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Since by nypott

ois ¥V, = const and u W

of Expressions (5.6) and (5,.7), we can write
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From Eq. (5.8) we can determine the ratio of - 'i- and 1lgula-
fuel specific thrusts that i: required if identical maximum sSpeeas
are to be attained at the end of powered flight; here tic fuel: inve

weight densities Y and Ytz and different weight proportions
1
and 1/k, for the fuel with recpect to the total welght of engine

plant and fuel; the weights of the payload, nosecone, and guldance
elements zre a:zumed to be the same, as are the volure: cccunled
by the fuel.

If we simplify the problem and assume that the speciflic welgnts
of the engine plants are identical, with only the weight dencities
of the fuels differing, we then obtain the following e¢xprescion

from the basic equation (1.1):

Py - '.Mll -"-l
Pun Mg hm T
Ma

It is quite obvious that the quantities m, and m, are of decl-

sive significance. For the rocket with the LRE, let the mass ratlo,
or the mass number, equal 6; as a consequence, the ratic of the fuel
mass to the final rocket mass will be 5. If the weight density of vthe
solid fuel 1is 20% greater than the weight density of the liquid fuel,
while the fuels occupy identical vo>lumes, then for ti.e rocket with
the SRE, the ratio Mtlekz = 5,2, while the mass number equals 2

It is assumed that the final rocket masses are the same in becth

cases, i.e., Mh = Mkz‘ Thus
Pyo W6
Pm- wid ™ 0,96.

m

If the initial mass number for the rocket with the LR
less than 6, while the weight density of the solid fuel 1= hiphe:
than was assumed, then Pudg will be still smaller than PuG . For

a properly designed rocket with SRE, it ‘s evidently possioic °
obtaln almost the same 1lnitial welght for specified payload =and
final powered-flight speed of the vehicle as for an LRE u.ing
storable propellants.
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5.2. rkuCcsS DIAGRAM FOR ELEMENTARY SRE

An elementary SRE 1s 1llustrated cchematically in Fig. 1.1.
Since all propellan. grain surfaces, except for the end facing the

nozzle, are rectricted by walls, combustion appears at the free end
surface. If we assume the fuel to be homogeneous (and thi: must be
ensured by the manufacturing process), we can represent the combu. -
tion proces: in the following manner, without dwelling on details.
Combustion takes place from the end surface faclrg the nozzle. Thi:c
surface F moves to the left at a certaln rate w toward the

gor gor
cap. The gquantity o i1s called the combu.tion rate, and is measured

in em/s or mm/s.
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7ig. 5.1. Solid-fuel combustion diagram.
1) Direction of gas motion.

- If the grain has a length L cm a.ong the englne axis, while
ugor 1s the mean fuel combustion rate, cm/s, then the total engine

burn time will equal

=t (5.9)

Tcop
The combustion process is represented in the following form.

The igniticn source releases a certain amount of heat to ini-
tiate the combustion process, waich is subsequently selfsustaining.
The propellant at the end suirace breaks down and raporizes, soften-
ing or passing through the liquid phase. The reaciion in the solid
fuel (pyrolysis sutiimation) 1s usually exothermal in this stage,
so that the temperature of the decomposition preducts rises. In
Fig. 5.1, the vertical line 1 corresponds to the arbltrary voundary
of the solid surfaze. The fuel a short distance behind curface 1
actually becomes I!rcluded gradually in the decomposition process.
Calculations and exper!ment have shown that since the propellant
thermal conductivity i: low, only a very thin fuel layer, about 0.1 mm
or even lesc, rnarticipates in the gas-generating reaction. As a conse-
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guence, the maln fuel mios maintains its initial temperature Tqa~r’

and it is only in the thin layer at the combustion chamber that th’'.o
temperature gradually rises to Ts, the arbitrary temperature at .ur-

face 1, which is taken as the solid-phase boundary.

7one 1 touches surface 1; within this zone, the fuel decomposes
and is converted from the solid to the liquid and vapor phases. Thus
in zone 1, there are substances whose aggregate states and tempera-
tures are variable. This zone has length %.. The product temperature
rises to T, owing to the heat released during the decompositicn reze-
tion.

sevond zone I, there is a zone Il of lenoth 1,3 preparation
for combustion takes place within this zono. Lere ac.ive products
are formed without liberation of neatj chus In zone 1I, the isrrc’a-

ture 7,6 = conct. The rate of gas generation iepsnds on the ifuel pro-

perties, on the chamber pressure, Aand on the corbustion-product
temperaturc. Zones I and II are not luminous.

Finally, where a sufficient concentration of active products
has formed in zone II, we reach zone III, the combustion zone. The
temperature at the end of zone III reache:s the maximum value Tﬁ,

whose v-. .. depends on the type o' 1. 1. Zone III is the fiame zone
or the luminous zone.

The decomposition of fuel at the surface and formation cf the
combustible ga: mixture represents the suasic stage in the procsos,
the stage determining the combustion racvc. ’he fuel decompositicn
rate is heavily influenced by the heat transferred from the flane
zone although, as has been indicated, deccmposition itself is an
exothermal process. More heat is transferred to the fuel surface
from the flame zone the greater the chanber pressure pﬁ and tempera-
ture 7.

Experiment has shown that the total length of the nonluminous
zones I and II depends in great measure on the pressure:

17~ K L
ll'-”l""';z.n (9.10)

where K is a constant differing for different fuels. Yor example,
X = 8825 for double-base fuels (nitroglycerin, nitroceliulose, and
additives). In Formula (5.10), the length 7, + l2 is in cm, the
pressure 1is in kgf/cm?. Consequently, having the pressure increase
reduces the length of zone I and II by a factor of 8, and brings
the flame zone clcser to the surface of the solid fuel.

When pﬁ and T; are small, the gas-formation rate depends little

on the heat flowing in from the combustion zone, while with a further
reduction 1in pi, the flame zone moves so far away frecm the solid-fuel

surface that the external inflow oI heat becomes &alumest negligible;
at a certain pressure, combustion ceases, since the exothermal de-
composition reaction proves ilnadequate by itself to sustain the
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At high pressures, the flame zone approache. the cComvu:..on
surface, and the heat flowing to the fuel surface rises.

In this case, particularly for high T;. the fuel coem.ustlon

rate rises, since the rate of fuel decompcs ' oi and gas genera-
tion incrcases. Tanus for high p;, tne combucuion rate 1. determined

in great measure by the value of T:, i.e., by the heat supplied by

the combustion zone to the fuel surface, With lower chamber precs-
sures, tie flame front goes still further from the colld-Tuel sur-
face; thus the couwdbustion rate depends little on T;.
The neat radiated from the flame zone influences the fuel
decomposition rate. This efrect : 1st be properly used, however,
or else there may be a harmful s .ectlve influence of tne radiant
energy on individual fuel components. This may result in the forna-
tion of crack:, increasing tne ccibustion surface, raislng the
chamber pressurc¢, and destroying the grain. T prcvent this, sub-
stances opaque to radiant energy are lIntroduced Into solid fuel
(gas black, for example).

5.3. SOLID-FUEL COMBLSTION RATES

In the general case, the solia-fuel combustion rate Is measured
by the displacement of the combustion surface along the rormal to
the surface in unit time. The combustion rate is influ~nced by the
chamber nressurc and he inittal temperature cf the fuel K since the
fuel terperature <ac 'he chamv:r gas pressure determine thie conver-
sion rates and the w_uths of zoncs . and II.

As we have alrccds mentioned, the chamber pressure dcterminec
the amo'.nt of hsu. (»~'ving at the fuel surface from tho [lame zore.

The equation for iLne combustiosn rate of solid composite fuels
is obtained theoretically in the form

¢ b

®ow & S - (5.11)

where a ani b have = r vsical interpretation a.soclated with the
gas-phase reaction time and the diffusion time; for fuels based on
ammonium perchlorate, ¢ has a walue of 0.33. The values of a, b
and ¢ are cotained :xverlveantally, i depend »t only on ‘ne oxl-
dizer, vut also on the racin of oxldi.er and .i.der masses; these
values are also affected by which fuctor predomiiates, depending
on the chamber pressure, diffusion mixing of fuel decomposition
products in the zone near the surface or mixing of gaseous compon-
ents in the narrow combustion zone =nd the zone immcdiateiy ahead.

Empirical equatlons are most frequently used to-determine the
combustion rates of specific fuels. The empirical relationship be-
tween the combustion rate and the pressure and the initisl tempera-
ture is written in the following form, for the general case:
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Pawrt 17

CONSTRUCTION, DURABILITY, AND AUTOMATIC
EQUIPMENT OF ROCKET ENGINES

CHAPTER XII

CONSTRUCTION OF CHAMBERS FOR LIQUID PROPELLANT
ROCKET ENGINES

At present basically cylindrical chambers find application
(Fig. 12.1) and more rarely spherical or close to spherical.

Fitgr ADEN Cylindrical chamber of a liquid

propellant rocket engine: A — oxidizer

cavity: 1 — inlet for oxidizer; 2 — outer

wall of heat; 3 — outlet for combustible; 4 —

inlet of combustible into tubes; 5 — tubes

of combustion chamber; 6 — bands; 7 — igniter;
— injector face.

Chambers which are close in form to spherical [47] have an
advantage over ¢ylindrical chambers:
the surface of their walls is less,
the conditions for cooling,

with an equal working volume
and consequently, the better

ard with an equal gas load the weight
of the chamber may also be less.
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Strength calculation of the ZhGG are produced according to
the above-stated methods, taking into account the temperature of
the walls., In restartable engines, due to the relatively low
thermal stress, the life of the ZhGG can be greater than the life
of the basic combustion chamber.

15.4%, Valves of Fuel Supply Systems

‘or. ol of fiuild fiow in fuel supply systems of a liquid
propellant rocket engine is effected by valves. Accordings to the
cthed of & ctua i tor, valves are subdivided into uncontrolled and
rolled. w.o.ortrolled velves do not have a servomotor for
cpening or shutiing the velve., An uncontrolled valve is opened
by the differerce in forces of liquid or gas pressure on the valve.
Controlled valves have servomotors, actuated by gas or liquid
pressure and &ls. by e¢leciromagnets,

Valves are normally closed or normally cpen; the former
urder a supply of pressure or electrical current are opened, the
sea2ond — a2ve closed. The main parts of each valve are the valve
ttel? (aiss) (0 7z. 15.9 and 15.10) and the valve seat against which
the valve is pressed. In the valve seat or in the actual plate
is a2 sealing insert. The insert, depending upon the properties
of the liguid and amount of pressure is made of rubber, plastic,
or soft metal or material., In those ceses, when the aggressiveness
of the liquid or zas does not permit using nonmetallic materials,
the valve and /& e seet are made ol sti-inless steel. Such a
valve is ground to the valve seat and is reset.

%
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s/ f

' "l'A

Fig, 15.9. Diagram of
an uncontrolled valve:

1 — spring; 2 — valve
(disks); 3 — valve seat.

w l
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Fig. 15.10. Valve with a

2 7 servomotor: 1 — spring;
o » — valve; 3 — valve seat;
4 4 — packing; 5 — packing of
the servopiston; 6, 7 —
— servomotor cavities.
3

A valve must satisfy two basic requirements: ensure airtightress
in the closed state and to pass the prescribed amount cof flow
with a specific pressure drop in open states.

Airtightness of a valve depends on pressure drop on the valve,
the properties of the material in the place of contact, and the
contact area of valve with the valve seat. It is considered that
the area of contact has no gaps in its circumference. The effort
which is necessary to apply to the valve in closed state to ensure

airtightness is found by the formula

Pe=kepoFe, (15.1)

where ke — margin of airtightness; Pr — minimum required pressure
of airtightness; F. — area of contact between valve and valve seat.

Usually k>2 is used. The minimum required pressure of
airtightness Pr is determined by the properties of the materials
used for sealing, and the difference in inlet and outlet pressure
of the valve. For flat disks, the value Pr is determined by embirical
dependences:
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They are also used as controlling elements in pneumatic systems,
passing the working substence to the valves with pneumatic
servomotors. A diagram of a similar valve — an electropneumatic
valve — is shown in Fig. 15.11.

l!l
o 7
ra
N
—— -
\ Y
2 & 3 & 8 &

Fig. 15.11, Diagram of an electro-
pneumatic valve: 1 — piston-valve;

2 — valve spring; 3, 8 — channels;

4 — control valve; 5 — connecting
openings; © — electromagnet; 7 —
control valve spring; 9 — supply duct,

The core of electromagnet 6, through a rod is connected with
control valve 4. When switched on, electromagnet va.ve 4, over=-
coming the force of spring 7, is seated in the valve seet, closing
channel 8, Gas under high pressure arrives via channel ¢ and,
compressing spring 2, opens valve 1. During de-energizing of the
electromagnet, spring 7 opens the valve and air from channel 8
through channel 3 gets into the cavity under piston 1. Sirce
the air pressure on both sides of the valve is equal, spring 2
puts the valve in the valve seat. With the valve closed, the
cavity above piston 1 through channel 3 and opening 5 is connected
with the environment.

For control of the valves explosive cartridges can be used.
The merit of the explosive cartridges lies in the fact that they
ensure high speed operation of the velves, are light, and do not
require long piping. They are used in fuel supply systems of
nonrestartable liquid propellant rocket engines.
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The design of a normally open valve with electromagnetic
drive is shown in Fig. 15.12. With the electromagnet 3 de-energized
valve 2 is opened by spring 1. When the electromagnet is switched

on, core 4 moves downwards and closes the valve.

4
NN a Fig. 15.12. Electromagnetic
- fq E» valve: 1 — spring; 2 — valve;
5 3 — electromagnet; 4 — core.

Tn the calculation of controlled valves the forces required
for creation of airtightness and 1ift and retention of valve in

the assigned open state are determined.

A normally closed valve (see Fig. 15.1C) is under the impact
of spring force Puw, foOrce P., acting in the direction of opening,
and force P, acting in the directicn of closing. The condition
of airtightness of the valve is recorded by formula (15.2).

For example, if the velve is opened in the direction of
entrance of liguid, the movement of which is shown in Rig., 15.30
by sclid arrows, then taking into account entered dimensions and

conditions ps=pex, Por=Peux We have

Por=pwl —1" (dz— d‘i‘). ps:pu.%.diu.
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of a servomotor, it can be referred to as & direct action regulator,
Adjustment of a reducticn gear for the most part, remains constarnt
and is not changed during operation of the engine. Usc is alsc

made of adjustable reduction gears, in which & given value of
pressure, depending upon external conditions can, before starting,
be changed in accordance with technical conditions. If, for

ad justment of the engine it is required to change: the pressure
after the reduction gear in process of operation, it is made with
variable adjustment,.

Diagrams of reduction valves with constant adjustment are
shown in Fig., 15.14. The reduction valve consists of a regulating
element — valve 7 and sersing device — diaphragm 4. The amount
of valve 1ift from valve seat determines the area of cross section
of the valve, and consequently also its throttling action.
Diaphragm 4, together with springs 2 and 8, serves for creation
of the force necessary to 1lift valve 7, with which it is connected
by rod €. The adjusting element of the reduction valve is screw b 8
by which it is possible to change the tension of spring 2. The
working substance enters the reduction valve via duct 1 with a
pressure Pm and, passing the valve, reaches cavity 5, where the
prescribed pressure pPeux is set. In the reduction velve shown in
Fig. 15.14a, high pressure promotes opening of the valve. Such
reduction valves are called direct acting; in 2 reduction valve
or reverse action (Fig. 15.14b), high pressure promotes pressing
the valve to the valve seat. A bellows or piston can be used
as a sensing device instead of a diaphragm.

Fig. 15.14, Diegrams of
reduction gears: a) direct
action; b) reverse action;

1l — inlet channe.; 2 — spring:
3 — regulating screw; 4 —

diaphragm; 5 — outlet cavity
of the reduction gear; €& —
valve rod; 7 — valve;

3 — locking spring.




The operating principle of a reduction valve is reduced to the
following. Spring 2 strives to open valve 7. From channel
through the valve into cavity 5 the working substance proce dis,
but on diaphragm 4 there appears a force striving to close the valve.
As a result, equilibrium of forces is established, with which the
valve will be lifted a certain height corresponding to a given
pressure in cavity 5.

In the fuel supply systems of a liquid propellant rocket
engine besically reverse action reduction valves are used. Their
advantage over direct action reduction valves lies in the fact
that in case of a breakdown of locking spring 8 there is no danger
of a sharp increase in outlet pressure from the reduction valve.
In a direct action reduétion valve for removal of this deficiency
in lieu of a locking spring, there is used a method of connecting
the valve rigidly with a rod, or placing under the valve a piston
on which the gas pressure acts.

Examples of design of reduction valves with sensing devices,
carried out in the form of a diaphragm, a bellows and a piston,
are shown in Figs. 15.15-15.17.

SRR
N %% PIAIS

Fig. 15.15. Reverse action
reduction valve with membrane:
1 — nut; 2 — spring; 3 — lock
nut; 4 — diaphragm; 5 — valve;
6 — locking spring; 7 — lining;
8 — valve seat; 9 — valve rod.
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Fig. 15.16¢. Direct action
reduction valve with & piston
sensing device: 1 — regulating
screw; 2 — spring; 3 — valve
rod; 4 — inlet cavity; 5 —
inlet duct; 6 — piston-valve;
7 — outlet cavity; 8 — duct;
9 — sensing device piston;

10 = rod; 11 — duct; 12 —
unloading cavity: 13 — outlet
duct,

i
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Fig. 15.17. Reduction valve
with veriable adjustment and

‘\“
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7
/s,

A

==
3 2 (9) E P bellows sensing device:
NN 1l — valve; 2 — bellows; 3 —
2 ;Eg;\\ s spring; 4 — pipe connection
U for supply of command pressure;
b/?é ?"/ 5 — bellow chamber,
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The effective area of diaphragm in desiens with disks (see
ig. 15.14) equal:

F.=¢':—D:- (15.4)
































































































































































































































































































Fig. 17.7. Bend of possible
realization of a real Trequency-
response curve of an automatic
control system.

In that case when there are separately assigned canonicel
resolutions of freguency-response curves of an object of control and
of the regulators it is easy to obtain canonical resolutions of
frequency-response curves ©f a closed=ioop system,

The matrix of transfer functions of a closed-loop control system

is expressed through matrix (17.66) of transfer functions of the

- £

object of control and of the regulators
O, (P)=[E+W ()N (P W (p) -V (P) K.

The matrix of small errors of transfer functions of closed-loop
system, cbtained with variation of matrix (17.66) equals

30, (P)=[E+ W, (P) No(P))! (Wo(p)E.V (p)--
+IW () No ()} |E — @40 (P)). (17.15%)

After substitution in formule (17.154%) of matrices of

canonical resolutions of errcrs of transfer functions of the object
of control

r
=¥\ W)
W (p)=Y) ot

q=1

(17.155)
and of the regulators

4
WV (p)=YN X0, (17.156)
* /
'zl 0”
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