part of the nozzle, the specific impulse A

6
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of the engine Increases; however, it is less than that of LPRE's

operating on the scheme "gas-liquid" or "gas-gas." An example of

an engine with introduction of the working fluid, after operation in

the turbine, into the expanding part of the nozzle is the F-1 engine

of the first stage of the American Saturn-5 booster.

A power plant with an LPRE includes systems, units, and assem-

blies to assure the following:

a) disposition and storage of the liquid propellant components

(tanks);

b) propel'ant feed to the chamber;

c) engine start-up;

d) propellant ignition (for engines with nonhypergolic pro-

pellant);

e) chamber cooling;

f) change of engine operating mode;

g) creation of forces and moments for rocket vehicle flight

control;

h) engine shutdown.

Certain systems are in many ways similar for various heat

rocket engines, while certain are similar for all types of rocket

engines. For example, to create forces for controlling the flight

of a rocket vehicle any type of engine, including electric, can be

tilted a certain angle, which causes a corresponding deflection of

the reaction jet.

The systems for feeding the liquid propellant components to

power plants with LPRE's (see Chapter XIII), other heat rocket en-

gines, and, in particular, electric engines, are also analogous.

All types of rocket engines with relatively high temperature of

the combustion and decomposition products and heating or plasma tem-

7
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peratures have a cooling system, i.e., a system for removing the

heat flows that enter the chamber walls.

The operating mode of most rocket engines is changed by changing

the flow of working fluid (for chemical rocket engines - by changing

the flow of the propellant components).

§9.2 Selecting optimum pressure p K

In §2.4 it was shown that to obtain a high velocity character-
istic for a rocket vehicle there must be high values of specific
impulse of the power plant and high ratio of the initial to final
mass of the vehicle.

The degree of perfection of a power plant can be estimated by

the ratio IZ/mMAy. Optimum pressure pK is that for which this ratio

has maximum value for given I£.

The optimum pressure p K depends mainly on the system for feeding

the propellant components to the chamber.

For each type of displacement feed (using a high-pressure gas

container, A liquid gasifier, or a solid-fuel gasifier), with an in-

crease in pressure pK to a certain value the ratio IE/m Ay increases,

while with a further increase in pK it decreases.

Let us clarify this. We will start with the conditiona my -

- const and PC - const. For a rocket-engine chamber an increase in

specific impulse with rising pressure p K is characteristic, but as

the pressure increases the rise in specific impulse is noticeably

slowed down (see §5.4). q

Simultaneously with an increase in pressure pK there must be

a rise in pressure in the tanks which requires, in turn, an increase

in thickness of the walls and, consequently, their mass. In addition,

the mass of the chamber nozzle increases in connection with an increase

8
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in the values of cc and Tc. Therefore, with a rise in pressure p.,

to assure the condition m,y = const the mass of propellant in the j
tanks of the power plant must be decreased.

The increase in the ratio IE/mMy with a rise in pressure pK is
explained by the fact that in this interval of pressure p the
specific impulse increases greatly, and the value of I increases

despite the decreased mass of propellant.

With an increase in pressure pK above optimum, ratio IZ/m Ay

begins to decrease, which indicates a greater influence of the de-

creased propellant mass due to an increase in the mass of the tanks

and displacement system compared with the influence of an increase

in specific impulse due to a rise in pressure pK"

The lower the mass of the tanks and the displacement system for

feeding a given quantity of propellant components from the tanks to

the engine chamber, the better the power plant.

With improvement of the feed system, the ratio IE/m y and the

optimum pressure pK increase. For example, a displacement feed sys-

tem using a liquid gasifier is more efficient than a system with a

high-pressure gas container (Fig. 9.8).

IL
"AY Ordinarily, pressure p. for an LPRE

with a displacement propellant-component

feed system is within the limits of 15-30

bars [=15-30 kgf/cm2 ]. The LPRE's of

Fig. 9.0. Dependence of the ratio space vehicles, in a number of cases, use
IZ/flj an pressure pm for UK, 1 lower pressures (7-8 bars [C7-8 kgf/cm2 ]),
with displacement feed with a high-
pressure gas container (2) an a
liquid caster - or t; making it possible to refrain from using
P:. COut). -- external circulation cooling and to achieve

the possibility of a considerable change in thrust, in addition to

high engine reliability.

For a power plant with a pump system for feeding propellant

9
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components to the chamber there is also an optimum pressure p

which depends on a number of factors, including the power-plant
scheme.

In a power plant including an LPRE with exhausting of the

working fluid, after operation in the turbine, into the ambient

medium, a rise in pressure p increases the required pressure of
the propellant components at the pump exit, which makes it necessary

to increase turbine power (in §13.13 it will be shown that the tur-

bine power can be increased basically by increasing the flow of gas

through it; however, in this case, the engine specific impulse is

reduced - see §9.1).

Within a certain range of pressure pK' the specific impulse of j
the engine increases as pressure increases: the rise in specific

impulse of the chamber due to a rise in pressure p K exceeds the de-

crease in specific impulse of the engine due to the increased gas

flow through the turbine.

-- A certain pressure pK assures maximum

2 specific impulse for the engine, while with

a further rise in p. the specific impulse
K

5 decreases (Fig. 9.9). In this case the drop ]
i • in engine specific impulse due to increased

,(PKMWCOaS gas flow through the turbine exceeds the in-

"I• Ut.p.endenc, of specifco crease in specific impulse due to the riseIMpulse or the chafter (1) vW

:Agin* (2) with exhsuSting or the in pressure p,
working fluid, after operatior in K
te turbine, into the atmosphereon the pressure p C,. (c onat). The optimum pressure p K for an LPRE

with a pump feed system should also be selested from the condition

of maximum ratio IE/mAy, not from the condition of maximum engine
specific impulse.

In a power plant with an LPRE operating on the scheme "gas-

liquid" or "gas-gas," the specific impulse of the chamber add en-

gine is identical. For such engines, with a rise in pressure PK

10
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the mass of the chamber increases simulta-

mA, neously with an increase in specific impulse. I
"Therefore, there is also an optimum pres-

sure P K corresponding to the maximum ratio
lE/m~y.

POK(fIC0 eot)
Fig. .io. Pressure P. Vs. the The more improved the system for feeding
ratio 10/a for an LPRE with ex-

haustlni Of tne generator gas propellant components to the chamber and the
Into the atmosphere with a liquid
gasifier using a*txllary pro- LPRE scheme, ;he greater the ratio I/m~y,
pellant components (1), basic pro-pellant components (2), and for
aLP with afterurn1" of the increasing with a rise in pressure pK (see
generator gas (3). Fig. 9.10)., The best power plants are those

with I.PRE's operating on the scheme "gas-liquid" or "gas-gas." It

is particularly suitable to use such engines with high pressures PK

for high-thrust power plants.

In §5.4 it was shown that chamber dimensions decrease and its

construction is simplified with an increase in p K

The use of high pressure P H involves certain engine-design

difficulties. These include: the need for more efficient cooling,

difficulties in assuring tightness of the Joints, and also diffi-

culties in assuring engine unit strength and efficiency. lPowever,

these difficulties have been successfully overcome. Disadvantages

in using high pressure P K also include an increase in cost of the

engines and a certain reduction in their reliability.

Pressure p K for most modern LPRE's with pump feed systems is

50-100 bars [z50-100 kgf/cm2 ]; for certain LPRE's it reaches 200 bars

[r200 ksf/cm2 ]. The expediency of using higher pressures P K has been

studied: 280-350 bars [z280-350 kgf/cm 2 and higher.
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CHAPTER X

LIQUID CHEMICAL PROPELLANTS

In 61.2 it was shown that "chemical propellant" is the name used
for substances which, when they enter into chemical reaction, re-

lease heat and form basically gaseous products. The most typical

chemical propellants consist of an oxidizer and a fuel. The oxi-
dizer is a substance consisting mainly of oxidizing elements, while

the fuel consists of fuel elements. During the chemical reaction

there is electron exchange in the outer ele,-tion shell of the atoms:

S...,,.,..... | the atoms of the fuel elements give
their electrons to the atoms of the

oxidizer elements.

A ohemical propeZZant oompo-
, ' a I ' " - 'I ~ snent (F ig . 10 .1 ) is a liq uid sub -

stance stored in a separate tank
0,0 11 

and fed along a separate line to

|-31am. l |.,the engine chamber. The chemical

Fig. 10.1. Clajincatioan of chemical n.o- propellant component (OPC) can also
be a solid substance located di-

rectly in the chamber. The CPC can also be a combination of indi-

vidual liquid or solid substances, or a mixture of individual liquid

and solid substances.
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In certain cases the propellant component includes special

additives (from tenths of a percent to several percent) in order to

improve some one of its properties.
I

Liquid propellant components containing solid metal particles

are called metal-containing, or metallized, components; there are

two types of such components - suspensions and colloidal solutions.

A suepension is a liquid
component containing uni-

by][ • ' formly distributed fine

110RO.-SuOaO solid metal particles. A

e,-zt,, ooltoidaZ soZution differs

8@1i4• from a suspension in the

o[ _ no. PitXsmaller sizes of the metalF-I. V_ 1.o particles.

Flg. 10.2. classilleation of ohouical propellants.

Chemical propellants

(Fig. 10.2) are classified by the following criteria:

a) the number of basic components - mono-, bi-, and tripropel-

lants:

b) by the aggregate state of the basic propellant components -

solid, liquid, and solid-liquid (hybrid) propellants;

c) by the features of the interaction of the propellant compo-

nents upon their immediate contact - hypergolic and nonhypergolic

propellants.

Hypergolic propellants ignite (3-8).10-3 seconds after their

components come into contact (this time is called the self-ignition

delay period). A special system is required to ignite nonhypergolic

propellants.

Tripropellants include, in particular, those containing oxidi-
zer, fuel, and a component with small v (e.g., liquid hydrogen),!
sometimes called a diluent.
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Solid propellants can be homogeneous (uniform) or heterogeneous

(nonuniform, or mixed). A homogeneous propellant is a chemical sub-
stance whose molecule contains both oxidizer and fuel; a solid solu-

tion of two such chemical substances can also be a homogeneous pro-
pellant. A heterogeneous propellant is a mechanical mixture of oxi-

dizer (usually crystalline) and fuel, which at the same time acts as

the binder, thus assuring creation of a solit1 propellant charge with
the necessary mechanical characteristics. Solid propellants are
examined in Chapter XVI.

§10.1. Simple oxidizers and fuels

Chemical propellant components contain both oxidizer and fuel

elements. Propellant components consisting of ozidizer or fuel

elements of a single type are called simple oxidizers or fuels, re- I
spectively. I

The oxidizers include oxygen and the halogens: fluorine, chlor-
ine, bromine, and iodine. Oxygen and, in particular, fluorine have

the best oxidizing ability. They are used as simple oxidizers and

in combination with other, less effective, oxidizing elements. Cer-

tain properties of simple oxidizers are given in Table 10.1.

Table 10.1. Certain properties of simple oxidizers
(35, 37J _

Density In . i
I' liquid state

Oxidizer at standard

O f

.31,999 1144 (at Ts0

Fluorine VI J I ' IN (at T14sd 3,) 3 $30
Chlorine C. 2 17Ž. " 7.906 1W7(at TKsi) 7181236.4$

Brominej BL2i35 I59."~ 3102_9S Mas~ 33
I I 1 : 1 5)W :

Iodine 112 _M_______W__3_M_0_

14
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The basic fueto of chemical rocket propellants are hydrogen,

lithium, beryllium, boron, carhon, magnesium, aluminum, and silicon;

other fuel elements - sodium, calcium, phosphorus, titanium, and

zirconium - are less effective. Table 10.2 gives the basic proper-

ties of sinmple fuels.

Table 10.2. Certain properties of simple fuelu
[35, 37J _

1 P in su114 in 1lquid
Chem--el - state state at standaud
formula u pressure

Hydrogen 1H I 2,016•1 70.97 13.94 1 20.39

Li 3 6.93 . S34 507 453,65 1620.15! (at
• ~473%, 15K)

BerylliumtBe 4 9 0121fe -M.73IK 15511 2757,13

I - - -

1 o , 1 1.
Boron 8 5 110811 2W00 I -- 1 2300.15 3950.15

Cbo. C 5 12 I 2,01 "- 73; 4473
(graphite) C I I = I *- 1

Magnesium I 'Nsg 12 4.,30M 1740"' -- 1 9"13o 1 1381.15

Aluminum Al 13 26.98 2289 932.35 2740,15

'ga 1273.115K)

Si 1con Si 4 0886! 2Mor" - I-
S phoue )

$At 298.150K.

Propellants u-.ing fluorine as the oxidizer are more efficient

than oxygen-based propellants. This is explained by the following

features of oxides (the end products of fuel/oxygen interaction) and

fluorides (end products of fuel/fluorine interaction).

1. The heat of formation of fluorides for most of the examined

fuel elements is greater than that of the oxides.

15



2. The boiling and melting points of the fluorides are sub-
stantially lower than those of the oxides. Therefore, in most cases

the fluorides leave the nozzles of chemical rocket engine chambers
in the gaseous state, while many oxides (particularly BeO and Al 2 03 )
leave in the liquid or solid states.

Hydrogen, upon interaction with oxygen and fluorine, does not
give the highest heat of formation of the corresponding oxide (H20)
and fluoride (HF), but these compounds have low molecular mass and
low values of T Kn and Tnn, which makes propellants using oxygen and
fluorine as the oxidizer and hydrogen as the fuel very efficient.

Metals and metal-containing compounds with low molecular mass
(Li, Be, B) are also highly-efficient fuels. Carbon is one of the
relatively low-efficiency fuel elements.

§10.2. Particular requirements of liquid chemical propellants

The general and specific requirements of chemical propellants
have been examined in H13.2 and 3.3.

In accordance with equation (5.10), propellants should assure
high thrust-coefficient values Kp (see §5.3) and 8 (see §4.5). These
coefficients, as well as velocity Wc (see §4.5), increase with in-C!
creasing temperature and gas constant of the combustion products at

the nozzle inlet, and also with increasing expansion ratio e andC!

decreasing index np.

A substantial influeL-i is exerted by temperature TK, which is
a function of the working heating capacity Hpad, determined by tne

type and ratio of the propellant components.I

The chemical propellant component, like all working fluids of
the rocket engine (see §3.2), should have high density. This is
particularly important for the oxidizer, since it is its density

which basically determines the density of the propellant.

16
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In connection with the fact that the values of I and p have
~YAh an Thv

varying influence on the characteristic velocity of a rocket vehicle,

the need arises for a combination estimate parameter, such as the

expression Iy h , where c is an exponent whose value is defined by

the equation T

1g

Here mT is the mass of the propellant components.

c
The maximum value of the expression Iy hvT corresponds to the

maximum characteristic velocity of the rocket vehicle. Exponent c,

which defines the influence of propellant density on the rocket

vehicle characteristic velocity, is less than one. Therefore, the

specific impulse, rather than the propellant density, has a greater
influence on the characteristic velocity. With a decrease in ex-

ponent c (i.e., with an increase in the ratio mT/mHSa), the influ-

ence of the density pT decreases. With mT/m H4 n 0.8, characteris-

tic of ballistic missiles, c - 0.5.

For the upper stages of rockets the influence of he propellant
density decreases, while that of the specific impulse increases.

Therefore, for these stages we recommend use of the propellant

LOX + liquid hydrogen, despite the extremely low density of liquid

hydrogen (p = 71 kg/m 3).

The stability with which combustion or decomposition occurs,

and the starting properties, are also important characteristics of

a chemical propellant.

The stability of combustion or decomposition of the propellant

is determined mainly by the amplitude of oscillations of pressure pK;
the greater the amplitude, the less stable the chemical reactions in

the chamber and the lower its operational reliability (see §15.1).

Propellants with good starting properties assure stable engine

17



start-up regimes (without large oscillation- of pressure pK). For

example, two-component propellants with goo6 starting properties
ignite easily and reliably over a broad range of change of coef-

ficient X, which is explained by their following features:

a) easy evaporability;

b) low ignition point;

c) small amount of heat required for ignition;

d) short ignition delay period T,.,-

From the standpoint of ensuring good starting properties and
stable combustion, and also to simplify engine design, hypergolic
propellants are usually preferred over nonhypergolic propellants.

The following additional requirements are imposed on liquid

propellant components:

a) low viscosity and as little a change in it as possible in

the engine operation temperature range;

b) low surface tension;

c) low saturated vapor pressure.

With low viscosity of the propellant components there is a de-

crease in the hydraulic resistance of the engine lines, which re-
sults in decreased power expenditures for feeding the components to

the chamber.

With low viscosity and surface tension of the propellant com- j
ponents their atomization is improved, i.e., they break up into
finer particles as they enter the chamber, facilitating more com-

plete combustion.

Low saturated vapor pressure decreases the amount of components

lost to evaporation and has a favorable influence on certain other

parameters of the engine and of the vehicle as a whole.

18

S.1



÷I

If the engine chamber has external circulating cooling, one of

the propellant components should have good cooling properties.

We must point out that there are no propellants that can be

used equally effectively for various types of rocket engines with

varying thrust. Therefore, the propellant should be very carefully

selected in each specific case.

§10.3. Characteristics of liquid propellants

LPRE's use mainly bipropeiZante. Such propellants are also
called separate-feed propellants, since the oxidizer and fuel are

stored in separate tanks and fed to the chamber along different

lines.

LPRE's operating on a monopropeZZant (or unitary propellant)

are simpler in design and operation.

Monopropellants, a blend of oxidizer and fuel or solutions of

fuel in oxidizer, can have sufficiently high power characteristics,

but such propellants tend to explode. The same can be said of a

monopropellant consisting of one substance whose molecule contains

both oxidizer and fuel elements (e.g., nitromethane CH3 NO2 ).

Monopropellants consisting of one individual substance (e.g.,

hydrazine N2 H4) and releasing heat as a result of decomposition in

the presence of a catalyet are stable enough, but have relatively

low power characteristics.

Both solid and liquid catalysts are used. The solid catalyst

is located directly in the chamber; its mass remains practically

unchanged during engine operation.

The liquid catalyst is located in a separate tank and is fed

directly to the chamber along a special line.

•59



An example of a starting propellant component for an LPRE is j
triethylaluminum Al(C 2 H5 ) 3, a liquid that ignites in air; it is used

to ignite nonhypergolic propellants.

When designing an LPRE and any other type of rocket engine we
tend to eliminate, as much as possible, starting and auxiliary pro-
pellant components. The use of only basic propellant components
simplifies the design of a rocket vehicle and the fueling units of
launch complexes, facilitates filling of the tanks, etc.

Above we indicated that aditives are introduced into rocket
propellants in a number of cases, additives which assure the following,

in p~rticular:

a) prolonged chemical stability of the propellant component
(inhibitors);

b) reduction in the corrosion activity of the propellant com-
ponent (deactivators);

c) a decrease in the value of Ts. 9 (catalysts);

d) self-ignition of the propellant (this can be achieved, e.g.,
by introducing liquid fluorine into LOX).

I
§10.4. Liquid oxidizers and fuels of rocket propellants

The oxidizers usually make up the bulk of the propellant. Sim-
ple oxidizers (02, F2) or combinations of oxidizing elements (oxygen

fluoride OF2 , halogen fluorides: CIFs, CIFs, BrF3, BrFs, IF5, and
others, perchloryl fluoride CIO 3F, and others) consist entirely of

oxidizing elements.

Certain oxidizers contain nitrogen in the molecule together with
the oxidizing element; this is a neutral element (nitrogen tetroxide
N2 04, nitrogen fluorides NF3 and NF4 , and others). Certain oxidizers

contain fuels and neutral elements simultaneously (nitric acid HNO 3,
tetranitromethane C(N0 2 ) 4 , perchloric acid HCI0 4 , and others).

20
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Hydrogen peroxide H2 02 includes oxidizer and fuel elements.

The following oxidizers are most widely used in LPRE's: oxygen,

nitric acid, nitrogen tetroxide, and hydrogen peroxide. The physico-

chemical properties of the basic oxidizers are given in Table 10.3.

The most efficient fuels are those consisting entirely of fuel

elements. The presence of nitrogen or some oxidizer element in the

fuel, as a rule, lowers the power characteristics of the propellant.

The fuels used and foreseen for liquid propellants can be

divided into the following groups:

1. Liquid hydrogen and nitrogen-hydrogen fuels: hydrazine

N2H4, ammonia NH3 .

2. Fuels containing hydrogen, nitrogen, and carbon, and which

are hydrazine derivatives: methylhydrazine (MMIH) H2 N-NH(CH3 ),

unsymmetrical dimethylhydrazine (UDMH) H2 N-N(CH3 ) 2 , and aerozine-

50, a 1:1 blend of hydrazine and UDMH.

3. Hydrocarlon fuels: kerosene (a blend of hydrocarbons pro-

duced during petroleum distillation); methane CHG4 (liquefied hydro-

carbon, a basic component of natural gas); ethane C2H6 and propane

C3 H8 (also liquefied hydrocarbons); and others.

4. Fuels containing hydrogen, carbon, and oxygen (alcohols):

ethyl alcohol C2 HsOH, methyl alcohol CH OH, and others.

The physicochemical properties of the basic fuels are given in

Table 10.4.

§10.5. Characteristics of two-component propellants (bipropellants)

The characteristics of basic bipropellants are given in Table

10.5.

Table 10.6 shows the hypergolic and nonhypergolic propellants.

21
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Table 10.3. Certain properties af liquid oxidizers (2, 23, 353 ______

•emill Maximum po0ss-
Ozidjuer stmcl~ u~Jability bl* concentr-a-

Oxdzr torull pressur

-OX 29-

Oxygen a 31M 4,35 9018 .1144 -41111 Stable Nontox

Slti ai 63.04235.5 - - n L

Hydrogen peroxide 40, K015 2.2 402,3 142 -- M Unstable 0

__ __ _"____ I I

Nitrogen tetroxide 14104 02,011 261,26 214.3 14 2 UStable ,0

_ _ _ I- |l

O;xygen fluoride r W l l tiS . 0.3 17a 3 stable 0,05

I , ,I,'I

Chlorine trifluori e l 92448 i 1410 16m -20 Stable H'ighly toxic

Chloini ! I 59063

Chlorine pentafluoridl s 1C,30.45?7 -,3 -5 500 s . ,
ttwo

Nitrogen trifluoride -I3 144.14 31 ,41 01tjhl- toxic200.5 500 .o

Terraftluorohyira.cIne AP4  104.016 I0t1 0 01) 15j0

Iromane trifluoride - 53 6.911 261• - i ?oxe
"Sr+j 265, mo.2s i

Bromine pentaf~iao.-de off,$ 174.916 210.65 313,43 2465 -2

a'orchlor.l fluoride CO13? 0.437 125,41 2125,4111 lei . SUWahtlv

aerchlorl i aeld W104 0 61,4 1 j 411.11 Im -40 Unsteble1  ,oxia

$Valuei st 298.35oK; for low-boiling oxidizers - at tie boiling point.
"Values at 2939K1 for low-boiling oxidizerb - at the boiling point.
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Table 10.4. Certain properties or liquid fuels-
(2, 23,351

IL~ 
1 s.n ' max.S., _pose.

Chemical t ,chalcal In air
tormule. 'Ksf s1 tability

Hydrogen H, 2,016 13.94 20,39 70,97 -3828 Stable Nontoxic

Hydrazine N211 4 32,04 274,68 86,665 004 1373 a Toxic
Amonia N•HS 17,032 95.39 239.73 682 -418C 20-M
.ethylhy- HN- 46.075 20,75 360.65 874 1222 Toxic

,razine (61H) N4(CI . l
UDMH H2N- 60,I02215.95 36.25 784 774 a

N(C4•3 72
Aerozine-50 - 45,584 ,6.8a 33.25 899 1173 0

Aerosene C7,.1HI3. - 2 450 820 -- 1 0 300
(cond. 220 850
for.)

Methane CHI 16,047 89.15 111.65 424 -3 slightyli .I_• ozie

Ethyl C.2HiOH .6,070 159.05 31,47 785 1000
alcohol

Diborane B.Ifs 27,67 107.65 180.65 4V 48 Stable I Highly

tank[hermeti toxio

"entaborane B3I4 63.27 226,34 135 618 381 " 0,01

Vallie: at 298.15*x; for low-ooiling fuels - ut boiling point.
Cevalues at 293°X; for low-boiling fuels - at the boiling point.

LOX-based propellants. During the initial development period

of LPRE's and during World War II, the propellant liquid oxygen 02 +

ethyl alcohol C2HsOH was widely used. The comparatively low heating

capacity of this propellant led to its replacement with 02 + kerosene.

The propellant 02 + kerosene is cheap and reliable, and its pro-

duction and use is very familiar. Certain difficulties in cooling

the chamber due to the high temperature of the combustion products,

and the comparatively low percentage of fuel in the propellant, have

been successfully overcome, and the propellant 02 + kerosene is

widely used in modern LPRE's. LPRE's have been developed which pro-
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Table 10.5. Theoretical characteristics of certain bipropellants (351 (P, o

68.946 bar$ (68.0o6 atm(phys)]; PC a 1.013 bard (1 atn(phys)]; K -%X,3

PU a P$3 equilibrium expansion) ]
C8,r- Oxidizer i

*"" Fuel (h I" IUo03 , NI, l F , .CH ,,'S ' Co

H, 4;00 7,33 6.14 5.25 8.00 5.67 1 3•.30 11.0 113.80 6.14
NjH4  0,92 2,03 1,50 1.33 2.37 1,50 2,71 . 2,70 3.25 1,30
UDNK 1,70 4.26 3,00 2.57 2,46 2,.0 2.45 3,00 3,17 2,70

8,1, 2.12 2.23 3.00 3,00 4,60 4,00 0 6.0 7.33 6.60 -3.76

H, 234 435 393 353 46 375 •605 . 6 3 Ol ? S1
N HH IM065 1261 3254 1217 1384 112 1458 1507 35 1 313 7 :

kW/e$ UDMN 076 1244 1223 1130 100 1214 1325 1363 IRA V"

klit 007 1021 i107 0114 190 117 41 3 1493 1027 we

lit 2M 2410 2474 2640 =68 3547 3706 3134 3814 10M0

Ti Kai 34 340 3 297 30231 3247 4727 4047 4C57 3090 4461 3167
S D0 330 3006 314? 3431 4464 4403 4003 M 4UAs 301

"it•31 4160 29 &$ 5 3 3 00 M 05446 . 4A40 4242

53, 3,232 1,247 1,21511 I 3,=. 1,2 I,2 1 ,260 1,003 1.230 1.235
Nil14  11,64 1.187 I632 1.1Ol 3.I37 IV 31. 3,220 31.237 3 1.061 ll,30

lIOUDN 1,144 3,360 3,32 3,I06 1.149 1.167 I 1,3 6 1.39 I ,I t l,173

.11,3 3.112. 1,136 1,121 IM 3,3 1630 I 3,35 I 3m,1 1.125

2433,3 2011,3 2001.5 2134.9 255•3., 256, 2145,? 202. 2172,12 21&1.3

,114 1100,7 175•,4 1714.2 3779,9 .112,4 2001,6 1926.0 1827.0 21.,4 1701.6
N's/kg UlIN 18.56,4 1714,2 3654,4 37M5.0 20118, 2•36,0 1826.0 17261,0 19•,4 3754.4

310 , 1304.6 1332.9 1753.4 1811,9 2175.1 2163.3 3859.3 1711,41 203,3 1364.6

, 135,4 3163,7 331-.2 3.341.1 4038,4 4012, 3363.7 3415.0 x"5,7 3.75
/,A.* I114  30•8,5 28133, 2737.0 285.7 3573.,1. 2,3 3W 059.? 2M8.00 1.282,3 2MA

Nel/kg 0066H 3037.1 27$2,1 2671,3 27M6,9 M411.7 M+I.59 22.,3 2750,6 3147,9 *9841,1

B.1li, 3135.2 3631.2 260.2 293M.1 1539.2 351J.3 I 0W26,1 2846,9 1276.4 W 1,.'2.1
r|

II4 441.8 ;IST.6 U16a3 U172.6 4693,7 4g00o6 3$87.4 3620'.0• 4118.8 M6@.9

IMP 'l3l . 316253. 3310,7 3210.? S133..8 4210,0 4000,9 3567;7 X.2T4.9 182•,6 .31M0.9
H .0sk UM 3610,1 32M.41 3053,8 3304,8 4050.1 4065,5 3.11,2 321)..1 3016,1 SUt.t53

B 777,5 36508,1 3154.9 3526.5 4224,7 4246.2 3616.7 34W.,9 M100,3 =2.5

duce, using this propellant, thrusts up to 7000 kN (z700 tons],

The propellants 02 + NHH, 02 + NH3 , 02 + MMH, and 02 + UDMH have

better starting characteristics and more stable burning as compared

with 02 + kerosene. Of these propellants, 02 + UDMH is the most

widely used. For these propellants, and also for 02 + H2 , despite

their high heating capacity, a reduced temperature of the combustion

products is characteristic, which facilitates chamber cooling.
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Table 10.6. Characterlatics of Ignition of'
certain propellants

Oxidizer

Fuel ~01 4 :rT~ Tc~
1 N N N N H H

N C H H H H
NHS N N C C H R
MOH N N H H H H
UDMH N N H H H H
CMH0H N N N N H H

Notes N - nonhypergolie propellontl I -8 hyper-
golic propellants; C-- propellants that self-i8-
site In the presence ao a catalyst

The greatest specific impulse (up to 4800 N's/kg [z480 kgf s/kg])

of all modern propellants that have been developed is provided by the

propellant LOX + liquid hydrogen (02 + H2 ). LPRE's have been de-

veloped which, using this propellant, yield thrusts of up to 1000 kN

[E%00 tons]; work is being carried out in the US on creation of an

LPRE with a thrust of up to 7000 kN [*700 tons]. Despite the low

density of the propellant 02 + H2 (PT % 320 kg/m 3 ), its use for LPRE's

in the upper stages of booster rockets makes it possible to substan-

tially increase the mass of the payload.

When up to 5% of liquid fluorine is added to LOX, all LOX-based

propellants become hypergolic.

When the propellant 02 + H2 is replaced by (70% 02 + 30% F2 ) +

+ H2 , the engine specific impulse increases. The mixture 02 + F 2

can be used with UDMH, kerosene, and liquefied hydrocarbons (methane,

ethane, and propane).

Hydrogen peroxide-based propellants. Hydrogen peroxide was

widely used as an oxidizer in LPRE's during World War II.

However, during that period, hydrogen peroxide was used in the
form of an 80% aqueous solution, which reduced the heating capacity

of the propellant. With the development of methods for stabilizing
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hydrogen peroxide, it became possible to increase its ooncentration

to 90%, and in certain cases to 98%.

Propellants on a highly-concentrated hydrogen peroxide base are

just as good as nitric acid-based propellants as far as density is

concerned, and at the same time they assure a somewhat greater spe-

cific impulse at a substantially lower combustion temperature. An

additional advantage over nitric acid and nitric acid-based oxidizers

is the lower corrosion activity of hydrogen peroxide.

The propellant H2 0 2 + kerosene is the most widely used; H2 0 2 +

+ UDMH, H2 02 + NH3 , and H2 0 2 + N2 H4 are used more rarely. The con-

centration of H2 0 2 in all these propellants is 90%. Prospective

hydrogen peroxide-based propellants include H2 0 2 + B2 H6 and, in par-

ticular, H202 + B H 9. An important advantage of the latter is that

it consists of high-boiling compounds.

Nitric acid-based propellants. The heating capacity of such

propellants is less than that of LOX-based propellants, but unlike

the latter they have high density and can be stored for a prolonged

time in a fully fueled rocket.

Nitric acid (100% concentration) is an unstable product. There-

fore, LPRE's use concentrated nitric acid containing about 2% H2 0

and 0.5% nitrogen oxides NO2 (this is called white fuming nitric

acid [WFNA]) or a solution of concentrated nitric acid and nitrogen
tetroxide N2 0 4 (this solution is called red fuming nitric acid
[RFNA]). The latter oxidizer is more efficient. RFNA-based propel-

lant, using UDMH as the fuel, is an example of a hypergolic propel-

lant with prolonged storage capability, good starting characteris-

tics, and stable burning.

However, nitric acid-based propellants have basically been re-

placed by nitrogen tetroxide-based propellants.

Nitrogen tetroxide-based propeZlante. The propellants N204 +
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+ N2 H4, N2 04 + MMH, and, in particular, N2 04 + aerozine-50 and N2 04 +

+ UDMH are the most widely used, especially when prolonged storage is

required. They are not quite as good as 02 + kerosene as far as the

specific impulse that can be developed by the engine, but their den-

sity is higher.

The propellants N20 4 + aerozine-50 and N2 0 4 + UDMH make it pos-

sible to create reliably operating LPRE's with high specific impulse

and very high thrust in a siz.:le chamber. The propellants N2 0 4 +

+ N2 H4 and N2 04 + MMH are used for engines having relatively low

thrust; the latter propellant has the best starting properties.

Fluorine-based propellants. Liquid fluorine is best used in

combination with such fuels as ammonia, hydrazine, pentaborane, and

in particular liquid hydrogen. The propellant F2 + H2 is 4-5% better

than 02 + H2 as far as the mass specific impulse developed by the

engine, 70% better as far as volume specific impulse is concerned,

and 55% better in density. It is most suitable for the LPRE's of

the upper stages of booster rockets and for the LPRE's of space

vehicles having a relatively short flight time and high required

total thrust [1].

The disadvantages of F2 + H2 include: 1) high temperature of

the combustion products, which complicates chamber cooling; 2) the
high cost of fluorine; and 3) the high toxicity of fluorine and its
combustion products (HF).

The high yalues of the volume specific impulse developed by an

engine using fluorine-based propellants can be judged from Table 10.7.

The LPRE's of space vehicles can use the following propellants:

F2 + NH3 , F2 + N2H4 , F2 + MMH, F2 + CH4 , F2 + B2 H6 , and others.

Propellants based on fluorine-containing oxidizers. Oxygen

fluoride OF2 is best used in combination with liquid hydrogen, UDMH,

MMH, hydrazine, ammonia, and methane. For the LPRE's of space
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Table 10.7. Volume specific impulse of oxygen and
fluorine LPREts at sea level (pH K 66.7 bars [68

kgf/cm2]; PC a 0.981 bars [1 kgf/cm2]; " -n-r-

equilibrium expansion)

OzidIser

Fuel T..

N-s/ms kgfs/lite:r Ns/nm' 1kgf.s/liter

H2 1.069 109 1834 187

NH3 2.569 262 4.119 420

NHN 3,256 335 4.678 477

vehicles it is possible to use the propellant OF2 4 B2H6 . The mass
and volume specific impulses of engines using oxygen fluoride-based

propellants are higher thpn those for LPRE's using LOX-based pro-

pellants. All oxygen fluoride-based propellants are hypergolic and

have, except for OF2 + F2, comparatively high density.

Because of the high cost of oxygen fluoride, in a number of

cases it is advisable to use F 2 + 02, whose efficiency is only some-

what lower.

The prop llants ClF3 + N2H2 and, in particular, CIF5 + N2H4
are very promising as long-storage hypergolic propellants. One of

the difficulties arising when using ClF5 + 12H4 is the formation of

a solid deposit on the inner surface of the chamber walls.

The propellant BrF + B H is highly efficient; its density is
1990 kg/m3 . The volume specific impulse of an engine operating on

such a propellant is 4.81 N's/m3 [489 kgf.s/liter] when p* K 68.7
bars [7G kgf/cm2 ] and Pc M 0.981 bars [1 kgf/cm 2] with equilibrium

expansion and optimum coefficient R.

Among the efficient propellants are those on a nitrogen tri-

fluoride NF3 and, in particular, tetrafluorohydrazine N2 F 4 base

using hydrazine, pentaborane, and liquid hydrogen as the fuels.

However, the use of tetrafluorohydrazh.. is hampered by its high

cost.
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§10.6. Selecting the optimum oxidizer excess coefficient aOK

After selecting the propellant components, we calculate the
optimum value of the coefficient for the propellant component ratio
x or the coefficient a •* In these calculations we find the maximum

of the expression I hpTC

The engine specific impulse and the propellant density depend

on the coefficient aOH, i.e.., Iyh = f( ) and p7 f(a 0o)"

The specific impulse has maximum value with an excess of fuel,
i.e., when a O < 1, and not with a stoichiometric propellant com-
ponent ratio, since with a fuel excess the combustion products con-

tain an increased amount of gases with low molecular mass (CO, H2 ,
and others) compared with the content of gases with higher molecular
mass (C02, H2 0, and others). In addition, when a O < 1 the tempera-
ture of the combustion products is lowered, which results in de-
creased expenditure of chemical energy of the propellant on disso-
ciation. Chamber cooling is facilitated at the same time: it is
easier to cool a chamber, using a greater fuel flow, in which at the
same time the combustion products have reduced temperature.

As the temperature of the combustion products increases, the

value of the coefficient a for which maximum specific impulse is

assured decreases.

Usually the oxidizer density is greater then that of the fuel,

i.e., pOK > Pr . Therefore, with decreasing coefficients aOK and x

the density of the propellant pT decreases.

Because of the influence of propellant density, the value of

the coefficient aOK for which maximum characteristic velocity of I
the rocket vehicle is achieved is shifted from the value of the

coefficient a OH corresponding to the maximum specific impulse,

toward lower values.
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Table 10.8. Valuen or corrciient The optimum values of coefficients
% ror certain propellants used In and ) also depend on the gas e Ipansion
LPRE's aOK

Propellant ratio •c" For a chamber with a large gas

oxidiser fuel expansion ratio %K•onT - 1 (usually

- anT - 0.95-0.98) as a result of the
02 H2 4,50--,50 more cnmplete recombination reactions.
02 roesen. 2,20.-2,35 Table 10.8 gives the values of the coef- I
02 NHs 1,25

F2  H2  8,00-12,00 ficient x used for certain LPRE propel-
N20 4  HN-N(CH,) 1o64--2#54 lants.
Ný0 4  Aeroslne-50 1,50-2.00

85S Kerosene 8.2

HO0 §10.7. Liquid monopropellants

The most widely used LPRE monopropel-

lants are hydrogen peroxide and hydrazine, substances which can de-
compose with the release of heat in the presence of a catalyst.

A high-concentration (90-98%) aqueous solution of hydrogen per-

oxide, when used as a monopropellant, assures an LPRE specific im-

pulse of 1500-1900 N's/kg [-150-190 kgf.s/kg]; here the vapor-gas

temperature in the decomposition chamber is 875-12500 K. With great

expansion of the hydrogen peroxide decomposition products in the

chamber nozzle the water vapors condense, which causes a certain

lowering of the engine specific impulse.

Hydrazine is a more efficient monopropellant than hydrogen per-

oxide is. It decomposes on heating to 750 0 K, forming the gaseous

products NH3 , H2 , and N2 (with complete decomposition - only H2 and

N 2).

The hydrazine decomposition products have rather high tempera-

ture (to 1475 0K), low molecular mass, and do not tend to condense.
Hydrazine assures an engine specific impulse of 2200-2400 N's/kg

[.220-240 kgf's/kg).

Monopropellant LPRE's operating on hydrogen peroxide or hydra-

zine have lower specific impulse but their operational reliability

is higher than bipropellant LPRE's. Therefore, hydrogen peroxide
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or hydrazine are usually used as propellants for auxiliary LPRE's

with low thrusts, including those in satellites and space vehicles.

In particular, we should note the creation of a hydrazine liquid

retrorocket engine with multiple ignition and variable thrust

developed in the US for a soft landing on Mars [1].

The addition of nitric acid or hydrazine nitrate N2 H5 NO3 (com-

ponents with oxidizing properties) to hydrazine increases the engine

specific impulse and the density of the propellant, and also lowers

the freezing point (e.g., to 253 0 K [-20 0 C] with the addition of 24%

N2 H5 N03 )O

A monopropellant blend of 75% N2 H4 , 24% N2 H5 NO 3 , and 1% H2 0

assures an engine specific impulse of up to 2600 N.s/kg [E260 kgf.

•s/kg] and a density of 1110 kg/m 3 , i.e., the power characteristics

are close to the mean-power bipropellants of the type N2 0 4 + aerozine-

50.

Table 10.9. Certain charaoteristicu of LPRE's operating
on bipropellants

T9 IZYA.n at; Pa 9.81 ban

uper limit C"I_,lO ;gr/cm.]o. thenul "
propellant stabi lity

temperature "K U.s/kg t kls/kg

80% HaOs - 1150 1765 180
98% HaO2 383 12400 18930 193'

5Ht. 533 1345", 2422"* 247"0
Nx"(T750S) + N2HHNO, 491 1615** 2569"* 262*

(24S) *4 O (1S)

,The values are given considering condensation of water vapors as they
move through the nozzle.
viThe values are given for the condition that 4O0 of the oamonium that
forms decomposes into nitrogen and hydrogen.

Table 10.9 gives the values of T K and IyA.n for LPRE's opera-

ting on various monopropellants El].

In monopropellant LPRE's it is possible to use other propellants,

including ammonia, UDMH, isopropyl nitrate (CH3),2 HON02 and others.
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Products of the decomposition of hydrazine, hydrogen peroxide,

and UDMH are also used as the gaseous working fluid for the turbine

in bipropellant LPRE's with pump feed.

§10.8. Metal-containing fuels and tripropellants

One of the ways to increase LPRE specific impulse and propel-

lant density is to use metals (Li, Be, Al, Mg), their hydrides (LiH,

BeH and others), and also boron. They can be used:

a) in the form of a suspension or a colloidal solution of metal

in fuel;

b) in the form of a third component stored in a separate tank

and fed to the chamber along a separate line.

For each propellant we must select the type of metal and its

optimum content. For example, to the propellant 02 + H2 it is ad-
visable to add beryllium, while lithium can be added to F 2 + H2 .

The component ratios of the propellants 02 + Be + H2 and F 2 + Li +
+ H 2 are best selected such that the chemical reaction occurs between

the oxidizer (02, F 2 ) and the metal (Be, Li), while the hydrogen is
used as an inert working fluid, lowering the molecular mass of the

gases discharging from the nozzle.

In place of the propellant F 2 + Li + H2 we can use F2 + LH +

+ H2 ; lithium hydride evaporates better than lithium.

After methods have been developed for stabilizing liquid ozone,

the most powerful chemical propellant will probably be 03 + Be + H2 .

The use of propellants with metal-containing fuels is hampered
by the following. a

1. The difficulties in mixing metal powders and liquid fuels,

particularly cryogenic fuels.

2. The metal particles settle during shipment and with pro-

longed storage. It is possible to mix the fuel and the powdered
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metal directly at the launch site, but this presents great opera-

tional inconveniences. The particles settle to a lesser extent with

an increase in viscosity and density of the fuel (e.g., with the

addition of wax or paraffin), and also with a decrease in the par-

ticle dimensions (to 1-40 om).

3. The production of powder metals, especially beryllium (i.e.,

Be and BeH2 powder), is complex and expensive. In addition, powdered

Be and BeH2 are highly toxic, which eliminates the possibility of

using them as additives to the fuel for engines of the first stages

of bcoster rockets.

4. When a metal-containing fuel is fed to the chamber, the in-

jectors may become clogged. Certain difficulties are caused in the

organization of combustion of metal particles.

When a tripropellant is used the metal can be fed to the chamber

in atomized form, e.g., by a compressed inert gas. Tests of an ex-

perimental chamber operating on the tripropellant F2 + Li + H2 with

10-12% Li yielded a vacuum specific impulse of more than 5000 N.s/kg

E=500 kgf.s/kg] [1]. The metal can be introduced into the chamber

along a separate line or directly in the form of a finely-disperse

powder which, however, involves great difficulties.

The disadvantages of LPRE's using tripropellants is the com-

plexity of design and chamges in the operating mode.

The use of metal-containing fuels and tripropellants leads to

an increase in heat flows to the chamber walls, which complicates
chamber cooling and increases the requirements on the structural

materials. LPRE's operating on such propellants are most advan-

tageously used for space vehicles and the last stages of boosters.
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CHAPTER XI

HEAT TRANSFER AND LPRE COOLING

§11.1. Forms of transfer of heat flows

During operation of most rocket engines, the walls of their
chambers receive a considerable amount of heat from the products of
combustion or decomposition of the propellant components or the
products of heating of the working fluid. To assure reliable oper-
ation of the chamber, and the engine as a whole, this heat must be
removed in some manner or other.

Quantitatively, the transmission of heat (PAlso called heat
transfer) is determined by the values of the heat flux and the
specific heat flux.

The heat fZux is the quantity of energy transmitted in the

form of heat per unit time across any surface P. The heat flux is
measured in watts [joules/second; kilocalories/second] and is
designated by the letter Q. ' j

The epecifio heat fZux (or the heat flux density) is the heat
flux arriving per unit surface area. The specific heat flux char-
acterizes the intensity of heat transfer; it is designated by q.
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Consequently,

q -(11.1)

The specific heat flux has the dimensions W/m2 [J/s-m2; kcal per
hr-m 2]

The region of the nozzle throat is the most thermally stressed.

For certain types of LPRE's the specific heat flux in this section

reaches 70.106 W/m2 [60.2.106 kcal/hr-m2 ].

The heat fluxes can be transmitted by convection, thermal ra-
diation, and thermal conductivity of the medium (substance) (for

more detail see [17) and [18)).

The specific conveotion flux is designated q oH, while the ra-

diation flux is qn.

The relative values of convection and radiation fluxes in
various types of rocket engines differ significantly.

In the chambers of LPRE's with a cooling lobp, the basic form
of heat transfer is convection heat fluxes from the combustion pro-
ducts to the inner wall of the chamber, and from it to the coolant
(a propellant component).

Heat transfer by means of thermal radiation is of much less
significance in LPREbs. However, the final sections of the nozzles
of certain LPRE's have no cooling loops. The thermal regime of this
section of the nozzle is determined by the heat transfer from the
combustion products to the nozzle wall and radiation heat transfer

from the wall into the surrounding space and to the combustion pro-
ducts.

Nuclear rocket engines ENRE] and electrothermal Jet engines
[ETJE] are characterized by higher gas temperatures than for chemi-
cal engines. Therefore the role of radiation noticeably increases
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in NRE's and ETJE's. In addition, convection heat transfer performs

the complex task of removing heat from the fuel elements to the

working medium.

Electric rocket engines [ERE] are distinguished by the very low

pressure of the plasma in their chambers. Therefore, the convection

heat fluxes, which depend on the pressure of the gas in the chamber,

are also low and the thermal regimes of these engines are determined

basically by radiation fluxes from the plasma to the chamber walls

and from them to outer space.

§11.2. Convection heat transfer

Let us examine the equations from which we can determine the
specific convection flux from the gas to the wall surface and from
the wall to the coolant.

Let us introduce the following designations of the parameters

for a chamber with a cooling loop:

T ra3. - the gas recovery temperature, determining the heat

transfer from the gas to the wall;

T H.n - the temperature of the heated (heat-receiving) surface

of the in'ier chamber wall;

T0.11 - the temperature of the cooled (heat-giving) surface of

the inner chamber wall;

T - temperature of the coolant flowing through the cooling
loop;

ql OH.H - the specific convection heat flux transmitted from

the gas to the heated surface of the inner wall;

qo.n - specific convection heat flux transmitted from the

cooled surface of the inner wall to the coolant;

aH.n - coefficient of convection heat transfer from he gas to

the heated surface of the inner wall;
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o.n- coefficient of convection heat transfer from the cooled

surface of the inner wall to the coolant.

The coefficient of convection heat transfer expresses the quan-

tity of heat transmitted by convection across a unit scrface per unit

time for each degree of difference of wall and fluid temperatures;

this coefficient has the dimensions W/m2.deg [kcal/hr-m2.deg].

Therefore, the specific flux q OH*H is calculated from the

equation

qxovxa,.n(rmL, ,-Tu), (11.2)

while the specific flux qoon is calculated from the equation

•.,=,.,(T.,-- ,,).(11i.3)

Temperature T.es3 s is somewhat lower than the gas stagnation

temperature, since part of the heat released during stagnation of

the gas in the boundary layer is removed from it by convection and

thermal conductivity.

All the difficulties involved in calculating convection heat

transfer reduce to determining the heat-transfer coefficients a

and a Tney are calculated using the dependence among dimen-

sionless criteria - the Nusselt, Reynolds, and Prandtl criteria:

NK=/(Re. Pr). (11.4)

These criteria determine the nature of the change in velocity

a-d temperature in the boundary layer, which influences to a con-

siderable extent the convection h- t transfer.

Use of dependence (11.4) for heat transfer between combustion

products of an LPRE chamber and its wall gives the following formula

for calculating heat-transfer coefficient aHen:

7(11.5)
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where BI is a set of thermophysical properties of the combustion

prcducts, a function of their composition and temperature; a is a

dimensionless coefficient, taking into account the influence of the

change in temperature and Mach number M with boundary layer height;

Sis the per-second mass flow rate of the combustion products; and

d is the chamber diameter.

The coefficient aHen depends on the product pW, and increases

with it. This is explained by the fact that with increasing gas den-

sity the number of gas particles per unit volume increases, while

q,1 with an increase in gas velocity the number of

*KR gas particles reaching the wall per unit time

increases. With convection heat transfer,

heat is transported by the particles. There-

fore, with increasing gas density and velocity

the process of heat transfer from the gas to

Fig. 11.1. Graphs of the dis- the wall becomes more intense, i.e., the
tribution of specific heat values of ac and q increase. The pro-
fluxes qt, q,,,, and q. along Heon KO oH
the chtsber. duct pW hsiz maximum value at the throat (see

§4.5); consequently, the values of aH nand q are also maximum

in this section (Fig. 11.1).

Use -.f dependence (11.4) for heat transfer between the wall and

tha coolant with high heat-flux values characteristic of LPRE cham-

bers gives the following formula for calculating heat-transfer coef-

ficient a o.n

"829 3• 1 (11.6)

or, considering equation (4.9),

r..n (11.7)

where B2 is a set of thermophysical properties of the coolant, a

function of the type of coolant and its temperature; 8 is a coef-

ficient which takes into account the change in thermophysical prop-

erties of the coolant with boundary layer height; mox POX , and Wo×
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are the per-second mass flow rate, the density, and the velocity of

the coolant, respectively; fO*T is the area of the cooling-loop

cross section; dr.A is the hydraulic (equivalent) diameter of the

cooling loop, defined by the equation j
I'I

where n is the total (wetted) perimeter of the cooling-loop cross

section.

11.3. Radiation heat transfer

Solids emit and absorb waves of all lengths, from A - 0 to

W u, i.e., their radiation is characterized by a continuouo

spectrum.

Gases emit and absorb electromagnetic energy only within spe-

cific wavelength bands AA, i.e., the radiation and absorption of

gases are characterized by a so-called Zine spectrum. Such radia-
tion and absorption are called eeZeotive. The simpler the structure

of the molecule or atom, the more clearly expressed is the line

structure of the radiation spectrum, and the more neces3ary it is
to consider such spectral structure when calculating radiation.

Selective radiation is completely inherent in the working media

of ERE's, i.e., the monatomic gases cesium, lithium, argon, etc.;

it is very difficult to calculate their radiation. However, calcu-

lations that have been done show a sharp increase in radiant fluxes

q with increasing temperature of the gases.

Of the gases making up the combustion products of chemical pro-
pellants, energy is mainly radiated and absorbed by the polyatomic

gases having asymmetric molecular structure, mainly water vapor H20
and carbon dioxide CO2. The radiating capacity and absorptivity of

monatomic and diatomic gases can be disregarded.

Solids usually radiate and absorb energy on the surface, while
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gases radiate and absorb throughout. Therefore, the radiating capa-

city and absorptivity of gases containing H2 0 and CO2 are determined

not only by the gas temperature and the H2 0 and CO2 partial pres-

sures, but also by the shape of the combustion chamber; the latter,

in turn, is characterized by the mean free beam path 1.

The radiation of water vapor and carbon dioxide is subject,

with certain allowances, to the Stefan-Boltzmann law; to calculate

the radiation heat flux from these gases to the chamber wall we

can use the equation

tiWI 'c"%•IJ'(11.8)
100 '100

where eCT. is the effective degree of blackness of the heated sur-

face of the inner chamber wall; c and ct are the degrees of

blackness of the gas at temperatures Tra 3 and TH.n, respectively.

c is the radiation coefficient of an absolutely black solid, equal
to 5.67 W/m2 [deg [4.96 kcal/hr2. deg

The value c is a function of the degree of blackness of
CT.*3

the wall and the gas (e and C respectively). The value of

CT' determined by the material of the wall and the state of its

heated surface, is taken from tables [17].

The value of era3 for combustion products containing water

vapor and carbon dioxide is equal to

crag'H,.O+ICO, -- 1,CO., (11.9)

The presence of the last term in (11.9) is explained by the partial

mutual absorption of H2 0 and CO2 radiation.

The values of eHO and O are functions of the temperature of

the gas and of the product of its partial pressure times the mean

free beam path Z, while the values of eH O are also functions of the

pressure of the combustion products p.. Special graphs [17) are

used to determine cH2O and ecO.
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The distribution of specific radiation heat fluxes q, along the

chamber is shown in Fig. 11.1; they are maximum in the combustion

chamber, since in it the pressure (and, consequently, the values

PH2 O and pCO ) and temperature Traa have maximum values.

Considering the approximate nature of the radiation calcula-

tions, it is reconmended that q be calculated only for the flow

core in the combustion chamber (let us designate this value by q .),

while the values of q in the other sections are taken as follows:

1) directly at the fire plate of the head

q8 -0,8 q..;j

2) in the section 50-100 mm from the fire plate to the conver-

gent part of the nozzle with diameter d = 1.2d~p, the value of q. isJ
constant and equal to qn.K;

3) at the throat
qa-O,5q3 .;

4) in the divergent part of the nozzle with diameter d - 1.5d Kp,

q1 O.lqn.l;

5) in tte last section of the nozzle with diameter d = 2. 5d
q 0.02q .A A. K

Connecting these points with a smooth curve we get the distri- 4

bution of the radiation heat flux along the chamber.

With a combustion-product temperature of 2000 0 K, q, is small

compared with the specific convection flux qOH.H , but with a com-

bustion-product temperature of 3000-4000 0 K, qn can reach 30% of the

total heat flux to the wall.

§11.4. Heat transfer due to thermal coniuctivity of the wall
material

If, as the engine operates, there is assured in some manner or

other a difference of the chamber wall surface temperatures, heat
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is transmitted through the wall because of the thermal conductivity

of the wall material. In this case the specific heat flux is de-

termined from the equation

(11.10)

where 6 CT is the wall thickness; A CT is the coefficient of thermal

conductivity of the wall material, characterizing its capability to

conduct heat.

With identical wall thickness 6 CT' to assure a given flux qCT

through the wall the required wall-temperature difference is the j
less, the greater the coefficient ACT. On the other hand, with a .

small coefficient A the wall-temperature uifference THn - T

can be rather great on a thin chamber wall. For example, with a

moderate specific heat flux through a wall q = 11.6.106 W/m2

[10.106 kcal/hr-m2 I the difference in temperatures on a wall 1 mm

thick made of stainless steel is

Sa - TG.X 50D deg.

Of all materials, except for the noble metals, pure copper has the

-X highest thermal conductivity coefficient.

SO N - For copper containing impurities, and for
ji - l! alloys of copper with other metals (e.g.,

J70 --- bronze of some composition or other), the I

_ I'. value of X is noticeably lower.

"0 •-The coefficient of thermal conductivity

L/ "zi :of metals and other materials is a function

SO .1,0 o IN 7M& ON of their temperature. Figure 11.2 shows

Pg. .1.2. Depa•,nce of the graphs A a f(T) for pure copper and stain- I
coetfic on f t othemal con-ductivity for pur•e copp~er (1) _

and stainless st;eel (2) 0 less steel.
temperature.

Taking this dependence into account, the coefficient of thermal

conductivity in (11.10) must be taken at the average wall tempera-

ture 2,,•.= !",, :Z..
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§11.5. Characteristics of heat transfer through a chamber wall

During engine operation, the chamber walls receive both convec-

tive as well as radiant heat fluxes. Therefore, the total specific

heat flux entering the chamber walls is

The specific heat flux qHen can also be written as follows:

q, =a (r, THAL, (11.12)

where c' is some effective heat-transfer coefficient which takes
Henl

into account both convection as well as radiation heat transfer

between the combustion products and the wall.

On the basis of equations (11.2>, (11.11), and (11.12), the

heat-transfer coefficient a' is equal to

02"2 -an (11.13)

The graph of the distribution of the total specific heat flux
q, along the chamber is shown in Fig. 11.1. Because of the influ-

ence of the radiant flux, the maximum of the total specific heat

flux is shifted somewhat from the critical section toward the cham-

ber head. From the graph in Fig. 11.1 it follows that the region

of the critical section is the most thermally-stressed section of

the chamber; therefore, reliable cooling of it causes great diffi-

culties.

The heat fluxes entering the walls from the combustion products

pass th, ough the wall and are transmitted to the coolant flowing

through the cooling loop.

At the start of engine operation, the coolant is transmitted

not the entire heat flux entering the wall from the combustion pro-

ducts, but only part of it; the rest is used to heat the chamber

walls, as a result of which the chamber wall temperature continually
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increases. As the wall temperature increases, that part of the heat

flux expended on heating the walls continually decreases. Conse-
quently, the initial period of engine operation is characterized by

a noneteady-etate cooling regime. If specific conditions are satis-

fied, after a certain period of time (for an LPRE chamber this is

short) equilibrium is established. It is characterized by the fact
that the entire heat flux entering the wall from the combustion

products is transmitted from the wall to the coolant. Therefore,

if we consider that the areas of the heated and cooled wall surfaces

are equal to one another, the following equality is guaranteed:

qzxq•-qo.,,=const.

Over the entire section of heat-flux transfer - from the boun-

dary layer of the combustion products to that of the coolant - a

constant temperature distribution is established (Fig. 11.3), such

that the temperatures THn,

T and Tox remain constant

despite the presence of the

heat flux. Consequently, in
this case a eteady-state chamber

- cooling regime is assured. This

0 0 heat flux, with a steady-state

- cooling regime, will henceforth

O be designated q by analogy
MQxf, with equation (11.11). Conse-

Fig. 11.3. Graphs of the distribution of quently,
temperature through the inner wall and in
the boundary layers for various gas, cool-
ant, and inner-wall parameters q..3==q,..=qz.

Therefore, equations (11.12), (11.10), and (11.3) can be written
in the following form:

q: ,,(T,,,.-TOr.,);

qz -= *., (To., -To,)

From this,
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-', ,- ; (11.14)

+, (11.15)

0111.( 6)

Substituting (11.16) into (11.15) we get

q% qZ 5e (11.17)
%0.1 )ICTI

The above equations are conveniently used for analyzing the in-
fluence of various parameters on the chamber cooling regime. A

cliange of any of these parameters causes, to some extent or other,

a change in the graph of temperature distribution in the boundary

layer on the part of the combustion products, and throughout the

wall and in the boundary layer on the part of the coolant (see

Fig. 11.3).

For example, ie the temperature of the combustion products

T is increased, temperatures T and T rise (see curves 1

and 2), with a simultaneous increase in temperature T o* If the

wall material is replaced by a material having a higher coefficient

of thermal conductivity A CT' temperature TH.n drops but temperature

T rises somewhat (see curves 3 and 4). The same effect is ob-

served with a decrease in the thickness of the inner wall 6 CT* If,

in some manner or other (e.g., by increasing the coolant velocity

W ox), the removal of heat fluxes from the wall to the coolant is

intensified, temperatures Tf.n and Toen simultaneously drop (see

curves 2 and 3).

As carn be seen from equations (11.14)-(11.16), the difference

in temperatures and, consequently, the slope of the temperature dis-
tribution curve decrease

a) for the boundary layer of the combustion products, in which
their temperature drops from Tras.e to THon - with a decrease in q.

and an increase in the heat-transfer coefficient a'
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b) for the wall - with an increase in the coefficient of thermal 4
conductivity of its material XCT;

c) for the coolant boundary layer, in which its temperature drops

from To.n to Tox - with a decrease in q, and an increase in the

heat-transfer coefficient ao.n.

The influence of the parameters of the combustion products,

wall, coolant, and cooling loop on the coolinZ regime will be ex- I
amined in greater detail in §§11.7-11.9.

§11.6. Requirements on the engine chamber cooling system

If the heat fluxes are not removed from the wall, within a
short period of time the wall overheats and there is an inadmissible

reduction in the strength of the material of which it is made, or

burnout occurs, which can lead- to destruction of the chamber. I

Because of the high velocity of the combustion products, par-

ticularly in the expanding part of the nozzle, the chamber walls are

subjected to erosion. Wall erosion beccmes especially noticeable

during overheating, sirce in this case the erosion resistance of the

material decreases. Therefore, for reliable engine chamber opera-

Stion the temperature of its walls should not exceed the value allow3d

for the selected wall material based on strength and erosion-resis-

tance conditions, i.e.,

while for a chamber with external circulating cooling

TI,<rJo,.

A systt.a of external circulating cooling should maintain the

following standards.

1. The temperature of the cooled surface of the wall T 0 ~ in

all sections of the chamber should not exceed the value at which so-
called film boiling sets in; the presence of film boiling leads to
a substantial decrease in the heat flux from the wall to the coolant,
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and to its burnout (see p. 53). 1
2. The temperature of the coolant should not reach those val-

ues at which it begins to decompose with formation of solid, resin-

ous, or gaseous decomposition products. Solid and resinous par-

ticles are deposited on the wall, forming a layer with a low coef-

ficient of thermal conductivity. In this case, heat transfer from

the wall to the coolant is reduced, causing a rise in the tempera-

ture of the wall, and the wall can burn out. In addition, solid

and resinous particles can clog the openings in the chamber injec-

tors, which is not permissible.

With overheating of certain propellant components (H2 0 2 , N2 04,

UDMH) used as coolants, effects equivalent to explosions can occur.

3. For LPRE's operating in the scheme "liquid-liquid," the

temperature of the coolant coming from the cooling loop to the

chamber injectors should not exceed the boiling point of the cool-

ant, i.e.,

where TKHn must be taken for the pressure of the coolant at the exit

from the cooling loop.

If the condition Tox < T Kn is not observed, the coolant enters

the iJ.jectors as a vapor or emulsion. In this case the operating

regime for injectors designed to atomize the liquid is abruptly cur-

tailed, and the chamber can explode. In addition, the removal of

heat is sharply reduced from those sections of the chamber walls to

be cooled by vaporized coolant, and they can burn out.

•4. The velocity of the coolant must not be too high. As it

increases, heat-transfer coefficient ao.n increases and temperature

THn decreases (see equation (11.17)], but there is a simultaneous

increase in the required power of the system for feeding the pro-

pellant components to the chamber and, consequently, in the mass

of' this system.
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5. The chamber cooling loop should be practical to produce,

i.e., its dimensions and shape should be such that no great diffi-

culties arise in serial manufacture of the chambers.

§11.7. The influence of various factors on the heat flux from the
combustion products to the wall

The temperature of the combustion produots has a substantial

influence on the values of qKOH.H and q., causing them to increase

as it increases, which is evident from equations (11.2) and (11.8).
The tendency of the temperature of combustion products to rise in
the LPRE chamber is due to the use of more efficient propellants

(with high heauing capacity) to obtain high specific impulse. An

increase in specific impulse causes a. lowering of the required

flow of propellant components, bringing about additional difficulties

when cooling the chamber, since the coolant is one of the propel-

lant components.

The coefficient % influences the heat fluxes through the tem-

perature of the combustion products and, in part, through their
composition. With an increase in the deviation of coefficient x

from the stoichiometric value, the heat fluxes from the combustion

chamber to the walls are reduced.

The values of q and q are greatly influenced by the

pressure p . The dependence of heat flux q on pressure p
K KOH.H K

c-n be shown using the critical section as an example; for it, in

accordance with equation (11.5),

Substituting into this equation the value of m from equation
(4.14) and considering the relationship f 'rdp2 / 4 , after certain
transformations we get K

;NK=, 9AB.;,a PP.A (11.18)
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As can be seen from equation (11.18), the value of a H.HP

and, consequently, the value of qKOH.H.Kp increase with a rise in

pressure p K to the 0.8 power.

The value of q also increases with increasing pressure pK in

connection with a rise in the partial pressures P" 0 2 and PH2O which

determine radiation heat transfer. The greater the heat fluxes to

the chamber walls, the higher the temperature of the coolant flowing

along the cooling loop. Consequently, a transition to higher pres-

sures in the combustion chamber causes increased difficulties in

cooling the chamber. This dependence holds for a fixed coolant flow

rate, since the examined increase in p K is achieved by decreasing

the area of the critical section, not by increasing the flow rate

of the propellant components (and, consequently, the coolant flow).

The influence of the totaZ heat-f tux qE or, the temperature of

the heated surface of the chamber wall TH.n can be estimated on the

basis of equation (11.14). With increasing q. the temperature T.n

drops, and vice versa; in the limiting case, when q. - 0 (i.e., with

no heat flux through the wall), temperature T H.n becomes equal to

the temperature of the combustion products Tras s. Consequently,

with an increase in q., temperature T drops, if we consider the
H.fl

temperature of the combustion products Tras*s as constant.

The influence of the rated ohamber thruet on its cooling in-

volves the fact that with a drop in thrust there is a directly

proportional decrease in flow rate of the propellant components

and, consequently, of the coolant. The chamber surface area to be

cooled decreases to a lesser extent. Therefore, it is extremely

cdifficult to create high-efficiency LPRE's having a thrust of less

than 500 N [z50 kgf] and cooled using a coolant (particularly with
prolonged enaine operation).

The engine operating regime influences chamber cooling for the

reason that a reduction in chamber thrust is achieved by reducing

the flow rate of the propellant components (and, consequently, of
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the coolant); here there is a significant reduction in p and q

Consequently, with a drop in p there is a simultaneous decrease in

mox and q KOH.H"

In accordance with equations (11.18) and (4.14),
• !1

-PP. and ;z- .

.L.e., with a drop in pressure PH the coolant flow is reduced to a

greater extent than is the convection heat flux. In addition, with

a decrease in coolant flow there is a reduction in the velocity of

the coolant in the cooling loop and a drop in coefficient a

Therefore, with a reduction in engine thrust, temperatures THn and

To increase in accordance with equations (11.15) and (11.16).

Consequentiy, as the engine thrust is decreased, the difficulties

in cooling it increase. This is one of the essential drawbacks of

chambers with external circulation cooling.

§11.8. The influence of the parameters of the inner chamber wall
on its cooling

The influence of the temperature of the heated chamber wall
.urface TH.n on the cooling regime. The permissible temperature

TH.n is determined by the heat resistance of the material of the

inner chamber wall. The greater the temperature TH.n that can be

allowed, the lower the total heat flux q. at the same temperature

Tr [see equation (11.14)); here the required value of the coef-

ficient ao n decreases.

In §11.7 it was shown that if we set T = T ., then q..

= 0, i.e., there is no need for cooling the chamber walls. However,

temperature Tra3.B is high for most LPRE's (TsraaB 0 28o0-Oo00K).

Therefore, temperature TH.n must be lowered, removing heat fluxes I ;

from the chamber wall. Equality of the temperatures of the combus-

tion products and the wall can be achieved only for the chamber of

monopropellant LPRE's.
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The influence of the coefficient of thermal conductivity of the

inner chamber wall material A on the cooling regime. As the coef-
CT

ficient ACT increases, the temperature difference TH.n - To.n de-

creases, with fixed parameters of the combustion products and the

coolant. If the coolant parameters are unchanged, with an increase

in coefficient X the temperature T,.n drops; this has some in-

fluence on temperature To.n. This influence is explained by the

fact that with a drop in temperature TH.n, there is aslight increase

in heat fluxes q and q., which leads to a rise in coolant tem-

perature; this latter, in accordance with equation (11.16), leads to

a rise in temperature T r

If we compare two inner chamber wall materials, where A CT2

> XCTI the following relationships are valid:

The hgherthe, -•,d i'.*g> T,,. j3!

The higher the coefficient, A C' the les: the slope of the line

of temperature distribution throughout the inner wall and -he loi~r

the temperature TH.n for given temperature To.n. Therefore, for the

inner chamber wall it is advisable to select materials with as high

a coefficient of thermal conductivity ACT as possible. However,

the following restrictions must be considered with using materials

with high values of ACT.

1. With an increase in coefficient A CT the temperature dif-

ference TH.n - To.n decreases, which increases the danger of over-

heating of the cooled inner wall surface. Therefore, in a number

of cases this temperature difference must be artifically increased;

this is done, as will be shown below, by increasing the thickness
6 CT of the inner wall.

2. Usually, materials with higher A cT have lower heat resis-

tance, i.e., for them it is necessary to select lower temperatures

TH.n, in connection with which the difficulties in cooling the

chamber increase.
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Let us explain this influence, using as our example chambers

with steel and copper walls.

The permissible temperature for copper (575 0 K) and bronze

(1075 0 K) is lower than for stainless steel (14750K). Therefore,

when using a copper or bronze wall at identical temperature Trea.B,
the total heat flux q. increases, i.e., a greater quantity of heat

must be removed from the wall to the coolant. The required value

of ao.n for a copper wall is approximately 2.0-2.5 times greater

than for a wall of stainless steel (for identical wall thickness)

[71.

Let us write equation (11.10) in the following form:

-(11.19)

As can be seen from equation (11.19), with identical thickness
6CT the wall can pass a greater heat flu, the larger the product

X CAT. Calculations show that with identical thickness, a wall of

copper or bronze is capable of passing 2.5-3.0 times greater heat
fluxes than a wall of stainless steel can. Therefore, with intense
cooling of a chamber with copper walls, an ýJevated boundary-layer
temperature is permitted.

The influence of chamber inner wall thickness 6 on the cooling
CT

regime. A decrease in wall thickness 6 CT influences the heat trans- I

fer in the same manner as an increase in the coefficient of thermal

conductivity X CT In accordance uith equation (11.19), with a de-

crease in thickness 6  there is an increase in the heat flux whichCT

the wall can transmit with the identical temperature difference

TH.n -To.n

The optimum value to which it is advisable to reduce the wall

thickness depends on the total heat flux q.. With increasing q. the

temperature TH.n drops. Therefore, in the region of the critical

section, in which the heat fluxes have maximum value, the wall is

made the thinnest, but it should assure the required chamber strength
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and be technologically feasible.

The influence of the temperature of the cooled wall surface

To.n on the cooling regime. With a decrease in total heat flux q.
the temperature THon rises, approaching the temperature T.ra3.8 ; the
value of To.n rises correspondingly with the value TH.n* But the
value of To.n is Aimited by the coolant temperature. Temperature
To.n can exceed the coolant temperature only by some slight per-
missible value. Otherwise, decomposition or boiling of the coolant
can occur. Therefore, with low heat fluxes q. and high temperature
TH.n, the thickness of the wall must be increased to obtain the per-
missible temperature To.n.

To exclude the possibility of the coolant's boiling on the
cooled surface of thi 4.hamber inner wall, temperature To.n should
be below the boiling point of the coolant at the given pressure.

However, in most cases, for intensification of external cir-
culation cooling provisions are made for raising the temperature
To.n 10-550 above the boiling point of the coolant, which leads to
the coolant's starting to boil on the cooled wall surface, and the
formation of bubbles ("nucleate boiling"). Because of flow tur-
bulence of the coolant, the bubbles are removed to colder layers,
further away from the wall, where they concense. Therefore, with
nucleate boili _ the heat fluxes are removed more intensely from
the wall to the coolant; with unchanged coolant velocity, the heat-
transfer coefficient ao.n increases by a factor of two or more.

However, with a further rise in temperature To.n above the
boiling point of the coolant there is an abrupt increase in the
number of forming bubbles; they cannot be washed away by the coolant
and condense -s. its colder layers, but Join together, forming a con-
tinuous film of vapor on the wall surface ("film boiling"). In this
case the heat-transfer coefficient a and the heat flux from theo.n
wall to the coolant abruptly decrease (by a factor of 10 or more),
resulting in an inadmissible rise in temperatures T and T and

H.fl o.f
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to burnout of the chamber wall.

§11.9. The influence of the type of coolant and the parameters of
external circulation cooling on the chamber cooling regime

For efficient external circulation cooling of the chamber it is

necessary to select the optimum type of coolant, the optimum tem-

peratux- at the inlet to the cooling loop, and also the most suitable

shape for the cooling loop to assure the necessary distribution of

coolant velocity along the cooling loop.

The influence of the type of coolant on the cooling regime.

Analysis of equation (11.7) shows that the heat-transfer coefficient

ao.n and, consequently, the cooling capacity of various fluids with

an identical cooling loop depend essentially on the type of coolant.

Given the coolant velocity, and also technologically feasible dimen-

sions and shape for the cooling loop, for each type of coolant we

can determine a value of coefficient ao.n called the available

value; let us designate this as a

The required value of the coefficient, ao.n.noTp, can be de-

termined from equation (11.16), substituting in it the permissible

temperatures To.n and Tox.

Normal cooling is assured under the condition

To estimate the cooling properties of a coolant, significant

factors include the value of the specific heat of the coolant, the

temperature range of its liquid state, and also the percentage of

coolant in the propellant, defined by coefficient x.

The temperature range for the liquid state of a coolant is de-

termined by the difference in temperatures TKmn - T n; the boiling

point must be taken for the pressure of the coolant in the cooling

loop. The cooling ability of a coolant increases with an increase

in this temperature difference and the specific heat of the coolant.
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In a rocket vehicle, only the propellant components can be used
for external circulation cooling of the chamber. The flow of propel-

lant components (and, consequently, the coolant) iL restricted, and

besides, not all components have sufficiently good cooling properties.

Of all fluids, water has the best cooling power. The heat-

transfer coefficient ao.n of nitrogen tetroxide and nitric acid is

1.5-2.0 times lower, while that of kerosene and UDMH is three times

lower, than that of water. Ordinarily, the coolan. for an LPRE

chamber is the fuel (kerosene, ammonia, UDMH, hydrogen, etc.), while

if the fuel does not guarantee the required cooling, the oxidizer is

used (e.g., nitric acid, nitrogen tetroxide, and hydrogen peroxide).

The advantage of using the oxidizer as the coolant is that its

flow rate is usually 2-4 times that of the fuel, i.e., x = 2-4. How-

ever, if the oxidizer is used as the coolant, the material of the

inner wall should be stable in an oxidizing medium at elevated tem-

peratures.

The influence of coolant temperature on the cooling regime.

Analysis of equation (11.17) shows that with decreasing coolant
temperature, the temperature of the heated surface of the inner
wall Tn also drops; this, as shown in §11.8, is desirable, de-
spite a slight increase in the total heat flux q,.

The coolant temperature can be lowered by reducing the value
of q. (see §11.11). It can be supercooled to a temperature below
that of the ambient medium, using a special system included in the
launcher.

The influence of coolant velocity on the cooling regime. The
coolant velocity Wox determines, to a considerable extent, the heat-

transfer coefficient a [see equation (11.7)] and, consequently,
the heat transfer from the cooled wall surface to the coolant. In

accordance with equation (11.3), with an increase in coefficient

a the value of q, also increases, but temperatures To0  and THn
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are lowered (see §11.8).

The velocity of the coolant in the chamber cooling loop can be

increased by raising its per-second flow rate mox with fO.T* const

or by decreasing the area of the throughput section of the cooling I
loop fo.T with ;ox = const. Area fO.T is decreased by selecting

the appropriate dimensions and shape of the cooling loop (see §11.11).

With an increase in coolant velocity there is an increase in

the hydraulic resistance of the cooling loop APo.T, which is un-

desirable. Usually, the value of APo. is 5-20 bars [=5-20 kgf/cm]. 2

Therefore, it is important to select the optimum coolarit velocity

Wx in various sections of the cooling loop. The heat fluxes have

maximum value in the critical section, and velocity Wox here should

be maximum; it can reach 50-60 m/s.

The influence of the area of the cooled surface on the cooling

regime. If we disregard the thickness of the inner wall 6 then

for the simplest shape of the cooling loop (an annular slot between

the Liter and inner walls of the chamber) the area of the heated

surface of the inner wall FH.n is equal to the area of its cooled

surface Fa.n, i.e., FH.n =Fo.n

Cooling efficiency can be increased when F0*n > FH.n, which is
assured when there are some type of ribs on the cooled surface of
the inner wall [7].

In a steady-statL cooling regime the value of the heat flux,
equal to the sum QROH.H + Qn, is time constant. Therefore, when< K.,whre.H=q

Fo*n n we have the inequality q < q where q q.

- KOH.H +q.

A decrease in the valu, of qa~n as compared with qo.n is de-

fined by the relationship
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By using ribbing on tne cooled surface of the inner wall we can in-
crease the area Fo.n a factor of 1.4-1.8 and more as compared with
the area F H.n ; there is an identical decrease in the required value
of the heat-transfer coefficient aot0 as compared with ca0n for the
simplest shaped cooling loop (without ribbing).

§11.10. Calculating coolant heating in the chamber cooling loop

As the coolant moves along the chamber cooling loop it con-

tinually absorbs the heat fluxes, so that its temperature contin-
ually increases along the loop and reaches its maximum value before
entering tne chamber head. Depending on the chamber dimensions and
the heating capacity of th propellant, the cooling temperature in
the cooling loop is raised by 100-300.

The heating of the coolant in each section of the loop is de-
fined by the equation

(11.20)

The value of ATox is calculated as follows. The quantity of
heat absorbed by the coolant in the i-th section of the chamber is

where q, is the total specific heat flux in the i-th section, de-

fined by the graph q. - f(Z) (see Fig. 11.1), which should be con-
structed ahead of time based on results of calculating the heat

fluxes to the wall; Fi is the surface of the wall of the i-th sec-

tion, through which che heat flux is transmitted to the coolant.

If in the i-th section of the chamber the temperature of the

coolant, with heat capacity Cax at flow rate mx, increases by 'T0 xi,S oxxi

the heat flux absorbed by the coolant in the given section can be

written as follows:

Q, =h01c01 1,o,•,. (11.21)

Consequently,
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AQ1,, (11.22)

The heat capacity of the coolant c is a function of its tem-
perature, which changes along the cooling loop. Therefore, the
heating in each section is calculated from the average temperature
of the coolant by the method of successive approximations; in the

first approximation we assume that the coolant temperature along the
entire length of the given section is constant and equal to its tem-
perature at the inlet to the given section.

The temperature of the coolant at the exit from the cooling loop
is

IWQ,1 011

Temperature Tox 9s~ in most cases should not exceed the boiling
point of the coolant; the latter, as already indicated, should be
selected for the pressure of the coolant at the exit from the loop.

On the basis of equation (11.21), the maximum heat-absorption
capacity of the coolant is

(11.23)

Examination of (11.23) lets us indicate the following ways for
increasing the heat-absorption capacity of the coolant:

t

a) lower the temperature Tox *a• i.e., use a coolant in the
supercooled state;

b) use both propellant components as the coolant.

In a number of cases, with insufficient heat-absorption capa-
city of the coolant we seek ways of lowering the heat fluxes to the

chamber walls, i.e., reduce the value of 7Q,/CI..
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§11.11. Structural features of chamber cooling systems

In the previous sections we examined basically external cir-

culation cooling. Using this cooling method, the heat fluxes are
removed from the chamber walls using a coolant flowing through a

cooling loop of some shape or other. After leaving the loop the

coolant (propellant component) passes through the chamber head into

the combustion chamber. I
External circulation cooling is also called regenerative

[alosed-cyoZe] cooling, since practically all the heat entering

the inner wall and removed from it by the coolant is returned to

the combustion chamber and efficiently used (regenerated). In ad-

dition, preheating of the propellant component facilitates its

more rapid evaporation and more complete combustion in the chamber.

External circulation cooling is only comparatively rarely used

in its pure form. Usually the chamber as a whole, or at least some

part of it, is additionally cooled by some other method. Such

cooling is called combination (hybrid) cooling.

As an example, we have cooling of the main part of the chamber
by external circulation cooling, while the nozzle tip is cooled by

radiation.

Design of the chamber cooling loops

The efficiency of external circulation cooling depends essen-
tially on the dimensions and shape of the cooling loop; these should

assure the required values for coolant velocity and heat-transfer

coefficient ao.n along the loop.

We distinguish two types of cooling loops:

a) a smooth annular cooling loop in which the outer and inner

walls of the chamber are not connected along the chamber;

b) a cooling loop with ribbing (fins), in which the outer and
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A A-fl inner walls of the chamber are connected

by some type of fins along the entire

chamber.

S.A smooth annular cooling loop (Fig.

Fig. 11. 4. Chamber with smooth 11.4) is of simple design and has low
annular cooling loop (6 - height
of the cooling-loop channel). hydraulic resistance. Such a loop can

be used for low pressures and rather

high coolant flow rates.

Cooling loops with ribbing are very efficient. Loops with

ribbing and axial movement of the coolant include the following:

a) a loop with longitudinal fins;

b) a loop with a spacer having longitudinal corrugations;

c) a loop made of longitudinal pipes, welded together on their

sides.

Loops with ribbing and helical movement of the coolant include

those with helical fins and those formed by helical pipes.

If the inner and outer walls are interconnected, the outer wall

is relieved of much of its load. Chambers with such a cooling loop

are strong and rigid, which makes it possible to use thin walls with

relatively high pressure in the cooling loop. It is easier to assure

high coolant velocity in ribbed loops than in smooth annular loops.

In §11.9 it was shown that fins increase the heat-transfer coef-

ficient ao.n" Channels (longitudinal or helical) distribute the

coolant more uniformly across the loop. Therefore, ribbed cooling

loops are widely used in LPRE chambers, despite their design com-

plexity.

Loops with longitudinal fins (Fig. ll.5a) are made by milling

the longitudinal fins on the outer surface of the inner chamber

wall and then connecting the tops of the fins to the outer wall
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by seam welding or

~itI# Ž•. ~brazing.

The loop with
a) " b) 8B Brazed"•" •fneam a corrugated spacer

bW>5 (Fig. ll.5b) consists

of the outer and in-

ner walls, with a
Fig. 11.5. Chambers with milled longitudinal channels (a)
and cor-'ugated spacer (b). spacer and longi-

tudinal corrugations
inserted into the annular space between them. The tops of the cor-
rugations are brazed to the walls. The corrugated spacer makes it
possible to separate the coolant flow into two flows, thus increasing
the velocity of the coolant. In addition, in this case the collector
for the coolant (fuel) is located not at the nozzle tip but approxi-
mately in the middle of the expanding part of the nozzle, which de-
creases the length of the line feeding the fuel to the chamber. In
such a cooling loop a small portion of tb' coolant (20-30%) flows
along the channels formed by the spacer and the outer chamber wall,
up to the outlet aection, and then along the channels formed by the
spacer and the inner wall, toward the critical section. The main
portion .f the flow passes immediately to the critical section along
the channels formed by the spacer and the outer wall. Both flows
conver.ge in a special collector at the inlet to the critical section

and then uniformly enter the channels between the spacer and the

outer wall, and also between the spacer and the inner wall.

Loops made of Zongitudinal pipes e•

(Fig. 11.6) are a version of the ribbed

cooling loop. The most widely used

shape of the pipe cross section is rec- Arazed Wire

tangular or trapezoidal with rounded

edges. The pipes are shaped around

the cnamber profile. The pipes have

differing widths and cross-sectional Fig. 11.6. Chamber brazed of shaped
loa atudinal pipes nd wound with aareas. layer of wir.e.
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The ends of the pipes axe welded into collectors for feeding

and removing the coolant. One of' th• advantages of the pipe chamber

is the possibility of introducing the ccolant into the loop and re-

moving the coolant from it at the same end. In such a chamber the
feed and discharge collectors are located at the chamber head. The
coolant makes two passes: in each neighboring pair of pipes the

coolant passes along one pipe from the head to the nozzle, and in

the other pipe - in the opposite direction.

The longitudinal walls of the pipes are brazed together,

forming the chamber wall. .

To increase the strength of pipe chambers, several shrouds

(reinforcing rings) are positioned along them, or the chamber is

wound with bands or wires of steel or high-strength alloys, or

fiberglass.

Pipe ;hambers are very strong and rigid with relatively small

mass; they can be reliably cooled as a result of the ribbing and

the thin walls. In chambers with ribs or corrugated spacers the

solder can flow into the channels and clog

them, while in pipe chambers this drawback

is eliminated because of the location of

,q.R the ,welded seams outside the coolant channels.

Loop8 with heZlioaZ ohanneZs (Fig. 11.7)

Yig. 1X.7. Chamber wth cool1 are used in cases when loops with longitud-
loop havg helical channleis. inal channels do not assure the required

heat-transfer coefficient ao*n" The helical channel can be single-

or multiple-entry. The effect of using helical channels is that for

identical valtues of channel height and coolant flow rate, the velocity

is greater than that in a longitudinal channel; this difference in-

creases with a decrease in the number of entries. In addition, the

surface of the fins in a loop with helical channels is also larger

"han in a loop with longitudinal channels, which increases the

efficiency of cooling even more.
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However, the cooling loop with helical channels is character-

ized by high hydraulic resistance and complications in making the
channels, particularly in chamber sections with variable cross sec-

tion. Therefore, such cooling loops are used on only the most

thermally-stressed parts of the chamber, mainly the region of the

critical section.

Chambers with helical pipes have not been widely accepted be-

cause of the considerable hydraulic resistance and the difficulty

of assuring a smooth contour of the inner surface (along the genera-

trix of the chamber).

Methods of reducing heat fluxes to the chamber wall

Heat fluxes from the combustion products to the chamber wall

can be reduced by using internal cooling or a layer of heat-insula-

ting material coated onto the inner surface of the chamber wall.

lntetnat cooing. Cooling in which the coolant is introduced

into the chamber and creates a boundary layer of gas with reduced

temperature is called internal, or film, cooling.

For the required lowering of the boundary-layer temperature,

the flow rate of the fed fuel is less than the required oxidizer

7' flow. This can be explained by the greater

Joe steepness of the curve of the function Tres =

-v:j Z f(a K) in the region aK < than in the re-

/- gion aOK > 1 (Fig. 11.8). In addition, the
/ J working conditions of a heated surface of

the chamber wall are better in a reducing
Fig. 11.8. Dependence of ten-

•rtur of the pott..,, lon than an oxidizing medium.
prodUots of the prupellart
Oa + kerosene on the coe-ft-
,lent Oak,

The coolant used for internal cooling

should have high heat capacity in the liquid and gaseous states,

and also high values of the boiling point, the heat of evaporation,

and dissociation.
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The efficiency of internal cooling increases if only gaseous

products with low molecular mass are formed upon decomposition of

the coolant. A number of fuels (H 2 , NH3 , MMH, and others) satisfy

this requirement to a considerable extent. The chemical energy of

the propellant component that is excess in the boundary layer is

not completely used. Therefore, internal cooling decreases the

specific impulse of the chamber to a certain extent.

The coolant used for internal cooling (the fuel) is fed onto

the heated surface of the chamber wall by the following methods:

a) through auxiliary fuel injectors located on the periphery

of the chamber head; b) through screen bands; and c) through bands

of porous inserts.

The first method is the simplest, designwise; it is usually

used in combination with the second method (with the screen band).
This is explained by the fact that the boundary layer with excess
coolant is displaced, as it moves from the head to the nozzle, with

the combustion products.

Usually, there are no more than three screen bands; they are

positioned ahead of the thermally-stressed sections of the chamber,
primarily at the nozzle inlet and ahead
of the critical section.

The screen bands consist of a number

r of fine and, for the most part, tangential

a) b) 0) (to the chamber cylinder) openings located
about the periphery in a given section of

P2g. 11.9. Dl~zapam of coolat •u

to the chamber For setting up Internal the chamber, or an annular slot (Fig. 11.9)
cooling: a - through the bead of
opt::125 Is the Iner well; b -
theough the slotted ecresa bead; c -
through epentass Is the ecreen tina.
*?--aienrs$; - losattudiael - The coolant is fed to the openings ofepeutasa; 3 - screeam celecte:; 4-
..... ,epaISe. the bands directly from the cooling loop

or the collector, to which special lines are fed (see Fig. 11.9).

In the latter case, the screen ring has two groups of openings
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staggered about the periphery. The coolant is fed into Lae chamber
through the radial (or tangential) openings, those of the screen

band. Axial openings (in Fig. ll.9c the dashed line shows one such

opening) assure coolant flow along the cooling loop through the

screen ring.

Low-thrust LPRE chambers (50-5000 N [=5-500 kgf]), including

those with multiple ignition, can also be cooled by internal cool-

ing (without external circulation cooling). The cooling efficiency

depends on the properties of the propellant components (particularly

the component used as the coolant), and also on the heat resistance

of the chamber wall material. The lower the temperature of the com-

bustion products, the more efficient the coolant and the lower the

required coolant flow rate and its associated losses in specific

impulse.

The terminal section of the nozzle of the chamber of certain

LPRE's (e.g., the F-l) is cooled by the working fluid of the tur-

bine, which is introduced into the nozzle through a collector which

is far enough away from the outlet section of the nozzle to assure

that the pressure of the working fluid will be greatee than that of

the combustion products in the given nozzle section. Gas is fed

from the collector to the nozzle through several slotted screen

bands or bands with tangential openings (tangential gas feed in-

creases cooling efficiency).

With screen cooling, the terminal section of the nozzle can be

made of ordinary stainless steel, including those for LPRE's with

multiple ignition and a considerable total operating time. A cer-

tain disadvantage of such cooling is the need for raising the pres-

sure at the turbine exit, which reduces the power developed by it

(see §13.13).

The coolant can be fed into the chamber through a -:all made of

a porous material. In this case the coolant, unde-. -_ssure, con-

tinuously enters the numerous fine pores uniforml: I tributed
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throughout the wall and creates, on the heated wall surface, a layer

of liquid or vaporized coolant. Such cooling is called porous.

The difficulties in creating a chamber with porous cooling are

explained by the complexities in obtaining uniform wall porosity,

the low strength of porous materials, and the possibility that the

pores will become clogged during engine operation. Therefore, it

is advisable to use such cooling only for chambers that have high

thermal stresses.

Coating a tayut oS heat-in•utating matetiazt on the iAnne 6uA4-

Aace o6 the chambet. The effect created by using a layer of heat-

insulating material as a supplement to external circulation cooling

is as follows. If the heat-insulating materials have a high melting

point, there can be high heating of the surface of its layer in con-

tact with the combustion products, which decreases the heat fluxes

to the wall and heating of the coolant in the cooling loop. In

addition, because of the low coefficient of thermal conductivity,

the temperature of the layer of heat-insulating material drops ab-

ruptly with thickness. Therefore, the temperature of the wall sur-

face onto which this layer is coated is noticeably lower than that

of a chamber without heat insulation (Fig. 11.10).

• •• •Heat-insulating materials
7/ -XcT include the oxides of refractory

-/ ~metals (zirconium dioxide ZrO2
6e / magnesium oxide MgO, aluminum

I--" toxide A1 2 0 3 ) and their carbides,

0I molybdenum disulfide MoSi 2 , etc.

Pig. 11.10. Graphs of the distribution
ot temperature throughout the wall of a The thickness of a layer of
chamber with and without a layer of ther-
mal Insulation. such materials, applied most often

by the method of plasma spraying,

is 0.3-0.6 mm. For better adhesion of the layer to the chamber sur-

face, the surface is first coated with a sublayer of chromium or

nickel up to 0.1 mm thick.
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Heat-insulating coatings of zirconium dioxide and molybdenum

disulfide are the ones that have been best developed.

The heat-insulating layer operates under severe conditions.

Therefore, it is very difficult to create a chamber with a layer of

heat insulation; cracks and pitting often occur in a 'number of

sections of such a layer. Coating a layer of heat insulation onto

the inner surface of the chamber complicates its manufacture and

increases its cost and mass.

Other methods of.cooling chamber walls

Let us examine ablation and radiation cooling of the terminal

section of a nnzzle or of the entire chamber.

Abtation cootng. Ablation cooling is the name given to cooling

accomplished by a layer of material coated onto the inner surface of

the chamber and subjected to so-called ablation during chamber oper-

ation. AbZation is a complex group of processes occurring with the

absorption of heat and leading to destruction of the surface layer.

Such processes include those with phase conversions (melting, vapor-

ization, sublimation) and decomposition processes; the heat expended

on these processes is called the heat of ablation. Ablation results

in the formation of gaseous and solid products which create a boundary

layer with reduced temperature and are carried off by the flow of the

combustion products. Therefore, the thickness of the layer of mater-

ial coated onto the wall continually decreases during chamber oper-

ation.

Material subjected to ablation is called ablating (or disinte-

grating) material.

The heat fluxes entering the layer of ablating material are

used basically to support ablation, so that the heat flux that passes
through the layer of ablating material is not great. A relatively
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low temperature (several hundreds of degrees), depending on the

cumposition of the ablating material, is established on the surface

of this layer.

The ablating material can be fibers or fabric made of silicon

oxide, graphite, carbon, asbestos, or quartz impregnated with
phenolic resin. Chambers with ablation cooling have a number of
advantages over chambers with external circulation cooling, including

a) the absence of a cooling loop, which simplifies chamber de- I
sign, lowers the hydraulic losses in the line of one of the propel- I
lant components, and reduces the possibility of its freezing in outer 1

space;

b) the permissibility of a substantially greater change in coef-

ficient x, the temperature of the propellant components, and the pres-

sure of the combustion products (and, consequently, chamber thrust)

under reliable cooling conditions.

However, chambers with ablation cooling have the following in-

herent and substantial drawbacks:

a) limitation on the value of specific impulse; as it increases

the thickness (and, consequently, the mass) of the layer of ablating

material should be increased;

b) limitation on the engine operating time; a thick layer of

ablating material is required for prolonged engine operation;

c) the need for considering an increase in nozzle tross-sec-

tional area (particularly the throat) caused by decreased thickness

of the layer of ablating material.

Ablation cooling is mainly used for chambers with low thrust

and pressure p4.

Radiation cooting. With radiation cooling, the heat from the

chamber walls is removed to the ambient space by radiation. The

heat fluxes passing through the wall of such a chamber and radiated
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into ambient space are comparatively low. Therefore, in accordance

with equation (11.14), the wall can have a rather high temperature

(up to 1800 0 K and higher).

Chambers with radi-.4on cooling are characterized by long (up

to 60 seconds and longer) periods of operation in the nonsteady-state

cooling regime. At the end of this period, equilibrium temperature

of the wall is established, since the heat fluxes entering the wall

and removed from it are equal.

The use of radiation cooling in a number of cases makes it pos-

sible to substantially decrease the mass of the chamber (compared

not only with other chambers but also with a chamber having ablation

cooling), particularly with prolonged engine operation time.

Disadvantages of radiation cooling include the need for using

expensive refractory alloys from which it is difficult to make

parts. In addition, these alloys are brittle and chemically are not

very stable to combustion products. To prevent oxidation of such

alloys by the combustion products, the inner wall of the chamber is

coated with a special covering; e.g., a wall of niobium alloy is

coated with a layer of organosilicon compounds.

In a number of cases, the coating not only protects the wall

surface against oxidation but increases its radiating capacity,

which makes it possible to additionally lower the wall temperature.

Such properties are exhibited, in particular, by a layer of aluminum

oxide coated onto the surface of a nickel-alloy wall.

UncooLed chambe'u wi~th ma6,6ive waLtU6. Normal chamber operating

conditions can be assured by utilizing the heat capacity of the wall

material. If the chamber wall has great mass and its material has

high heat capacity and thermal conductivity, the wall can absorb

heat fluxes distributed over the entire mass until the temperature

of the wall reaches the maximum value allowed for the given material.

Such chambers (they are also called uncooled, or cooled using "sponge"

cooling) are used mainly in bench-tes%.. LPRE's.
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CHAPTER XII

THE CUAMBERS OF LI'IID-PROPELLANT ROCKET ENGINES

§12.1. The general characteristics of chambers

The LPRE chamber is its basic and most thermally-stressed untt;
to a considerable extent it determines the development and reliability
of the engine and the power plant as a whole.

The chamber of an LPRE operating on the scheme "liquid-liquid"
consists of a head, a combustion chamber, and a nozzle.

The head should introduce the propellant components into the
chamber such that the chemical reactions of their interaction occur

completely and witbin a short period of time.

Vaporization, blending of the propellant components, and their

combustion (decomposition) occur in the combustion (decomposition)
chamber. The volume of the combustion chamber should be as small as
possible, but sufficient to assure complete combustion of the pro-
pellant components before entering the nozzle. The combustion-

chamber volume is measured from the inside (fire plate) of the head
to the critical section. The length of the combustion chamber also
influences the completeness of burning of the propellant components,
but to a lesser extent than does the volume.
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The nozzLe accelerates the combustion products up to maximum

velocity to produce high chamber specific impulse.

The most widely used type of chamber for bipropellant LPRE's

operating on the scheme "liquid-liquid" is a cylindrical chamber

with a cooling loop and a head having three

75" ti ~faces Fr 12.1'. The oxidizer is fed through

b• inlet pipe 1 to cavity a between the outside of

S , the head 2 and the head midsection 3; from here

it goes through injectors 11 into the combustion

chamber.

R.5 The fuel passes through inlet pipes (

% 07 (there are usually two of them) into collector

8 which is usually positioned some distance

away from the nozzle outlet section (see §11.11).
a R 1 Flowing along the collector, the fuel enters

Fig. 12.1. Diagram or a n necyli. rondrical chaor with cooling loop c formed by outer wall 5 and innerSa cooling loop: I - bead I

S-combustion chambe,; wall 6 of the chamber. The fuel flow is divided
It -- otsles I - eoidIoe:
Islet pipe; 2 - outslde of
bonds 3 - sfdeect•eo of into two parts: the main portion is fed to the
beedi 4 - laosd. (fire
plate) of head; $ - outer chamber head, while the remainder goes to swivel
vwall 6 - loser valls 7 -
fuel Inolect ; t-:' collector 9 at the end of the nozzle; the col-
Imput col*lector; %- fuoel
siv've•l Collec~tott 10 - fuel.
injector; It - oxidr Is- lector turns, and the fuel is fed along the ap-
jester.

propriate channels, also to the head. From the

cooling loop the fuel is fed to cavity b between head midsection 3

and fire plate 4, and from this cavity it goes through injectors 10

into the combustion chamber.

The chamber of LPRE's operating on the scheme "gas-liquid" and
"gas-gas" consists of a head, an afterburner (in some cases a com-

bustion chamber), and nozzle.

As was shown in §9.1, for the scheme "gas-liquid" the after-

burner is fed generator gas and the liquid propellant component,

while for the scheme "gas-gas" it is fed the reducing and oxidizing

gases from the liquid gasifier.
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When designing and building a chamber, the following are the

main considerations:

a) high reliability;

b) high specific impulse;

c) low mass with sufficient strength;

d) small size, particularly length, since the length of the

chamber determines the length of the engine as a whole.

LPRE chambers differ from one another in the shape of the com-

bustion chamber, the type of head and the injectors used in it, the

type of nozzle (see Chapter VI), the method of cooling (see Chapter

IX), and other features.

§12.2. Shapes of the combustion chamber (afterburner)

Combustion chambers (afterburners) are divided by geometric

shape into cylindrical, shaped, spherical, and annular (Fig. 12.2).

b) d)
f)

Pig. 12.2. Combustion chamber shapes: a - cylladvweal;
b - oemi-theoul nozzle; c - in the form of a shaped
coavergeat section; 4 - spherical; a - annular cyllad-
tla2, vith central body; f - annular toroidal. with
central body.

CylindricaZ combustion chambers

(Fig. 12.3) are the most widely used

for engines having the most diverse

thrusts. They are simple to design

and uncomplicated to manufacture. The

constancy of the cross-sectional area

along such chambers makes it possible
Fig. 12.3. Chamber of the

to organize efficient combustion of RD-1O7 "Vostok" LPRE.
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the propellant components; in particular, the formation of stagnation

zones, in which combustion does not occur, is eliminated. The rela-

tively small outside diameter of cylindrical combustion chambers

facilitates their use in multichamber LPRE's or in power plants con-

sisting of several single-chamber engines.

The drawbacks of cylindrical chambers as compared with spherical

ones are as follows:

a) reduced strength characteristics, forcing an increase in wall

thickness;

b) greater hydraulic resistance of the cooling loop;

c) increased wall surface which must be cooled.

Two types of chambers can be distinguished: pressure and vel-

ocity. Pressure chambers are those in which the pressure of the com-

bustion products remains approximately constant along the chamber;

the ratio of the cross-sectional area to that of the critical section 1
for such chambers f If > 3.

This ratio is called the relative area of the combustion chamber

and is designated by f K' i.e.,

fJ- (12.1)

Chambers with f1 < 3 are called velooity chambers. They have
K

so-called thermal resistance: the gas stagnation pressure at the

end of such combustion chambers is less than at the beginning; this

effect is caused by the feeding of heat to the gas flow moving in a

cylindrical tube [28]. With a decrease in fK' the velocity of the

gas and the thermal resistance of the chamber increase, resulting

in a corresponding decrease in its specific impulse. In addition,

with an increase in the velocity of the combustion products there

are increased pressure losses due to friction with movement in the

combustion chamber. Therefore, to assure identical pressure of the

combustion products at the nozzle inlet, with a decrease in IK there

must be a corresponding increase in the pressure at which the com-
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ponents are fed to the combustion chamber.

Limited use is made of cylindrical combustion chambers in which

the value of f is equal to one (see Fig. 12.2b); these are called
K

8emi-thermal nozzles.

As LPRE's are improved, the pressure p• is raised, chamber
cooling and head design are improved and the outside diameter is

simultaneously decreased, and new propellant components and struc-

tural materials are used. This entails a decrease in chamber volume

and an increase in nozzle size.

Some use is made of shaped convergent combustion chambers, in

which there is simultaneous comuustion of the propellant components

and acceleration of the combustion products to critical velocity

(see Fig. 12.2c).

Spherical combustion chambers (see Fig. 12.2d) have the least

surface for a given volume, which facilitates chamber cooling and

allows its mass to be decreased, also as a result of thinner re-

qul'ed thickness of the walls. However, in such combustion chambers

it iL most difficult to assure uniform distribution of the flow

rate of the combustion products across the chamber, while stagnant

zones can form in th, region of the head.

Pear-shaped and elliptical combustion chambers can be used in

addition to spherical ones. The injectors for such chambers are lo-

cated on a flat plate or in precombustion chambers, which makes it

possible to increase the injector-placement surface.

Because of the relative complexity of design and the technology

of manufacturing spherical combustion chambers, and the fact that

they have no appreciable advantages over cylindrical ones, spherical

chambers have been used only to a limited extent in LPRE's.

AnnuZar combustion chambers are shaped like rings (Fig. 12.2e)

or toruses (Fig. 12.2f).
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Annular combustion chambers together with an external-expansion

nozzle (or a nozzle with a central body) have a number of substantial

advantages over the ordinary chambers The basic ones are examined

in Chapter VI. Other advantages incl, le convenience in positioning

the units of the propellant-component feed system inside the central

body of the chamber and the possibility of creating forces to control

the flight of the rocket vehicle (with sectional design of the com-

bustion chamber).

Maximum efficiency for LPRE's with annular combustion chambers

is assured by their operation on high-energy propellants (mainly

02 + H2 or F2 + H2 ).

112.3. Injectors

The liquid propellant components are fed into the combustion

chamber through injectors which atomize the propellant omponents

with 9 significant increase in the surfaca of the drops.

There are :wo basic types of injectors - jet and centrifugal.

Jet injectors are small precisely-made openi-ýs in the fire

plate of the head. Such injectorf cah also be made as individual

iteoIx; and then be welded to the head; in this case the injectors
arc: -actically Ideatical.

Jet injectors bpray the fluid in the form of parallel or im-

pinging jets (Fig. 12.4).

The outlet opening of the injecto:r is called the noazZe. The

fluid jet emerging from the nozzle is, at some distance from it, a

solid conu with small. (5-200) apex angle. The jet is broken down

into small drops as P r'esult of friction if the jet against the com-

bustion products and the transverse oscillU.tions arising in it.

The basic advantage of a head with jet injector5 is its relative

simplicity and high throughput.

75

w w' 4



The throughput of a

head is the flow rate cf

the propellant components I
passing across a unit of
surface of its plate with

b) c) a given pressure differ- '

ential in the injector.

The jet injector is smaller

:iq. 12.4. Flat injentor heads with Jet injectors than the centrifugal one.
a - with parallel jet*; b - with impinging jets;
c - with reflecting plates. Therefore, a greate. number

of jet injectors can be
placed per unit surface of the head as compared with centrifut, !l

injectors. In addition, the flow coefficient of jet injcctors (see

p. 86) is 2.5-3.0 times greater than that of centrifugal injectors.
Jet injectors assure a relatively greater i.itting range of the jets

and a wider spray than the centriltgal iij ^.tors provide.

Injectors with impinging jets (see Fig. 12.4b) give a finer

spray and a shorter spray zone than injectors with parallel jets.

But the throughput of a head with impinging jets is less than for

a head iith parallel jets.

The group of injectors with impinging jets can consist of two,

three, four, or five jet injectors; here we can use:

a) oxidier injector units;

b) fuel injector units;

c) units with oxidizer and fuel injectc.%s; in a number of cases

these insure be.t.ý'- characteristicsr as compared with the other two.

Aii injector unit Lontaining only oxidizer injectors or only fuel

injectors is actually a single-componont injector, wl.ile an oxidizer-

and-fuel injector unit is a two-component injector.

j jets of oxidizer and fuel can be fed to a flat reflecting

plate (see F 3. 12.4c); the thin fluid films that form as the pro-
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pellant component jet flows over the plate run together, assuring
good breakup and mixing

One version of the jet injector is the

slotted injector; its nozzle has theoshape

0 " ~ of an annular slot, not a circle. /

\\" \'In two-component-slotted injectors

- (Fig. 12.5) the annular slots are angled
f

to the injector axis, so that the jets ofPig. 12.5. Two-ompoe~nt slotted
Injector with imspinging 00r3 and liquid collide with one another in the formvariable injection area (the ehGAlsm for moving the rod is aotshow). of two hollow spray cones.

Jet injectors are most often used for hypergolic propellants,

and also for chambers with small head area. They are more suitable
for atomizing propellant components having relatively low viscosity.

Centrifugal injectors are those in which twisting of the liquid
occurs; the jets of liquid coming from the nozzles are thin conical

films with vertex angles of up to 1200 that easily break down into

ver•y fine drops.

Centrifugal injectors are divided into tangential and screw-
type. in tcngenticl injectors (Fig. 12.6b) the liquid is twisted

by passing it through one jA A-A
or several tangential open-
ings, i.e., openings whose
axes are tangent to the
cylinder of the inner cay- •A

ity, called the twisting a) b)
ohamber. 71g. 12.6. Centrifugal injectors: a -

screw (vith vwtrler); b - tangentlal.

In screw-type injectors (or injectors with swirlers) (see Fig.

12.6a) the liquid is twisted by moving it along helical channels cut
in the screw (or swirler); the liquid enters them from the back of
the screw.
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Centrifugal injectors assure a finer atomization and a shorter

spray zone than do jet injectors. Disadvantages include relative

structural complexity and low throughput.

Centrifugal injectors, like jet injectors, can be divided into

single-component and two-component injectors. In two-component

cenitrifugal injectors (Fig. 12.7) the propellant components are

mixed both inside the injector (internal mixing) as well as outside

it (external mixing). Injectors with internal mixing are often used

for chambers operating on nonhypergolic propellants.

a) A-A b) B-B

Fig. 12.8. Two-cooponent
cobination injector.

Fig. 12.7. Two-component centrifugal In-
jectors: a - with inuernal displacemant;
b - with external di3placement.

Combination two-component injectors combine jet and centrifugal

injectors; in the injector shown in Fig. 12.8 the slotted fuel in-

jector is placed around the centrifugal oxidizer screw injector.

Screw-type injectors aive examples of combination injectors;

in these there is an axial opening, the jet injector, with a small

spray cone and a great hitting range.

The use of two-component injectors reduces the length of the

spray zone, since the propellant components are mainly mixed in the

liquid phase and therefore burn more rapidly. In addition, the

througho)ut of a head with two-component injectors Is higher than

that of a head with single-component centrifugal injectors.
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However, two-component injectors are structurally quite com-

plex; use of them leads to more severe temperature conditions for

head operation, since the flame front is closer to the head because

of the reduced length of the spray zone.

The flow rate of propellant component through a single-component

injector is within the limits of 30-300 g/s, while for two-component

injectors it can reach 2.5-3 kg/s. Peripheral injectors usually

have a greater hitting range and a 20-30% lower flow rate as com-

pared with the main injectors. Flow through the oxidizer injectors

located on the periphery of the head is also less than the flow

thirough the main injectors.

All the above-examined injectors have fixed noz•le area. For

engines whose thrust must be changed over a wide range, injectors

with variable nozzle area are used; in these, the pressure differ-

ential can be kept approximately constant with a substantial de-

crease in flow rate of the propellant components. The ar& of a

nozzle in such injectors can be changed by moving a special rod

within the injector along its axis and closing off te injector

nozzle to some extent. In a two-component slotted injector, the

moving of one rod changes the area of the oxidizer and fuel nozzles

(see Fig. 12.5). It is possible to use other designs for injectors

with variable nozzle area.

S12.4. Chamber heads

The chamber head serves for introduction and uniform distribu-

tion of the propellant components across the combustion chamber.

For efficient vaporizacion, mixing, and combustion of the pro-

pellant components, and reliable chamber operation, the head should

assure

a) a fine uniform spray of the propellant components, i.e.,

their atomization into fine particles whose dimensions differ as

little as possible from one another;
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b) identical value of coefficient x

over the entire cross section except for

the boundary layer (Fig. 12.9).

The value of coefficient x in the
Pig. 12.9. Graph or the change
In coefficient x along the radiua boundary layer, corresponding to fuel ex-
of the ,combustion chamber r.

(XtA and Xp.c, are coefficients cess, should also be as constant as possi-
x' for the flow ccre of t:he -oz-

buston products and .the boundary ble around the combustion chamber.
layer, respectively).

To satisfy these conditions, the greatest possible number of

injectors must be appropriately positioned on the head.

An important requirement imposed on the chamber head is uniform-

flow intensity of the propellant components over the entire combus-

tion chamber cross section.

The average cross-sectional flow intensity of a combustion

chamber is the ratio of the per-second flow rate of the propellant

components to the area of its section:

r = n/f , kg/m 2.s. (12.2)

For a section of' chamber with area Afi through which the flow

rate of the propellant components is Aml, the local flow intensity

r= A;i/Afi.

The hydraulic losses associated with feed of the propellant

components to the head injectors should be low. In addition, the

head snould be rather strong and rigid, despite the weakening of

its face with a large number of openings for the injectors; it

shouid also assure smooth start-up of the chamber (see §14.1) and

stable burning in it (bee §15.1).

'Zat heads are the ones most widely used (see Fig. 12.3). These

employ jet injectors with parallel or impinging jits (see Fig. 12.4),

and also centrifugal injectors (see Fig. 12.7).

P-
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Flat heads are simple to design, not complicated to manufacture,

and allow uniform flow intensity across the section and required dis-

tribution of coefficient % along the radius of the combustion chamber.

A certain disadvantage of flat heads is their relatively low
strength and rigidity. This is particularly true for chambers with

large diameter; therefore, annular and radial stiffeners are welded

between their outer and middle faces, while the outer face is made

in the form of a section of a sphere (see Fig. 12.3).

One of the ways of maintaining the necessary conditions of atom-

ization and stable burning of the propellant ip the combustion chamLer

with a considerable decrease in propellant flow and with fixed injec-

tor nozz.e area is to feed an inert gas into the head cavity (i.e.,

directly into the propellant components). In this case, special

grids are installed ahead of the injectors for uniform distribution

and mixing of the liquid propellant components and the bubbles of
inert gas.

The design of the head does much to determine the reliability

and specific impulse of the chamber and the engine as atwhole. With

unsuccessful head designs we note the following chamber flaws and

undesirable consequences:

1) erosion or burnout of the chamber walls, mainly in the crit-

ical section, and also excessive heat fluxes to the walls, attested

to by traces of local over'heatings of the wall;

2) erosion of the inner surface of the fire plate and the ends
of the injectors due to the action of the hot combustion products on

them;

3) unstable propellant burning;

4) reduced chamber specific impulse.

The influence of the head on the specific impulse and stability
of the burning process increases with decreasing chamber dimensions

and thrust.
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To reduce the heat fluxes to the chamber walls a boundary layer

of combustion products with reduced temperature is formed, as was

shown in §11.11,

To eliminate erosion of the inner surface of the fire plate

and the ends of the injectors we increase the number of fuel in-

jectors at the points of erosion, we use a porous material for pro-

ducing the fire plate and the injector housings, or we coat them

with a layer of heat-insulating material.

The processes of atomization of the propellant components, as

well as their vaporization, mixing, and combustion, have still not

been investigated to the extent that it is possible to theoretically

determine the optimum type of head. Therefore, when developing an

engine we must test several versions of small-scale models and full-

size heads, including fire-tests of the heads in t':a chamber.

For the initial tests we often relect heads which provide only

moderate specific impulse, but which are most reliable. This makes

it possible to test the engine as a whole in parallel with final

adjustment of the head and chamber. During final alignmenu, the

head finally selected is that whose design makes it possible to ob-

tain maximum specific impulse with stable propellant burning.

In a vast number of cases, the required burning stability and

reliable chamber cooling are achieved only at the expense of a

slight reduction in specific impulse.

Finalizing the design of a head is a complex and expensive stage

in thu creation of an engine.

* i
§12.5. Ways of positioning the injectors on flat.heads

Uniform distribution of oxidizer and fuel across the combustion

chamber is achieved by appropriate placement of the injectors on the

head. There are several ways of doing this: staggered, honeycomb,

in concentric circles, and in groups.
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With staggered po-

sitioning (Fig. l2.10a)
* of the fuel and oxidizer

injectors, there are ap-

"b 0 • proximately the same

number of each: for one

a) b) Oo0*%arinector fuel injector there is
o fuel Injectors

one (4 x 1/4) oxidizer
Fig. 12.10. Types of injector placement on flat injector. Since the
heads: a - staggered; b - honeycomb; c -- In con-centric circles, mass flow rate of oxi-

diz:' is usually 2-4

times that of the fuel, with staggered placement the flow rates

through the fuel and oxidizer injectors differ considerably, which
has an unfavorable influence on mixing.

With honeycomb placement (Fig. 12.10b), each fuel injector is

surrounded by several oxidizer injectors: for each fuel injector

there are two (6 x 1/3) oxidizer injectors. The flow rates through

the injectors differ relatively slightly, which improves the mixing

of the propellant components.

When the injectors are placed in concentric circlee (see Fig.

12.10c), the head contains alternating circles of fuel injectors

and oxidizer injectors. The peripheral circle contains fuel in-
jectors, creating a boundary layer of reduced temperature.

With group arrangement the injectors are formed into groups

containing a specific number of oxidizer and fuel injectors (e.g.,

in a 4:1 or 3:2 ratio) in identical mutual arrangements.

Two-component injectors are usually arranged in concentric

circles.

The distance between centrifugal injectors is determined by

the dimensions of the injector itself, and also by head strength

conditions, the strength being reduced by the holes for the injectors.
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This distance is usually 12-30 mm. The jet injectors arq located

much closer together - 3-4 mm.

§12.6. Calculating a chamber head

To calculate a head we must know the following:

1) the density and viscosity of the propellant components at

the rated temperature at which they enter the injectors;

2) the total oxidizer and fuel flow rates;

3) the diameter of the chamber head; for a cylindrical chamber

this equals the diameter of the combustion chamber;

4) the pressure differential at the injectors Ap¢, i.e., the

difference in pressures in the oxidizer or fuel cavities of the head

and in the combustion chamber.

The pressure differential in the injectors is usually selected

within the limits of 3-5 bars [,3-5 kgf/cm 2], and in certain LPRE's
2it can be up to 30 bars [-30 kgf/cm 1. With low pressure differ-

entials, atomization of the propellant components is worsened and
the burning process becomes unstable. On the other hand, an ex-
cessive increase in the value of Ap, without substantially worsen-
ing the atomization of the propellant components, makes it neces-
sary to increase the power of the feed system.

In LPRE's with a wide range of change of propellant flow rate
rit is necessary to select high pressure differentials in the in-
jectors, in order that the necessary atomization of the propellant
jet be achieved when operating with low flow rate m (and, consequent-
ly, a low value of Ap0).

The number of oxidizer and fuel injectors that can be positioned
on the head with a given diameter is determined graphically, selec-
ting the method of arranging the injectors and the distances between
them (see §12.5).

8
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Let us introduce the following designations: n and n - the

number of oxidizer and fuel injectors; mo. and m - the per-sec-

ond flow rate through the oxidizer injector and the fuel injector.

The values of m, and mr. are defined by the formulas
OK.0 r.0

tn* ff5ý L; in.=noK nI•

where m;OK ana mr are the per-second flow rates of oxidizer and fuel

through the chamber head; these are known from its thermal calcula-

tion.

Calculating the jet injector

Let us use the following formulas, known from hydraulics, for

the discharge of an incompressible fluid from an aperture;

W = ' (12 .3 )

m=piWfQ, (12.4)

where W is the velocity of injection of the liquid propellant com-

ponent into the combustion chamber - usually W a 15-40 m/s; m is

the per-second flow rate of liquid propellant component through the

head; f is the total area of the injector nozzles; U is the flow-

rate coefficient, taking into account the con3triction of the let

and a decrease in the true velocity of injection compared with the

theoretical, because of hydraulic resistances.

The flow-rate coefficient p of a jet injector is a function of

the following factors:

a) the geometry of the inlet edge of the opening; for a sharp
edge, particularly with projecting edges, coefficient p is less than

for a bevelled or smoothly rounded edge;

b) the surface finish of the opening; very rough opening walls

lead to a substantial reduction in U;

c) the ratio of injector length Z t- its nozzle diameter dc,

i.e., the ratio Z /d .
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With a sharp inlet edge and ratio Zc/dc 0.5-1.0, the flow

coefficient v is 0.60-0.65. With an increase in the ratio Z /dc to

.7 2-3, the value of p rises to 0.75-0.85; the losses

to friction simultaneously increase. It is ad-

-- visable to select those geometric characteristicbs

of a Jet injector which assure maximum flow coef-

ficient. The injector opening shown in Fig. 12.11
01g. 12.11. InJector
opening asuring max- satisfies this condition.
jmum flow coe fficent
(u - 0.85-0.90 when
to/dr 3 3).

To determine the area of fuel or oxidizer

injection, let us substitute into equation (12.4) the expression for

W from formula (12.3):

; t I"2.spot-, (12.5)

from which

• f ) (12.6)

The diameter of the injector nozzle is usually selected within

the limits do = 0.5-3.0 mm. Smaller-diameter nozzles are difficult

to engineer and, in addition, they can become clogged. However,

studies have been run on microinjectors (dc < 0.25 mm) which assure

best mixing of the propellant components and their more complete

burning. When dc > 3.0 mm it is difficult to obtain fine atomiza-

tion of the Jet coming from the injector nozzle.

:iaving determined, by the graphic method exar.Lined above, the

number of oxidizer and fuel injectors, we can calculate the area of

their openings (nozzles):

f.,ir

For a head with impinging oxidizer and fuel -r

Jets the angles a and ur (Fig. 12.J2) are se- Fla. 1.2. Dlagra of

lected such that the resulting jets are parallel th ,,•ir or oxi•-ter and ruel jets.

to the chamber axis. Since the flow rates through

the oxidizer and fuel injectors, and also their spray velocities,

differ from one another, the above-indicated condition reduces to
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an equality resulting from the law of conservation of momentum:

in,.,.K,,Wh , Sin .= tmWsin%. (12.7)

One of the angles is given arbitrarily, while the other is calcula-

ted from formuia (12.7).

Calculation of a centrifugal injector
t

A feature of the operation of a centrifugal injector is that

the liquid does not move through the entire cross section of the

injector: due to twisting of the fluid along the injector axis

there arises a gas vortex with pressure equal to that of the ambient

medium, i.e., the pressure in the combustion chamber. The radius

of the gas vortex 1 is less than that of the injector nozzle r .
r.e C

Consequently, the liquid discharges from the injector nozzle through

an annular cross section with area

f(r•--r. ).

The velocity of the liquid discharging from a centrifugal in-

jector can be divided into the axial component Wa and the tangen-

tial component Wu.

Component Wa determines the flow rate of the liquid through

the injector, while W defines the twisting of the liquid by the

injector.

Consequently, the volume flow of liquid through the nozzle of

a centrifugal injector

or

where ) is the clear-opening coefficient, determined from the for-

mula

r -
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The mass flow rate of the liquid through the nozzle of a

centrifugal injector can be determined from a formula which, to

all external appearances, is analogous to the equation of flow

through a jet injector (12.5):

from which

I;'. (12.9)

The flow coefficient P for a centrifugal Injector is a func-

tion of the clear-opening coefficient o, i.e., of the area of the

clear opening fM.

The quality of spraying of the liquid by a centrifugal injec-

tor is influenced by twisting of the liquid, which defines the

spray cone angle 2a; atomization of the liquid improves with an

increase in this angle, but at the same time the required injector

dimensions increase.

The values of 2a, q, and p of a centrifugal injector are func-

tions of its geometric characteristic, a complex which connects the

basic dimensicns of the injector. The geometric characteristic of

a centrifugal injector (Fig. 12.13)

-Z is designated by the letter A, and

T is defined by the following for-

. mulas:

•, _ a) for an injector with one

Fig. 12.13. Tangential injector (the tangential opening
drawing shows the basic geometric di-
mension3 of the injector). A -- (12.10)

b) for an injector with I tangential openings
A=Rsrc(1 . )

c) for a screw-type injector

A= . In ,( 2.12)
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where Rax is the average channel radius; fi is the continuous sec-

tion of one channel; i is the number of channels (or entries of the

S= screw); $ is the helix angle of the screw line.

4SiIjJ..r7~2 t With an increase in A, coefficients qp and

42 AI 40 U decrease, while angle 2a increases.

1 1 23 J
Fig. 12.14. The flow corf- In the limiting case (when A ÷) we have
ficlernt u •ra spvay cone
angle 2a vs. geometric
characteristic A. - 0 and i ÷ 0

A graph of the dependence of p and 2a on the geometric charac-

teristic is shown in Fig. 12.14.

Cona6detation o6 thel vL6co.6ty oJ the tiquid. The above-ex-

amined relationships are valid for a perfect fluid. The flow of a

perfect fluid in a centrifugal injector is subject to the law of

conservation of the moment of momentum, since the moment of the ex-

ternal forces acting on the fluid in the injector swirl chamber is

equal to zero.

In a real fluid, friction forces arise due to the presence of

viscosity forces. Their action has the result that the moment of

momentum at the nozzle inlet is less than in the initial part of

the injector swirl chamber, i.e., because of friction forces there

is a decrease in the degree of swirl of the fluid and, as a result,

the flow coefficient increases and the fluid spray angle decreases.

To take into account the viscoslty of the fluid, instead of

geometric characteristic A of the injector we use the equivalent

characteristic A 3 K, defined by the formula

As,---- ,• . (12.13)

i4l~ + 2- Res (Ras- re)

Friction coefficient A fox, conditions at the injector inlet

is calculated from the equation
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low- lisp-

Igk= 25,8 .2, (12.14)(Ig Re..)2.15

where Re is the Reynolds number defined for injector inlet con-ex
ditions.

",'he value of Re is dt-fined by the expression
BX

4k# (12.15)

where P K.B is the coefficient of kinematic viscosity at the injector

inlet.

Sequence oJ the catcutation. A centifugal injector is calcu-

lated in the following sequence.

1. Given the pressure differential in the injector Ap 0 (see

p. 84).

2. Select the Lpray cone angle 2a within limits 2a - 30-1200

(90-120' in most cases).

3. Knowing angle 2a, from the graphs in Fig. 12-.14 determine

the geometric characteristic A and flow coefficient p.

4. Using equation (12.9), calculate the cross-sectional area

of the injector nozzle f c and then the nozzle diameter from the

formula

5. Select the dimensions of the injector.

There are usually 2-4 tangential openings or screw entries.
More than 2-4 improves the distribution of flow intensity around

the perimeter of the fluid jet circle.

The ratio R ex /r c is taken as approximately 2.5.

Using equation (12.11), determine radius r BX from the selected
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values of i and Rs×/r c

Usually, radius rea is selected within the limits of 0.25-1 mm.

6. From formulas (12.15) and (12.14), calculate the friction

coefficient X and then, from (12.13), the equivalent injector char-

acteristic A K. If characteristics A and A3K do not differ more than
5% from one another, this ends the calculation; in this case, the

values of rc, Rex, and rex of the first approximation serve as the

final values.

If the discrepancy between A and A3K is greater than 5%, we
select as our basis the value of ASK obtained in the first approxi-

mation and, from the graph given in Fig. 12.14, determine the flow

coefficient p wiLh consideration of viscosity, and then the dimen-
sions r c, Rex, and rex in the second Rpproximation; from them we

calculate the characteristic As3 in second approximation. Usually

the discrepancy of the values of ASK obtained in the first and second

approximations is insignificant, so that the dimensions rc, Rax, and
r x obtained in the second approximation can be used as final values.

7. Knowing rc, Rex, and rex, select the remaining injector di-

mensions (see Fig. 12.13):

1•,~=(1,5--3)d.,; =(O,25--1,O)d,.

As the injector height (length) h we use the following:

a) h - Rex and greater, for a tangential injector;

b) 1/4 to 1/3 the channel pitch or more, for a screw-type in-

jector. The diameter of the swirl chamber

The outside diameter of the injector

D,=e D.h +2a.

where 6 is the thickness of the swirl chamber wall.
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The values of 6 and Z are interrelated; usually we select
ex

6 = 1.5 mm.

Features of the heads of afterburners

Injectors are divided into liquid, gao, and gas-liquid, de-

pending on the aggregate state of the propellant component intro-

duced into the afterburner. The term gas-liquid is used for two-

component injectors, where one component enters in the liquid state

and the other enters in the gaseous state.

IGenerator gas is fed into the afterburner through jet injectors.

The head of the chamber of LPRE's operating on the scheme "gas-

liquid" can be a grid with radial and annular bridges; the openings

serve as jet injectors for the generator gas, while the injectors

for the liquid component are located at the bridge junctions.

The pressure differential in the generator-gas jet injectors

is slight, while the pressure in the afterburner is high; therefore,

the discharging of the gas from the injector is Lubcritical.

§12.7. Selecting the volume and relative area of combustion chambers
(afterburners)

The volume of a combustion chamber (afterburner) should assure
the required stay time for the propellant components, while at the
same time the size and mass of the chamber should be small.

The volume of the combustion chamber is calculated from its
reduced length I and the arbitrary stay time of the gas in therip
chamber T

The reduced (or characteristic) length of the combustion

chamber is the ratio of its volume to the area of the critical sec-

tion: I

(12.16)
9-P
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Time Tyc, can be obtained by dividing the mass of gas in the

combustion chamber by its per-second flow rate:

mrs

disregarding the volume of the liquid propellant components in the

combustion chamber and arbitrarily considering that the density of

the gas is identical throughout, and equal to p., we get

Let us substitute into this equation the expression for pK from

formula (4.4) and take relationships (4.14) and (!2.!6) into ac-

count. Then

I p.(12.17)

For the given propellant components and design of the head,

which determined the mixing quality, ratio O/RT K can be considered

constant. Consequently, the arbitrary stay time of the gas in the

combustion chamber and the reduced chamber length are directly pro-

portiorial to one another.

The values of Tyon and Znp are determined mainly by the propel-
Slant, the head design, and the type of LPRE scheme; for most engines
Tyco = (1"5-5.0)10-3 s and .1np = 1.0-3.5 m. A smaller value of

Tyon corresponds to chambers with higher pressure pK" An increase
in the reduced length of the combustion chamber brings about an in-

crease in specific impulse, but simultaneously the chamber dimen-

sions increase, which complicates its cooling.

For preliminary calculations, we can assume reduced lengths of

1.5-2.5, 1-1.5, and 0.5-1 m for the combustion chambers of LPRE's

operating on the scheme "liquid-liquid" with propellants 02 + kero-

sene, F 2 + NH3 , and 02 + H2 , respectively [4, 17).

In LPRE's with afterburning of the generator gas, part of the

propellant components first burn in the gasifier; therefore the re-

quired reduced length of their afterburners is 1.3-1.8 times less
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than for the combustion chambers of LPRE's operating on the scheme

"liquid-liquid."
I

When selecting the optimum ratio between the length and the

diameter of a combustion chamber (afterburner) we use its relative

area f..

Besides the disadvantages noted in §12.2, with a decrease in

f there are additional complications in organizing efficient atom-

ization of the propellant components because of reduced area of the

surface on which the injectors are located. Therefore, with a de-
1-4 -•A crease in relative area fK' the specific im-

yiiAC-~-•_-I pulse of the chamber drops (Fig. 12.15), which

"�O 95Sis noticeable when ? < 3 (particularly when

f K z 1). The influence of the relative area

•63• - ," of the combustion chamber (afterburner) on
Fig 1215 Rai I A 11At S the specific impulse when f K > 3 can be dis-

thevalue of? with C -100 regarded, particularly with a high gas-ex-
(cre1) and . 10 (ocurve 2).(€"ve•a~~c'°("•e)"pansion ratio ec

Some of the advantages of selecting a small relative area f'

include a decrease in chamber mass and facilitation of its cooling

(a decrease in the required thickness of the combustion chamber walls

and its surface to be cooled).

The relative area f can be determined from the selected flow
K

intensity of the combustion chamber using equation (12.2) which,

with consideration of (4.14) and (12.1), can be written in the fol-

lowing form:

r (12.18)

Since for a given propellant complex 0 can be considered con-

stant, with increasing pressure pH the flow intensity for the com-

bustion chamber also increases.

Ratio r/p is called the relative flow intenaits and is desig-
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nated r i.e.,

pp r P (12.19)

IIor, considering (12.18),

(12.20)

If, for the propellants used, complex 0 is 1700-2400 N-s/kg

[zl70-240 kgf.s/kg], then when f = 2-6 the relative flow intensity

is (0.1-0.2).10-3 kg/N.s [1"(l-2)'l0-3 kg/kgf-s] [17].

The indicated value of ? for cylindrical chambers has a cor-
K

responding ratio of the length of the combustion chamber to the

diameter of its cylindrical part of Z /dK 1.0-1.5.
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CHAPTER XIII

SYSTEMS FOR FEEDING LIQUID PROPELLANT COMPONENTS

t ti
§13.13. Basic turbine parameters

The following are among the basic turbine parameters.

1. Available turbine power, i.e., the turbine shaft horse-
power; this should equal the sum of the powers required by the ox-
idizer and fuel pumps, and also by the pumps for the auxiliary pro-
pellant components (if used), i.e.,

N, ---- cN,;.K+NK,.r+NNGc,%.,,,

and defined by the formula

where n. is the effective efficiency of the turbine (see §13.14);
m is the per-second flow of gas entering the turbine; L is the
adiabatic work of expansion of 1 kg of gas, calculated from the

formula
L.. •klRT,[1 P2 )--(a -:

2. Pressure differential in the turbine (gas expansion ratio
in the turbine), equal to the ratio p0 /P 2 . A distinction is made
between high-differentiaZ (pO/P 2 = 15-40) and Zow-differentiac
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(p 0 /P 2 = 1.3-1.8) turbines. Pressure P2 is called counterpressure.

High-differential turbines include those with discharge of

exhaust gas to the ambient medium; a supercritical gas-pressure

differential is generated in the nozzles of their nozzle ring. To

increase turbine power it is desirable to provide greater gas ex-

pansion; with constant pressure p0 this can be achieved by lowering

pressure P2. But in order that the turbine operating regime and,

consequently, that of the TPA as a whole, not be influenced by a

change in pressure of the ambient medium, pressure P 2 must be

selected higher than the maximum pressure of the ambient medium:
P2 z l'3Ph max (with consideration of the possibility of operation

of the turbine exhaust pipe Laval nozzle in an overexpansion mode

[17]). In this case, a supercritical pressure differential Is

assured at the nozzle of the turbine exhaust pipe, as a result of

which, as noted in §9.1, the nozzle develops a certain thrust. The

specific impulse I of the exhaust pipe nozzle is lower than that

of the chamber, and with an increase in gas flow through the tur-

bine the value of I for the engine drops. Therefore, the given

power of high-differential turbines should be obtained with the

lowest possible gas flow thrcugh them.

For the turbines of LPRE's operating on the scheme "gas-

liquid" or "gas-gas" a high gas flow-rate is characteristic: for

example, for the scheme "gas-liquid" it is usually equal to the

total flow of one of the propellant components and part of the flow

of the other component. Therefore, fcr such LPRE's we use turbines

which develop sufficient power with a subc.ritical pressure diffej-

ential, i.e., low-differential turbines.

3. Temperature of the gas at the turbine inlet TO. Tempera-

ture To, together with the gas expansion ratio, determines the

adiabatic work of expansion of 1 kg of gas, increasing as it dces.

Depending on the blade material and engine operating duration, tem-

perature T0 is selected within the limits of 750-12000 K.
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11. Turbine shaft rpm'n. The number of revolutions n with
single-shaft TPA design is determined from the condition of cavi-

tation-free operation of the pumps; with multi-shaft design it is i
determined from the condition of maximum turbine efficiency and
smallest size.

In turbine calculations we use the peripheral velocity U -

the velocity of a point located midway on the blade (on diameter

D Cp); here

U,=04"m/s.
60

§13.14, Turbine efficiency and selection of the ratio U/c1

The following losses occur during turbine operation:

a) in the nozzle ring nozzles;

b) on the moving blades;

c) with exhaust velocity;

d) friction of the disk against the gas, and ventilation losses;

e) mechanical.

The effective efficiency of a turbine takes all these losses
into account.

The losses in the nozzle ring nozzles and on the moving blades

depend on the degree of perfection of the turbine blading, including

the surface finish of the nozzles and moving blades and their pro-

files.

Losses with exhaust velocity are explained by the fact that

the gas at the exit from the moving blades has a certain velocity

c 2 , i.e., the kinetic energy of the gas is not completely used in

the turbine.
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For the given values of gas velocity ca and the slope of the

velocity vector c1 to the plane of the turbine disk a,, the lowest

velocity c2 and, consequently, the smallest losses with exhaust

velocity are achieved with a ratio U/c 1 defined by the formula

-U CO(13.4)
c1  2 "

Usually, in the impulse turbines of TPA's a1 = 15-200 and

velocity cI = 1000-1400 m/s; here the required peripheral velocity

U, calculated from formula (13.4), is inadmissibly high; in par-

ticular, the dimensions and mass of the turbine sharply increase.

Therefore, in high-differential turbines the peripheral velocity U

is usually selected within limits 250-350 m/s, while ratio U/c 1

= 0.1-0.3, which causes losses with exhaust velocity.

With low values of U/cl, which are advisable to use in TPA

turbines, the efficiency of a two-stage turbine is substantially

higher than that of a single-stage turbine.

While losses to friction of the disk against the gas are in-

herent in all turbines, ventilation losses are characteristic only

of partial-admission turbines; these losses increases with de-

creasing admission of the turbine.

The effective efficiency of high-differential turbines is with-

in the limits of 0.3-0.7, while that of low-differential turbines,

for which U/cI = 0.4-0.6, is higher.

For the most part, axial turbines are used in LPRE's; in them

the gas moves in parallel with the shaft axis.

So-called radial turbines are of specific design; in them the

gas moves along the radius of the disk to the shaft axis (centri-

petal turbines) or from the shaft axis to the periphery of the

disk (centrifugal turbines). The most widely used radial turbines

are the low-differential centripetal ones.
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§13.15. Liquid gasifiers

The liquid gasifier of the TPA turbine feed system generates a
gas which has quite high pressure and temperature.

LPRE's use one- and two-component liquid gasifiers which, as
shown in §9.1, can operate on the basic as well as the auxiliary
propellant components.

Two-component gasifiers, operating on the basic propellant com-
ponents, are the most widely used. In an LPRE with discharge of
the exhaust gas from the turbine into the ambient medium, a small
part (usually 2-3%) of the total flow of basic prop. Ilant compo-
nents is taken at the pump exit for operation of the two-.omponent
liquid gasifier.

The temperature of the generator gas usually does not exceed

12001K. If higher-temperature gas is fed to the turbine, the

strength of the blade material is noticeably reduced, or the blades

and other elements along the generator-gas line melt. The required

t ,e gas temperature of two-compo-

nent liquid gasifiers is as-

sured with a significant ex-

a) b) c) cess of oxidizer or fuel (see

Fig. 13.29. Two-component liquid gasi- §9.1).
riers: a - cooled, single-zone; b - un-
cooled, single-zone; c - cooled, two-zone.

A distinction is also

made between single-zone and two-zone liquid gasifiers (Fig. 13.29).

In 8ing e-zone liquid gasifiers the flow of propellant compo-

nents comes from the head, i.e., just as in the main chamber of an

LPRE.

In two-zone liquid gasifiers, part of the excess propellant

component is introduced into the gasifier through an additional

band of injectors located in the central part of the -. sifier. In

such a liquid gasifier we can distinguish two zones: •ne high-
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temperature (2000-3500 0 K) tone.(from the head to the section con- j
taining the additional band of injectors), and the zone with a sub-

stantially lower temperature (from this band to the gasifier exit).

Designwise, two-zone gasifiers are more complex than single-

zone gasifiers, and are used when one-zone gasifiers cannot assure

stable burning or they are long because of an insufficiently active

burning process caused by an excess of one of the propellant com-

ponents.

To balance the temperature field at the gasifier exit, which

is very important for excluding melting along the generator-gas line,

the reduced length for the gasifier is longer than for the combus-
tion chamber.

Ordinarily, liquid gasifiers have external circulation cooling,

which assures their reliable and prolonged operating life; when the

generator gas has a relatively low temperature, there is no need for

such cooling.

Single-component liquid gasifiers. In a number of cases it is
more advisable to use single-component instead of two-component

k'siftdrs; in these there is, in the presence of a catalyst, de-

"-c,•sition of the liquid monopropellant (e.g., hydrogen peroxide)

with the release of heat and the formation of gaseous products;

such decomposition is called oatatytio decomposition.

Either solid or liquid catalysts cas- be used; the latter
should be continuously fed to the gasifier (such a gasifier is

actually a two-component gasifier). The solid catalyst is placed

directly in the gasifier in the form of a packet (Fig. 13.30).

Gasifiers with a solid catalyst are simpler in design and are more

widely used.

The packet of solid catalyst for decomposing hydrogen peroxide

consists of grains of a solid carrier/base (gypsum, cement, etc.)
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3 4 impregnated with catalytically-active salts

(e.g., KMnO4 ) or a compressed screen of an ac-

tive metal (nickel, Monel metal, brass, and

others).

PIR. 13.30. S•ngle-coMpo- The catalyst for hydrazine decomposition
nent liquid gasifler: I -Inamke pip&; 2 - grid for
boldsti solid catalyst; 3 - can be screens made of metals of the platinum
packet of solid catalyst;

4 - e2thouesp e, group.

The temperature of the forming hydrogen peroxide decomposition

products (a mixture of water vapor and gaseous oxygen) increases

with an increase in hydrogen peroxide concentration, and is 720-

1030 0 K at 80-90% concentration. The temperature of hydrazine de-

composition products can be obtained within the limits from 8750

to 1475 0 K by changing the time that the hydrazine remains in the

catalyst packet and changing the length of the gasifier (by con-

trolling the degree of decomposition otthe hydrazine).

The following specific parameters are used to calculate the

dimensions of the solid catalyst packet:.

1. The specific surface of the catalyst - the area of the
active surface of the catalyst per unit volume. For a number of

catalysts that are used, the specific surface is 8-80 cm2 /cm 3 .

2. The specific load of the catalyst - the maximum permissible

flow of liquid propellant component per 1 kg of catalyst,

on~,* W_ * I

For example, for a solid catalyst consisting of calcium per-

manganate CaMnO 4 and calcium chromate, the value of a - 2.5-2.6

kg/s/kg with 80% hydrogen peroxide.

With an increase in the specific surface and specific load of

the catalyst there is a decrease in the required volume of the

catalyst packet and, consequently, in the volume and mass of the

gasifier.
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CHAPTER XIV

SYSTEMS FOR LPRE START-UP, MODE CHANGE, AND SHUTDOWN. SYSTEMS FOR

CREATING CONTROLLING FORCES AND MOMENTS

§14.1. Systems for LPRE start-up

The system for LPRE start-up should assure sufficiently rapid
but gentle (without great oscillations of pressure p ) and reliable
runup of the engine to the rated operating mode with low nonproduc-

tive expenditures of propellant.

Conditions for reliable LPRE start-up include the following:

a) no overshooting of pressure pK above the permissible value
(this can be caused by the accumulation of a large quantity of pro-

pellant components in the chamber before they ignite); in addition,
no explosive mixture should form in the chamber;

b) low level of pulsations of the pressure of the combustion
products in the chamber and gasifier;

c) slight deviation of coefficient x in the chamber and gasifier

from the calculated values.

Start-up of the engine is the most complex and critical period

of its operation. The greatest number of engine failures occurs
during Just this period. The parameters in the chamber and gasifier
are constantly changing, and the engine passes through a number of
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regimes, each of which is practically impossible to check and study.

Therefore, development of start-up usually causes great difficulties,

which increase with increasing chamber dimensions.

Methods for LPRE start-up. Two methods of LPRE start-up are
distinguished: nonstepped (smooth or "full-flow") and stepped
(Fig. 14.1).

With nonstepped engine start-up the flow of propellant compo-
nents to the chamber continually increases, smoothly (smooth start-
up) or abruptly ("fuZl-flow" start-up).

A smooth increase in propellant component flow is assured by
special throttles, driven electrically or hydraulically, installed

P(p 1 2 , in the propellant omponent

lines.

flea With "full-flow" start-up

S ,' •' �, see there is the danger of hydraulic

Fig. 14.1. Change in thrust (pressure shocks and an impermissible
pK) for various types of start-ups and
shutdowns of an LPRE: 1 - abrupt ("full- oveishoo-V of the pressure of the
flow") start; shutdown without final
stage; 2 - start with preliminary stage; combustion products. Therefore,
shutdown vLthout final stage; 3 - start
with preliminary and Intermediate stages; such start-up, in its pure form,
shutdown through final stage. is not used. The use of non-

stepped start-up simplifies the scheme and design of the engine, re-

ducing to a minimum the nonproductive expenditure of propellant

components and delay in the launch of the rocket vehicle (the time

from the moment the command is given up to the launch of the vehicle).

Nonstepped start-up is used mainly for low- and medium-thrust engines

with pressure and pump feed.

For a high-thrust LPRE with pump feed, stepped start-up is used

in a number of cases; this is accomplished through the preliminary

or intermediate stage. The preZiminary stage is characterized by

the fact that before full flow of the propellant components to the

chamber there is slight flow by hydrostatic pressure and by the
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boost pressure of the tanks; in this case the TPA does not operate.

Here a reliable burning fuel spray is formed in the chamber.

The intermediate stage is characterized by the fact that the

TPA and the engine operate for a certain length of time under non-

full-flow conditions before stabilizing in the rated mode; this can

be necessary, e.g., to decrease the rate of increase of propellant

component flow to the chamber.

To start up an LPRE with a TPA it is first necessary to start

the pumps rotating; for this, the turbine is fed auxiliary gas and

the propellant component tanks are supercharged by means of some

auxiliary supercharging system (ordinarily, the system for super-

charging the tanks of the power plant begins to operate several

seconds after the command for engine switch-on).

Preliminary supercharging of the tanks and switch-on of the

TPA of the engines of the first stage of the rocket can be accomp-

lished from a ground starter, while for the second and subsequent

stages these can be accomplished from the previous stage. However,

the most efficient start-up systems are those included in the power

plants of the appropriate stages.

For TPA start-up, its turbine is fed the following:

1. Gas (helium, nitrogen, air, or hydrogen) located in the

starter bottle.

2. The combustion products from the two propellant starting

components or the products of the decomposition of one propellant

starting component, formed in the main liquid gasifier. The starting

components are fed to the gasifier from the starter tanks by the

compressed-gas generator. Such a system is quite efficient; it

allows for multiple engine burn.

3. The combustion products of a solid-propellant charge lo-

cated in the cartridge starter, or by the start-up solid-propellant

gasifier. It is designed for short-term burning of the charge (up
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to I second), sufficient for bringing the TPA to rated conditions.

During rotation of the turbine by the starter the pumps create the

necessary pressure for the propellant components; these begin to

enter the liquid gasifier. The gasifier is brought to the rated

conditions, and the turbine automatically switches from starter

power to liquid-gasifier power.

The combustion products of the starter charge are usially fed

to the main turbine. However, LPRE's are used which have a TPA con-

taining an additional starter turbine which operates only during

engine start-up.

Powder starters are basically used for launching single-burn

LPRE's. The scheme of the engine in this case is simpler than when

liquid starter propellant components.

4. The combustion products of the basic propellant components,

fed from the tanks under hydrostatic pressure and the pre-launch

tank supercharge pressure. As the combustion products begin to form

in the liquid gasifier and they begin to enter the turbine, the

pumps begin to operate, leading to a constant increase in flow of

propellant components to the gasifier. If, during the entire start,

the available power of the turbine is greater than the podrer required

by the pumps, the liquid gasifier and the engine as a who.Le are

brought to rated operating conditions. With such start-up (called

self-starting) we are assured maximum simplicity of both single and

multiple engine burns.

An electric motor can be used to start the TPA's of auxiliary

aircraft LPRE's.

Features of starting LPRE's under various ambient conditions.

The engine start-up system depends essentially on the start con-

ditions: on the ground, at high altitudes, in outer space, etc.

When starting an engine on the ground, if abnormalities develop

it can be shut down, if the engine thrust has not exceeded the launch
1
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weight of the rocket, i.e., if the rocket has not started to move

in the launcher.

The rocket can be held in the launcher, with its engines at

full thrust, by special supports (levers) or exploding bolts (these
break when the given engine thrust is attained). Disadvantages of

such a launch system include high nonproductive expenditures of

propellant components before the launch and impact loads on the

bottoms of the tanks at the moment of launch.

Especially high requirements are imposed on the reliability of

the starting systems of engines of the second and successive stages

of a multistage rocket, and also the engines of space vehicles,
which are started in a deep vacuum. If the engine does not start

for some reason, or is damaged during start-up, failure of the

rocket or vehicle is unavoidable. For example, repeated insertions
of a satellite into orbit using the Europa booster ended in failure

because the engines of the upper stages would not start.

The smoothness of engine start-up in outer space depends on a

vast number of factors, mainly the pressure at which ignition of

the propellant occurs, and also on the temperature of its components,

the injectors of the head, and the walls of the combustion chamber.

Gentler start-up and reliable ignition of the propellant is

assured with pressure in the combustion chamber. Therefore, the
critical section of the chamber usually contains a plug to retain

atmospheric pressure in the chamber before engine start-up. As the
pressure of the combustion pi'oducts rises, the plug is ejected from

the nozzle.

The temperature of the head injectors and the chamber walls

should be such as to prevent freezing of the propellant components
during engine start-up, which would lead to chamber explosion.

Smoothness of start-up is also influenced by the properties of
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the propellant components and the order in which they enter, the de-

sign of the chamber head, and other factors. For example, hypergolic

propellants should have a short self-ignition delay period.

Start-up of the engines of the second and subsequent stages of

a multistage rocket depends on the type of stage separation. Usually

the stages of a rocket are rigidly connected by explosive bolts that

burst when fed an electric current at the required moment.

A distinction is made between cold and hot staging. In cold

staging the main engine of the upper stage does not operate; the

stages are separated by the retro engines of the lower (burnout)

stage or the boost engines of the upper (next) stage.

Hot staging is assured by the thrust of the main engine of the
upper stage, which simplifies the scheme and design of the rocket

(re:tro and boost engines can be eliminated). However, such staging

is complex to develop because of the appearance of perturbing forces

and moments in the upper stage, which should be eliminated by the

guidance system.

To decrease the perturbing forces and moment in hot staging

we can use stepped start-up of the primary engine of the upper

stage: first the engine operates in a reduced mode, going to the

rated mode after staging.

With hot staging, the primary engine combustion products must

be removed from the compartment between stages; in addition, more

heat shielding of the engine is required.

The engines of satellites and space vehicles should start re-

liably under conditions of deep vacuum and weightlessness after pro-

longed orbital (satellite) or interplanetary flight. To start the

engines with a TPA under weightlessness it is necessary to raise

the pressure of the propellant components at the pump inlet. In

addition to other methods, for this purpose boost engines are used
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(particularly in large rockets). LPRE's operating on cryogenic pro-

pellant components can be started, under weightlessness, by feeding

their vapors from the gas cushions of the main tanks to the chamber,

i.e., use these vapors as starting components.

Start-up of an LPRE with displacement feed under weightlessness

presents fewer difficulties. Separators are used in such engines

to feed the propellant components in liquid form, not as an emulsion

with the displacing gas.

The most difficult to assure is multiple burn of the engines

of space vehicles, particularly if the interval between burns is

long (this can reach several years). During the first engine burn

there is air pressure in its chamber, hermetically plugged, while

with subsequent burns the inner cavities of the chamber are under

vacuum, which changes the nature of mixing of the propellant com-

ponents.

The design and schemes of engines with multiple burns are, of

necessity, complex; in particular, we must deal with the fact that

after engine shutdown the heat is transmitted from the chamber and

the liquid gasifier to the colder units, causing them to overheat,

which makes subsequent engine burn impossible. The heat fluxes are

particularly high, if there is a nozzle adapter with radiation

cooling. In a chamber with external circulation cooling, the cool-

ant can boil in its loop; if the coolant vapors cannot condense

before the next start-up, its reliability also cannot be guaranteed.

Therefore, for condensation of the vaporized coolant the time inter-

val between shutdown and the next start-up should be sufficiently

long; otherwise, the cooling loop must be purged. To decrease heat

transfer from the chamber to cooler units of the engine we can use

spacer0s made of nonheat-conducting material, and also reduce the

engine thrust during the last seconds of its operation.

The chamber of impulse LPRE's operating on hypergolic propel-

lants usually does not have a cooling loop; the main valves of the
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engine are electrically driven and are placed directly on the cham-
ber head, which assures a short duration of the transient operating

modes and creation of very slight control pulses. With , decreaseI

in the volume of the lines behind these valves there is a reduction

in the time for the engine to come up to the rated mode diring start-

up and a reduction in the aftereffect pulse during shutdonn.

A layer of heat insulation is placed on the pipelines and the

chamber head to prevent freezing of the propellant components after

engine shutdown (due to intense cooling in outer spiue). To hold

the temperature of the propellant components within the required

limits, the engines of a space vehicle can have special sVields to

protect them from solar heating.

The propellant components can freeze after engine shttdown

when the valves are not tightly seated; the leaking component boils

in a vacuum; the heat lost to vaporization lowers the temperature of

the component below its freezing point.

Repeated engine burns in ouver space can sharply increase the

pressure pK' and cause chamber destruction. The pressure rise can

be caused by deposition of the propellant components, evaporated

from the chamber head cavity, on the chamber walls after engine

shutdown; therefore, the chamber temperature must be held within

specific limits after engine shutdown.

An analogous phenomenon is observed with multiple burns of

LPRE's operating on N2 04-based hypergolic propellants (N 2 04 + MMH,

N2 04 + UDMH; N2 04 + aerozine-50, N2 04 + N2 H4), under outer-space

conditions, and is explained by the formation of intermediate

dangerously explosive products in the chamber in the period pre-

ceding ignition. It has been established that the temperature of

the propellant components and the chamber before another engine

burn should be at least ?"'IOK [210C] [1].

To assure gentle start-up of LPREts operating on hypergolic I
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propellants, various additives are effective under space conditions.

The start-up of a monopropelZant LPRE has its peculiarities.

For example, when starting a hydrazine engine it is necessary to

first heat the catalyst packet by feeding to the chamber a starting

flow of nitrogen tetroxide. After the catalyst has heated up, the

engine operates stably on hydrazine alone.

Systems for chilling the engine lines. If the temperature of
the propellant components (e.g., cryogenic components) is lower than
the ambient temperature, before starting the engine its lines are

chilled (pumps, valves, pipelines, etc.). Otherwise, the liquid

propellant components will be preceded in the chamber and liquid

gasifier by their vapors and then by a mixture of vapors and liquid

components. As a result, the engine comes up to its rated mode more

slowly, while coefficient x will differ substantially from its rated

value.

Products of intermediate chemical reactions, tending to detonate,

can form in the chamber; detonation is also possible in the vapors of

the propellant components. These phenomena can lead to explosion

of the chamber or gasifier when the engine is started.

The engine lines must also be chilled to prevent cavitation of

the pumps for the cryogenic propellant components.

The engine lines are cooled most simply by passing propellant

components through them; these come from the tanks under hydrostatic

pressure and boost pressure, flow along the engine lines and through

the open bypass valves at the chamber and gasifier inlets, and are

exhausted outside the vehicle. If the line of one propellant com-

ponent must be chilled, it can be passed directly into the chamber;

the liquid component discharges from the chamber nozzle, vaporizing

to some extent. However, with such a system the unproductive flow

of propellant components is increased.
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Special systems can be used for chilling the lines, which in-

elude separate-drive recirculation pumps; the propellant component

is fed by pump from the tank into the line, it is cooled, and it is

then fed back to the tank through the open bypass valve. The system

is switched on several minutes before the engine. After chilling

has been accomplished, the bypass valve is closed and the command is

given to start the engine. Since the propellant component absorbs

heat fluxes as it passes along the engine line, it must first be

supercooled.

The time required for chilling the units and pipelines is re-

luced by using a layer of thermal-insulating material (e.g., a

plastic) on the surface in contact with the cryogenic propellant

components.

The sequence in which the propellant components enter the

chamber. In the process of developing an engine we select that

sequence with which one propellant component enters the chamber

ahead of the other so as to assure a gentle start-up. The valves

should operate at very specific momenits of time, which an differ

for the oxidizer and fuel valves.

Selection of the sequence with which the components enter the

chamber depends on the type of component. For example, it has been

established that when working with a propellant consisting of RFNA +

+ UDMH, the oxidizer should be fed to the chamber ahead of the fuel;

swooth engine start-up is assured by the absorption of heat, re-

leased in the initial phase of burning, by the e.zess oxidizer.

In hydrogen LPRE's, for this purpose the fuel (hydrogen) is
fed to the chamber before the oxidizer.

Purging systems. Before the start-up of certain engines, the

lines for propellant fned are purged by an inert gas (nitrogen or

helium). For example, in oxygen LPRE's the chamber and liquid-

gasifier LOX lines are usually purged, as is the LOX pump seal.I
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Purging prevents the entry of fuel, which can result in explosion

of the engine, and prevents the accumulation of a vast quantity of

propellant components in these units.

When starting a rocket from a surface launcher, purging can

be done from a ground compressed-gas cylinder, while in the engines

of the second and subsequent stages of the rocket it can be done

from a cylinder in the previous stage.

§14.2. Ignition systems

LPRE's operating on nonhypergolic propellants use a special

system which, at the moment of engine start-up, feeds heat to the

first portions of propellant components entering the chamber and

the liquid gasifier; this results in their ignition.

All remaining amounts of propellant components go to the stable

fuel burn spray and are ignited by the combustion products of the

previous portions.

For reliable ignition of the propellant components under en-

gine operating conditions (on the ground, in outer space, etc.),

the ignition system should produce a sufficient quantity of heat

in the largest possible chamber or liquid-gasifier volume. As the

amount of heat increases, the ignition delay period decreases,

which excludes the possibility of accumulation of propellant com-

ponents in the chamber and gasifier during engine start-up.

The ignition system for a multiple-burn LPRE should assure ig-

nition of the propellant components during each engine start-up;

this complicates its design.

Selection of the ignition system depends on the properties of

the propellant components and on the design and operating conditions

of the engine. A distinction is made between buiZt-in and inserted

ignition systems. A system of the first type is built into the
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chamber or gasifier and is ordinarily used in multiple-burn LPRE's.

Systems of the second type are introduced into the chamber through

the nozzle; they are part of the launch system or are installed on

a brace attached in the nozzle throat. They can be used only in

single-burn engines.

The ignition system should begin to operate before the pro-

pellant conponents enter the chamber or gasifier. In some cases,

blocking is used which makes it impossible for the propellant com-

ponents to enter the chamber or gasifier if the ignition system,

for some reason or other, does not operate. The blocking system

prevents launching of the rocket with one inoperative engine in a

power plant consisting of several engines, or with one inoperative

chamber in a multichamber engine.

The built-in type ignition system must be used in the gasifiers

of both single- and multiple-burn engines.

Different types of ignition include pyrotechnic, chemical, elec-

trical, thermal, and combination.

Pyrotechnic ignition. The pyrotechnic-ignition system creates

a flame in the chamber or gasifier as a result of the burning of a

charge of solid propellant. To increase the

-. • amount of heat released, and to increase the

reliability of the ignition syster, several solid-

".i propellant charges can be used (Fig. 14.2).

o2 9-

* 3 The pyrotechnic-ignition system is distin-

4 •guished by its simplicity and high reliability;

the electric power required to trigger the ig-

nition cylinders (which replace the solid pro-

Fig. 14.2. c•,a.r with pellant charge) is low. However, this system
inserted system of pyro
technic ignition or pro: has a limited range of application (for a single-pellant components: -

,,.., :-p % .0- burn LPRE) and requires precautionary measures
t.&C %*ads. to avoid its chance triggering during engine tests.
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Chemical ignition. The chemical-ignition system creates a flame

by feeding, to the chamber or gasifier, components of the starting

hypergolic propellants; they enter the chamber

4 1 through its head or througb an igniter in the noz-

\2• zle.

/3 Chemical-ignition systems often use a liquid

starting component, which ignites on contact with

one of the primary propellant components (Fig.

Fig. 24.3. Chamber with 14.3); with a rise in their pressure during en-
system of chemical igni-
tion of ppellantc- gine start-up the diaphragms, between which the
pon nts: 1,4 - fr ee-
rur~ure diaphragmsI 2 -
Ml firte 3 - etaltia, starting fuel is located, break. The starting
prepellmat comphest.

flame is formed in the chamber upon the inter-

action of the starting fuel with the primary oxidizer, after which

the primary fuel begins to enter.

The flow of starting propellant component per unit area of the

chamber nozzle throat should be sufficient for reliable ignition of

the primary components.

For multiple-burn LPRE's the starting propellant component,

during start-up, enters the chamber from a special tank along the

pipeline through an open valve. Then the valve closes and the line

is purged by an inert gas.

In hydrogen LPRE's, triethyl aluminum or gaseous fluorine is

used as the starting fuel; these are hypergolic in contact with

liquid hydrogen. *
The chemical ignition system assures multiple engine burn and

fast run-up to the rated mode; it is reliable, quite simple, and

widely used in modern LPRE's.

The disadvantages of such a system include the use of a danger-

ously explosive and toxic starting component and increased require-

ments on its valves during their opening and cloL4.ng to prevent
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abrupt start-up and explosion of the engine.

Electrical ignition. An electric spark plug serves as the ig-

nit:ion initiator.

The electrical ignition system permits multiple burns and can

be used after the engine has been in long-term storage; it is quite

simple and safe to handle. However, the dimensions of the igniter

(spark) are small, and tbh contacts of the plug can foul and short

circuit and also rapidly burn out. In addition, operation of such

a system requires a rather high-powered electric source.

Thermal ignition. If the oxidizer is hydrogen peroxide, for

ignition of the propellant we can use its decomposition products

that form in the precombustion chamber. The chamber is first fed

the hydrogen peroxide decomposition products and then, after their

pressure is raised to the given ralue, the fuel. Such ignition is

called thermal ignition. It excludes the possibility of the ac-

cumulation of propellant components in the chamber during engine

start-up and is the safest and most reliabl.e method of ignition.

Combination ignition. This is ignition in which a small part

of the primary propellant components (or starting component) is fed,

during engine start-up, to the precombustion

0 chamber and ignited in it using some type of ig-

I nition system (e.g., electrical). The combus-

tion products that form enter the chamber and

ignite the main portion of the components (Fig.

14.4). The precombustion chamber, creating the

starting flame, in a number of cases facilitates
pig. 1.4. Chamber with start-up conditions.

oambination system tor ig-
nition oa propellant com-
ponent.: I - pteceabustlon
spark plus. Chemical and pyrotechnic ignition systems

are used most often, particularly in high-thrust

engines, while electrical and combination ignition systems are used

in aviation LPRE's.
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114.3. Systems for changing the operating mode

If the engine is not equipped with special systems, it runs up
to the nominal mode with a greater or lesser deviation of combustion-
chamber pressure p K and coefficient x of the propellant component
ratio (and, consequently, thrust) from the calculated values.

The deviations of pressure p K and coefficient x from the rated

values are not identical for various engine samples due to the in-
fluence of a number of factors: changes in density of the propel-
lant components depending on the ambient temperature, disparities in
the characteristics of the pumps and hydraulic resistances of the

lines, the influence of linear acceleration of the rocket vehicle
on TPA operation, etc.

In addition, the engine operating mode is influenced by the

gaseoun inclusions that form in ti.) propellant components as the
tanks are filled or as a result of their saturation with the dis-
placement gas (in the absence of separators in the t&nks).

* Engine thrust can be varied on command from the vehicle guidance

system or spontaneously. A spontaneous change in thrust can be

caused, in particular, by a decrease in the flow cross section of

the line for feeding the turbine with working fluid (gas) due to

the settling of solid carbon-black particles on the walls, a de-

crease in the flow section of the cooling loop of the chamber due

to deposits of particles of decomposed fuel on the loop walls, etc.

These result in changes of propellant flow mi and coefficient %,

leading to a reduction in specific impulse, an increase in the ter-

minal mass of the vehicle (the rocket stage), and other undesirable

consequences.

Engine control systems can be broken down as follows, according

to their features.

1. Engines with control systems which are functions of the

vehicle flight peculiarities. The operating mode of such engines
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is varied by signals from the vehicle control system sensors (from
the so-called current signals of the control system) or by signals

from the programmed sensors according to a previously set program

(from the programmed signals of the control system). J
2. Engines with control systems that get signals only from

sensors in the engine. Such control systems are called intraengine

systems. They maintain the rated engine mode.

3. Engines having no control systems. Their operating mode

during the initial period is "built-in" during assembly, but during

further operation this mode can change spontaneously (see p. 117).

In order that deviations of pressure pK and coefficient % from the

rated values be slight, the chamber and gasifier feed lines are

filled with propellant components and adjustment washers are placed

in these lines at the pump exits. By changing the pressure dif-

ferential on the adjustment washers we can assure identical (with

low error) hydraulic resistance of the lines of all sample engines

of the given type.

Control systems improve the engine characteristics: increase

in engine reliability and service life, decrease in losses of spe-

cific impulse, compensation for inaccuracies in manufacture of

various samples of the engines and the influence of external fac-

tors (vehicle acceleration, ambient temperature, etc.).

The control system includes the following elements:

1) sensors to measure the controlled value or the value pro-

portional to it;

2) comparators, to determine the deviation of the controlled

value from the programmed one or from that velue generated by the

vehicle control system, and to produce the command signal;

3) executive units, assuring a change in the controlled value

as a function of the sign and magnitude of the command signal.
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The executive unit can be the engine as a whole, as well as its
regulators, controlled by special electric drives.

The power plants of rocket vehicles use the following types of

control systems: combustion-chamber control system, tank-emptying

system, system for maintaining constant pK or TPA rpm, etc.

Control systems associated with a change in propellant flow m.

The combustion-chamber control system. If the engine is the execu-

tive unit of the control system, the engine thrust should vary with

its signals. The thrust of an LPRE is determined by the flow rate

of propellant components m into the chamber.

Flow rate m can be varied

a) by changing - with displacement feed - the pressure in the

propellant component tanks (it should be noted, however, that due

to large gas inclusions in the tanks the pressure rises or falls

very slowly);

b) by changing - with pump feed - the TPA shaft rpm;

c) by changing - with displacement and pump feed - the pressure

differential at the throttles installed in the engine lines ahead

of the chamber and controlled by electric drives. With an increase

or decrease of the pressure differential on the throttle, movements

of the moving elements of the throttle cause a change in pressure

of the propellant component ahead of the chamber and, consequently,

a change in its flow rate. The throttles should assure a variable

(rather large) pressure differential, which leads to an increase in

the required power of the system for feeding propellant to the

chamber.

The possibilities for a change in engine thrust are limited, if

the cross-sectionsl. area of the injector and chamber nozzles re-

mains unchanged; with a decrease in thrust there is a decrease in

pressure differential on the injectors, which has undesired results:
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burning of the propellant becomes more unstable (shifts to the un-

stable zone) and less complete (decrease in coefficient 4p), etc. j

The basic conditions to assure stable and complete burning with

a reduction in engine thrust include simultaneous retention of the

pressure differential in the injectors (Ap$ = const) and the pres-

sure of the combusti6n products in the chamber (p = const); it is
Kmuch more difficult to carry out the second condition p = const.

The condition Ap. M const can be assured, when creating varying

thrust, by changing

1) the number of injectors through which the propellant compo-

nents are sprayed into the chamber (a head with a variable number

of working injectors);

2) the area of the through-section of each injector (injectors

with variable geometry);

3) the degree of saturation of the propellant components with

gas (the degree of their aeration); j
4) pulse duration (in pulsed LPRE's); and

5) the coefficient x. i
i

In heads with a variable number of working injeotors, the in-

jectors are grouped, and to decrease the thrust a certain number of

injector groups are shut off by closing the valves in the lines that
feed them.

Injectors with variable geometry were examined in 512.2.

The openings in jet injectors can be closed, to a certain ex-

tent, by angular turning of the disk with the openings on the chamber

head.

The use of chambers equipped with variable-geometry injectors

makes it possible to reduce the thrust in a ratio of 10:1 and more.
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0 Figure 14.5 shows a dtagram7 2 3 a b C d I
\ i• of a chamber with a simultaneous

proportional change in area of the

F , injector nozzles (the number of

S- injectors) and the area of the

rF1. 14.5. Chamber with imultaneous ppor- critical section, which assures
tional change in area or the no:zlea or the
propellant componen: injectors and the area
ot the critical section: i - feed pipe for constant pressure in the combus-
oautol fluid; 2 - pin: 3 - pliton; 4 - aeedle.
4 - 1ot: hchamber bousiaS; b - oxldizer tion chamber and a constant pres-
lnjactora; c - fuel lajectore; d - caviti
leadioffuel aaecote$ a -eedle coo1li8 sure differential in the injec-
leap.

tors with a reduction in thrust.

The oxidizer flows along the cooling loop of the chamber, and

enters the combustion chamber through the injector openings in the

inner wall. The fuel is fed to the inner channel of needle 4,

passes along its cooling loop e, and enters cavity d through open-

ings in the outer wall of the needle; from here it flows through

injector openings c into the combustion chamber. The needle is

rigidly coupled to piston 3 and pin 2; it can move to the right

under the influence of the pressure of the liquid working substance

introduced through pipe 1, and to the left under the action of the

pressure of the combustion products on the piston.

When the piston and needle move there is a simultaneous change

in both the number of injector openings for oxidizer and fuel and

the area of the critical section. Therefore, pressure pK remains

constant with a change in thrust.

One of the ways of changing the flow rate A is to feed a

special gas to the engine lines ahead of the chamber or to its

head cavities (i.e., directly into the propellant components).

Saturation with gao (aeration) reduces the density of the pro-

pellant components and their mass flow into the chamber while re-

taining the conditions of atomization and stable burning. An inert

gas (helium or nitrogen) is used for blow-in; this can be fed from

a separate cylinder or taken from the compressed-gas generator tank.
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In addition to inert gases, gaseous hydrogen can be blown into the

fuel. The gas for saturation can be taken from the primary gasifier

or produced in a supplementary liquid gasifier operating on the main

propellant components. By increasing the flow of gas for aeration

of the propellant components, the engine thrust can be reduced from

a 10:1 to a 300:1 ratio.

The (time) average thrust of an engine operating in the pulsed

mode can be increased or decreased by changing the putse duration

(from tenths of a second to tens of seconds) or by various on-off

time ratios, i.e., by operating the engine for various lengths of I

time during each burn.

The change in thrust with adherance to the condition Ap

= const is used mainly for relatively low-thrust engines.

Various values of the thrusts of certain LPRE's are obtained

by changing the coefficient %. For example, to increase or de-

crease the thrust of the J-2 oxygen-hydrogen LPRE used in the

American Saturn-5 booster, the coefficient x is varied from 4.5

to 5.5, i.e., by ±10% of the rated value; for this, part of the

oxygen flow is bypassed from the line at the pump outlet to its

inlet. Such a method makes it possible to rapidly change the thrust

of the engine while lowering its characteristics only very slightly I
due to a shift in coefficient X.

If varying thrust of an LPRE with pump feed is assured by

changing the rpm of the component pumps, the TPA turbine should

have a system to control its power. Temperature, flow, and hybridI

methods of changing TPA turbine power are used.

The temperature method is used for bipropellant liquid gasifiers

and consists in changing the temperature of the generator gas fed

to the turbine; for this, in one of the gasifier feed lines there is

installed a special electric-drive throttle, making it possible to

increase or decrease the flow of one of the components to the gasi-
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fier and, consequently, the coefficient x of the generator gas.

The flow method consists in changing the flow rate of gas

through the turbine, keeping its temperatur constant. Such a

method can be used for LPRE with mono- and bipropellant liquid

gasifiers, and also for engines with gas (e.g., hydrogen) taken

from the cooling loop of the chamber to drive the turbine.

Using the flow method of changing turbine power in an LPRE

with a bipropellant liquid gasifier, throttles are installed in

both feed lines; here the coefficient x of the generator gas is

kept constant. A special stabilizer is sometimes used for this

purpose; this is controlled by a throttle located in the line of

one of the components, and changes its flow as a function of the

flow rate of the second component such that coefficient x of the

generator gas remains constant.

In the hybrid method of changing turbine power, the temperature

and flow of the gas fed to the turbine are changed simultaneously.

Control systems associated with coefficient X. The synchro-

nous tank-emptying system. In §2.4 it was shown that the mass of
the residue of rocket-vehicle (rocket-stage) propellant qomponents
should be low. In the absence of a special control system, cases

are possible where a deviation of coefficient x from the given value
causes an increased flow of one of the components. As a result,

one component is completely expended before the vehicle reaches its

given velocity increase (or decrease, during deceleration), while

a large amount of the other component remains unused in the other

tank. In order that this not occur we can fill the tanks with a

larger amount of components, i.e., increase their guaranteed residues I
in the tanks. These increase with an increase in the error with

which coefficient x is maintained, and lead to a reduction of the

characteristic velocity of the vehicle (stage).

With a deviation of coefficient x from its rated value there 4.3
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a decrease in the total impulse of the engine and the characteristic

velocity of the rocket vehicle (the engine operating time for given

masses of fuel and oxidizer in the tanks is maximum with strictly

proportional expenditures of propellant components); in addition,
there is a decrease in the specific impulse of the engine - however,

this decrease is insignificant because of the slight steepness of

the characteristic curve IyA a f().

Two types of control systems are associated with coefficient X:

1) the system for maintaining coefficient x constant (X - const);

2) the system for synchronous tank emptying, changing to some

extent the coefficient x in order that the residual propellant com-

ponents in the tanks be minimum at the moment of engine shutdown

(up to 0.1% of the full amount).

Figure 14.6 shows a diagram of a system that assures the con-

dition X - const. The oxidizer and fuel lines contain flow meters

*1 land 2. These can be Venturi tubes for which

the flow is directly proportional to the pres-
sure differential at the inlet and in the

0 narrowest section. Signals proportional to the

* per-second flows of oxidizer and fuel are fed

from flow meters 1 and 2 to comparator 3. In

this the true value of coefficient x is coit-

wihc.t. system as pared with the given value; in the event of a
curlf constant value of
0off drlent V - eo mismatch, a command is given to the electric
mter In ouldiseb line$ 2 -

S:W *tatto fuel Haag drive of throttle 4. The electric drive, acting$ tesparatorl 4 - elec-
on the throttle, decreases or increases its

through section and eliminates the deviation of coeffiret.nt x from

the calculated value.

Figure 14.7 shows a diagram of the synchronous tank-emptying

system. Its sensors are level sznsors placed in the tanks, capaci-

tance-type sensors, to be specific; these are two concentric pipes
of different metals (to assure temperature compensation for a change
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i
in density of the propellant components). The

-I space between the walls of the inner and outer
pipes is determined by plastic spacers.

I The synchronous tank-emptying system
4 operates in conjunction with the combustion-

emptying of the tanks the synchronous tank-
! •- - chamber control system. With a mismatch in

4 emptying system comes into play, varying the
coefficient x and, consequently, the engine

•. thrust to some extent. If in this case the

nig. 14.7. s3er. of a power measured apparent velocity of the vehicleplan with tank-emtying ,y-
Im oa-.a..asee-tr. deviates from the programmed value for a

seme tr for e Tser-task level$
2 -- ,o,,,raor, le- e apsel- given moment of time, the chamber controlteace-type ,°ucer for levelmn o h
aIsue task; 4 -- electric-drive fuel throle. system begins to operate, changing the thrust

appropriately. In this case the coefficient
x might change, necessitating the operation of the synchronous tank-

emptying system, and so forth.

Above we examined automatic systems for changing the mode and

controlling the engines. Aircraft engines and those of manned

space vehicles have, besides the automatic systems, a manual sys-

tem for remote engine control, making it possible to change the

engine operating mode by changing the flow of propellant components

and coefficient x, and also to start up and shut down the engine.

114.4. Systems for creating controlling forces and moments

During flight in the atmosphere a rocket vehicle, analogous to
an airplane, can change its flight direction by a deflection of the

aerodynamic surfaces (air vanes) located on its body; in the rarefied

layers of the atmosphere and in outer space this change can be made

only by deflections of the reactive Jet.

The system for creating controlling forces and moments should
have low mass and introduce the least complications into the scheme

for the power plant and the least reduction of its specific impulse.
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To create controlling forces and moments we can use the fol-

lowing: 4
1) moveable elements placed in the flow of combustion products

exhausting from the chamber nozzle;

2) chambers or motors on swivel or Cardan suspensions;

3) auxiliary (vernier) motors;

4) turnable nozzles on the turbine exhaust pipe;

5) redistribution of the flow of turbine working substance

(after use in the turbine) through several fixed nozzles on the

turbine exhaust pipe;

6) injection of liquid or blow-in of gas into the nozzle;

7) a change in the thrust created by various engines (for a

power plant consisting of several engines).

!
Moveable elements placed in the flow of combustion products ex-

hausting from the chamber nozzle. These elements include gas vanes,

deflectors, and trim tabs that can be deflected using electrical or

hydraulic steering motors. These change the direction of flow

(partially or completely) of the combustion products discharging

from the chamber nozzle, thus creating controlling forces and

moments. Gas vanes, deflectors, and trim tabs lower the specific

impulse of the power plant since they retard part of the flow of

combustion products, and they have a limited operating life: these

elements are washed by the combustion products which have, at the

nozzle exit, high velocity and relatively high temperature; there-

fore they are made of heat- and erosion-resistant materials (gra-

phite and special types of plastics).

G4s vanes (Fig. 14.8) reduce the velocity of part of the flow

of combustion products not only when in the deflecting position but

also in the initial position (parallel to the flow); therefore, gas

vanes are used only rarely in modern rocket vehicles.
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Via'. 14.8. Power plant
with gas vanes: - Fli. 14.9. Chamber with Fig. 14.10. Chamber with
rocket body; 2 - cheaber cylindrical deflector: I - Spherial deflector: S-
aossle; 3 - geo-vane chamber maosle! 2 - control chamber nozzle; 2 - con-
drive system; 4 - gas- thrust; 3 - deflector turn trol thrust; 3 - spherical
vane turn axis; 5 $as axis$ 4 - deflector. iostle fittlng; 4 -
vases. spherical deflector.

Defleotors, or swivel rings, are installed at the exit from

the chamber nozzle or the turbine exhaust manifold. Deflectors can

be cylindrical (Fig. 14.9) or spherical (Fig. 14.10). The cylin-

drical deflector can turn in only one plane, while the spherical

deflector can turn in two mutually perpendicular planes.

A more complex, but more economical, system involves the use

of trim tabs, or telescoping panels, which move into the flow of
the combustion products only when it becomes necessary to create

controlling forces or moments.

Deflectable chambers and motors. The entire chamber or motor

can be mounted on swivel or Cardan suspensions and deflected by a

certain angle (usually not more than 100) from the standard posi-

tion. The swiveZ suspension permits deflection of the chamber or

motor in some one plane. If the power plant (engine) consists of

four swivel-mounted engines (chambers), the swivels can be attached

to a common frame; here the axes of the suspensions intersect in

the center (Fig. 14.11). Such installation of the engines (cham-

bers) makes it possible to create forces and moments for control-
ling the roll, pitch, and yaw of a rocket vehicle; e.g., to control

roll, all four engines (chambers) should be turned in one direction

around the circle.

A more effective, but more complex, system is Cardan suspen-

sion of the chamber (or engine) (Fig. 14.12), in which the chamber
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4ii, 1.l1. Diagram of the pobitionIng of the
chehl a of e our-chaubjr engine, with •ig. 1E12. Diapam
swivel suspension. of chamber instaled

on ca•dan suspension. -

can be deflected simultaneously in two mutually perpendicular planes;

here the longitudinal axis of the chamber can occupy any position 4

within a certain cone.
i

With Cardan suspension of one engine, forces can be created
for controlling the pitch and yaw of a vehicle. Roll is controlled

by a separate system, e.g., a cold-gas rocket engine having several

nozzles; these are located in a plane perpendicular to the longi- i
tudinal axis of the vehicle, and can create a turning moment.

I

If two engines of the power plant are mounted in the Cardan i

suspension, their deflection creates forces for controlling the

roll, pitch, and yaw of the vehicle.

.Average- and large-sized engines are deflected using hydraulic

steering motors, small and light, using as the energy source the

system for feeding the primary propellant components; most often,

for this purpose, part of the flow of fuel at the exit from the TPA

pump is tapped. The engine deflection system can operate from an
independent TPA. Small engines can be deflected by steering motors

operating from an individual electric pump, or by electric steering

motors.

Swivel and Cardan suspension of LPRE's assures a simple scheme

and design, and reduces the specific impulse only slightly (due only

to deflection of the engine).
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I
However, for deflection of chambers or the engine as a whole, I

great power is needed. Some difficulty is also involved in feeding

the propellant components to the deflectable chambers and engines.

Steering motors. The main motors can be rigidly attached, pro-

vided that the power plant has auxiliary motors, usually placed

symmetrically outside the tail section of the vehicle on swivel or

View.A Cardan suspensions (Fig. 14 .1 3 ). Such
I motors (called steering, controlling, or

2z vernier) can be deflected by a certain

angle and thus create forces and moments

for controlling the roll, pitch, and yaw

of the rocket vehicle.

o The steering motors can operate con-

FiX. 14.13. Power plant with vernier3: tinuously or in a pulsed mode; for their
I'-- 9eeodlneY1C CoVILA5$ 2 - V*ZrIOTS
3 - verter swivel suspension. operation it is most expedient to tap

off some of the flow of main propellant components at the exit from

the TPA pumps of the primary engines. Such a scheme is used, in

particular, in the power plants of the first and second stages of

the Vostok booster. However, steering motors can also operate from

the TPA itself.

Steering motors complicate the scheme and design of the power

plant, reducing its reliability to some extent. There is an in-

significant decrease in the specific impulse of the power plant

when steering motors are used.

For example, the steering motors of the first and second stages

of the Vostok booster reduce the specific impulse of the power plane

by 1 N.s/kg E[i kgf.s/kg].

Turnable nozzles. Controlling forces and moments can also be

created by steerable nozzles operating on the gaseous working sub-

stance of the TPA turbine (in an LPRE with discharge of the working

substance, after operation in the turbiine, into the ambient medium).
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In this case the chamber and the engine as a whole are rigidly

installed in the rocket vehicle. The following variants of such

nozzles are possible:

1. Exhaust pipes, terminating in fixed nozzles (see Fig. 2.15),

are connected to the turbine exhaust manifold; there are two pitch

nozzles, two yaw nozzles, and two pairs of roll nozzles. The lines

for each pair of nozzles contain an electrically-driven gas distri-

butor. Controlling forces are created by redistribution of the gas

flow, between like nozzles.

2. One or two exhaust pipes of the turbine terminate in a

nozzle which is swivel- or Cardan-suspended from the pipe.

Injection of liquid or blow-in of gas. To create comparatively

low controlling forces and moments it is possible to introduce a

working substance (inject a liquid or blow in a gas) into the ex-

panding part of the nozzle through openings (nozzles) located in

the wall of the nozzle, equidistant inacircle
/ | in any cross section (Fig. 14.14). There can

be from 4$ to 214 and more nozzles, i.e., there
are one or several nozzles in each quadrant of

the nozzle section. Four nozzles are sufficient

to create lateral forces for pitch ard yaw con-
Pig. 14.14. ChaMer with
f•gU foi,*, or intro trol. The nozzles of each quadrant begin boducing the controlllt•
working fluid to the main
nozl,. operate after the valve, located in the line

feeding the liquid or gas, has opened.

When introducing the working substance through the nozzle, the

gas or liquid vapors penetrate the flow of combustion products. An

oblique shock front is created at the point of introduction of the

working substa,•e. This results in the occurrence of c lateral

force directed toward the nozzle through which the substance is

introduced.

The lateral force depends not only on the flow of introduced

substance, but also on the slope of the nozzles to the axis of the
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chamber nozzle, and also on the number of nozzles and the area and

shape of their cross sections. This angle can be anywhere from 900
to 450; if 450, the working substance is introduced counter to the
flow of combustion products, and greater lateral force is created.

Round nozzles are more efficient than slotted nozzles. An in-

crease in the number of nozzles complicates the design of the system,

but a lesser flow of working substance is required to create an iden-

tical lateral force.

The lateral force that occurs also depends on the composition

of the working substance introduced and on the basic combustion

products.

To decrease the amount of heat removed from the flow of combus-

tion products by the liquid working substance, its heat capacity,

boiling point, and vaporization point should be low.

Of the gas blow-in systems the most efficient, from the stand-

point of creating lateral forces, simplicity of engine scheme, and

lowering of engine mass, is the system for bypassing the combustion

products from the combustion chamber or the convergent part of the

nozzle to its expanding part; however, this is not used because of

the difficulty of obtaining refractory materials, particularly for

the regulators.

Systems with the introduction of working substance into the

nozzle, as noted above, can create relatively low controlling forces

and moments.
b

However, these systems are also advantageous forthe following

reasons:

a) an increase in engine thrust because of the introduction of

additional working substance into the main flow of combustion pro-

ducts;
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b) high reliability;

c) short lag time.

Mismatch of the thrust of the engines making up the power plant.

If we change the thrust of diametrically opposed engines in a power

plant, we can create a controlling moment relative to the center of

mass of the rocket vehicle and turn it in the pitch and yaw planes,

even though the engines are rigidly attached. Such a system is re-

latively simple and causes only slight losses of specific impulse

of the power plant (caused only by a departure of the engines'

operating regime from the rated mode).

§14.5. Systems for LPRE shutdown

The system fo:r' LPRE shutdown should assure the following:

a) most complete depletion of the propellant components;

b) low aftereffect pulse;

c) smooth cut-in;

d) the possibility of using the engine (after its bench test);

e) the required sequence of switching off the engines in a

power plant consisting of several engines;

f) emergency shutdown of the engine, allowing for the possi-

bility, in a number of cases, for its further use;

g) multiple shutdown (for LPRE's with multiple burn).

It is very complex to assure simultaneous complete depletion

of both propellant components. Therefore, a sequence of engine

shutdown is used in which one of the components, usually the oxi-
dizer, is totally depleted, i.e., the engine is shut down with ex-

cess fuel on a signal that the oxidizer has been totally depleted;
the signal is given by the signaller with a reduction is pressure

at the exit from the oxidizer pump or by a residue sensor located
in the tank.
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Certain engines (e.g., LPRE's for P.nti-aircraft guided missiles

and certain meteorological rockets) operate up to total depletion of

components from the tanks, and require no shutdown system.

With an increase in aftereffect pulse there is an increase in

the absolute value of its scatter, which increases the error in the

resultant terminal velocity of the vehicle and, consequently, an

error in its landing on target, inserting a satellite into orbit, etc. I

'The aftereffect pulse of an LPRE is decreased by:

a) switching the engine to its final stage of operation before

its shutdown;

b) installing cutoff valves as close as possible to the cavi-

ties of the chamber injector head, and their rapid triggering:

c) draining the propellant components from the cavities behind

the cutoff valves into the ambient edium;

d) installing an insert in the chamber head.

The aftereffect pulse with engine shutdown through the terminal

stage is substantially less than with shutdown directly from the

rated mode (see Fig. 1.9). If the power plant includes steering

motors, the aftereffect pulse is decreased considerably if the

pri.mary engines are shut down first as the vehicle approaches its

given velocity, and then the steering motors are turned off.

Tne cutoff valves in the chamber feed lines are installed such

that the volume of propellant components from the valves to the

chamber injectors is as small as possible. If the chamber has no

cooling loop (i.e., in pulse LPRE's), the cutoff valves are located

on or inside the head.

In a chaml-er with a cooling loop the cutoff valve can also be

positioned immediately in front of the head and in the line for the

propellant component flowing through the loop (Fig. 141.5).
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The propellant components are bled from the
lines behind the cutoff valves into the ambient
medium with opening of the drain valves located

in these lines, which substantially reduces the

quantity of components entering the chamber after

Fig. 14.1I5. Chamber with the cutoff valves have been closed. An insertf
valve Installed in line
b:tween cooling locp ad in the chamber head also reduces the quantity of
head.

one of the propellant components entering the
chamber during engine shutdown; to reduce the chamber mass, the in-

sert is made of a low-density material.

The smoothness of engine shutdown depends on the sequence of J
closings of the cutoff valves. The command for their closing can

be given simultaneously, or at different times. The time for engine 3

shutdown, i.e., a drop in thrust, is usually short (no more than

2-3 seconds); it is determined by the cutoff-valve closing time.
If this time is short, the aftereffect pulse is also small; however,

a very abrupt closing of the cutoff valves is not-permissible, since

it leads to hydraulic shozks in the engine lines, resulting in their

destruction.

The main or cutoff valves, during engine shutdown, should hI

air-tight against their seats after closing. Otherwise, the pro-
pellant components leak through the valve, which can cause the

chamber to explode.

The fuel cavities of the chamber and the gasifier of oxygen

LPRE's are purged, during their shutdown, with an inert gas (nitro-

gen or helium) to prevent the hot combustion products from getting

into the fuel injectors and melting them. Such purging is particu-

larly necessary for LPRE's with multiple burn; if there is no
purging, the fuel can remain in the fuel cavity of the chamber and

gasifier and, with repeated start-up, lead to explosion of the

chamber or to intolerable overshoots of temperature in the gasifier;

these are particularly dangerous for LPRE's with afterburning of the
generator gas (the TPA turbine blades can be damaged).
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The purging system should be arranged so that the quantity of

fuel displaced by the purging gas into the chamber and gasifier

after engine shutdown is small.

Whon shutting naown LPRE's with pump feed, there should be, in

addition to the command to close the cutoff valves in the chamber

feed lines, a command to close the cutoff valves in the gasifier

feed lines. In certain cases there must be, in addition, opening

of the valve that bypasses the generator gas to the turbine bypass.

The following types of engine shutdown are distinguished:

a) normal and emergency;

b) manual and automatic.

Normal engine shutdown is provided by a programmed control

system. The engine of the last stage of a ballistic or space missile

is shut down after the missile reaches a given velocity; the retro

engine of a space vehicle is shut down after its velocity has dropped

to a given value.

Emergency engine shutdown (EES) occurs when some abnormality is

observed during its start-up. The engine includes a special system

for detecting an emergency situation. Its sensors measure parameters

which, when they deviate from their norms or from the programmed

values, are taken as an emergency situation: flight altitude and

velocity of a rocket vehicle; roll, pitch, and yaw angles; vibration

acceleration of the chamber or pulsations in the engine lines; TPA

shaft rpm; etc.

The EES system makes it possible to save the engine by shutting

it down before the appearance of destructive vibrations, pulsations,

etc. For example, the vibrational-acceleration sensor, located in

the chamber head, can send a shutdown signal when the head vibrates

sharply. In this case, the engine, during a bench test or as part

of the power plant of the first stage of a multistage rocket, can be
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saved before it begins to move, and it can be reused, if we can

determine the reasons for the increased chamber vibrations.

Manual shutdown can be done, during engine bench tests, by the

operator running the test; for the engine of a space vehicle it can

be done by a crew member.

However, both normal and emergency engine shutdown is most often

done automatically.

As an example we have the EES system which uses a time relay
and a sensor for the chamber pressure; if by a given time the engine

has not entered the required operating mode (in particular, pres-
sure p has not reached its given value), the time relay gives the

command for engine shutdown.

The EES system should have very high reliability; in particu-

lar, there should be no possibility for shutting down a normally

starting or normally operating engine.
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