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LOW FREQUENCY INSTABILITY OF THE NOMINAL REGIME
OF A LIQUID ROCKET ENGINE

K. S. Kolesnikov

To analyze slow processes, the characteristic time of which is in-
commensurable for a longer period of time during the propagation of pressure
wave over the chamber, the working model of the liquid rocket engine
chamber (ZHRD) is characterized by the fact that all fuel particles after
injection into the chamber within a certain time, necessary for dispersion,
heating, evaporation, mixing, chemical reactions, transforms into final
combustion products. This time, identical in the given model for ail fuel
particles, is called conversion time (lagging of combustion). In a simpler
variant of the model the conversion time does not depend upon the pressure
in the combustion chamber. k

Several mechanisms of unstable combustion in the chamber were
introduced. One of the first mechanisms was shown by Karman (1,2). It is

based on the fact, that the rate of fuel injection into the chamber with
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respect to the pressure drop on the sprayers has a lagging of the relaxation
time order of the fuel feeding line, and the combustion follows the rate of
injection with a delay, equal to the conversion time. The oscillatory semi-
period is approxiinately equal to the time of conversion and time of the relaxa-
tion system. |

Another mechanism of ¢rigination of low frequency oscillations, which

does not depend upon the fuel injection process into the chamber and is

called therefore intra-chamber instability, was introduced in report (3). It

is based on the fact, that the combustion lagging time in the oscillatory
condition also appears to be an oscillatory value. The rate of combustion
reaches maximum at maximum rate of reducing lagging time and minimum

at maximum rate of increase in lagging time. If these oscillations coincide
in phase with pressure oscillations in the chamber, then favorable conditions
for self excitation are created.

In monography (4) is given a detailed analysis of simultaneous action of
both excitation mechanisms.

Analysis of working stability of the engine installation with consideration
of liquid of compressibility of the liquid in the pipeline for the simple mono-
component system shows, that the critical lagging time depénds upoén the
length of the pipe, whereby with the increase in frequency of wave oscillations
the liquid in the tube decreases within a critical lagging time (5). The best
conditions for self~excitation are created in the case, when the oscillations

frequency in the pipe is close to one of the natural oscillation frequency
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in the pipe is close to one of the natural oscillation frequency of the gases

in the chamber. Such oscillations are being called high frequency oscillations,
For the case of purely longitudinal oscillations of gases the mechanism of.
high frequency instability at constant rate of fuel injection into the chamber,
was discussed in monography (4).

Stability of liquid rocket engine work depends upon other properties
of the body of the flying apparatus, on which the engine i{s mounted.

Through an elastic body is formed a power full additional feedback between
combustion chamber and fuel lines. This problem was investigated on the
example of a monocomponent system with incompressible fuel in operation
(6).

In practice can be found cases, when the natural frequencies of wave
processes in fuel feeding lines have the very same order or are below the
oscillation frequency, determinable by transformation time. They acquire
a special importance, if the characteristic frequencies of elastic oscillations
of the body of the flying machine or stand, on which the chamber is placed,
are close to frequencies of wave processes in the lines, This report is devoted
to the examination of such processes.

In the report is given a further broadening of the concept low frequency
instability of ZHRD. The closed system can be unstable, even if the lagging
combustion time in the chamber equals zero. The frequency, distinguishing
this type of instability, is determined by the time of propagation of elastic

wave in the line and in the body and can change in broad limits. The lagging
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time in the chamber changes the phase ratios and can serve as an additional
cause of exciting oscillations.

The dynamic scheme consists of individual links, united on the basis of
boundary conditions. Determination of link parameters represents, generally
speaking, an independent and highly complex problem. The closed system
is presented by a block diagram and appears to be poly-~contour. The trans-
mission functions of fuel lines were obtained in such a form, that their
conjugation with the body would be full. Solution was made in linear installa-
tion, properties of transmission functions of individual links and of the entire
system are analyzed with the aid of frequency method of the theory of automatic
control.

1. We are utilizing the assumption that for low frequency oscillations
(a) gas pressure p3 at each moment of time is practically identical over the
entire chamber, (b) time of conversion 2: has identical values for all fuel
particles, (c) stream of gases through the nozzle is quasi-stationary; in
report (3) was obtained a linearized equation of the halance of gas mass in the

chamber

dB ;
T FA—VBH B =) = A (= — 1) — py (s — 10— )]

+ (s U = 24) i (2 =) + (/s + H + 24) pa (3 — 1°) (1.4)
_ph=p _ m—m’ my — my® .
Jfl»u ' b= =, Py =
_ll"—-i mg° ¢ ¢
T=3r¥i . r=pse =g, =% 12

m,,m) - rate of injection into the chambér of oxidizer and fuel mass; p3°,

o
mp , m1° - pressure in the chamber and rates of injecting the mass of
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oxidizer and fuel in imperturbed condition; # -~ chamber relaxation time;
V - index of interaction between the -ombustion process and osciliations
in the combustion chamber.

Coefficient A takes into consideration the effect of temperature oscilla~
tions. He characterizes the selected {uel components and suspends their
consumptions in imperturbed state upon the ratios r and upon the pressure
in the combustion chamber. For ordinary di-component engines the coefficient
A - has a very low positive value.

To analyze the low frequency instability of the closed system it is
interesting in first approximation to examine a more simple model of the
combustion chamber, in which the conversion time 2:0 does not de?end upon
pressure (v = 0), and the temperature of the gas in the chamber is constantly
independent upon the oscillation pressure and the ratios of fuel components

(A=0) "
2z F8=Ch—H) W (z =%+ (Vs + H)pa (2 — 7%) (1.3)

This model is analogous to the model of a monocomponent engine, but, if
the properties of fuel feeding lines of oxidizer and fuel will be different then it
should be expected, that the dicomponent system will always be more complex
and monocomponent.

Dimensionless variations M, P 2. should be determined from

equations of fuel and oxidizer line dynamics.

FTD-TT-65-1772/1+2+4 5




Dynamic properties of the combustion chamber will be expressed
through complex transmission numbers. Since the variation of fuel
injection into the chamber is assumed to be taking place by the harmonic
law, then with consideration of the lagging arguments z - ?" and z—v'z'*
- 1 we have (7)

B (2 — %) = py (3) 677" = pyelele==") (u‘ =Qt, 1=00)
P (3 — 10— 1) = =71
Here S2 - frequency of oscillations. Solution of equation (1.1)

is sought in form
Bla)=8e",  B(s—v")=pet™)

Then the complex transition numbers, determining the ratios of

output coordinates to the input, will be found from expression
KB m=8/m=d/d, K (B, ps] =ds/d

d=v+(is+1—v)e"", =1y —H—-24+4 Act* (1.4)"
dy=1fs 4+ H + 24 4 Ae™™ -

Hodographs of vectors K (ﬂ / /4, P KA ﬁ/ /4,2), on the
complex plane Z = U + iV in interval 0 < 3 < o represent coagulating
spiral to the beginning of coordinates. The smaller y*, the more
compressed becomes the spiral and a smaller phase lag q originates
for one and the same values s. These are typical aperiodic links of
first order with lagging.

Vector hodograph graphs K (/J, /"2) for H= 0,214 are shown
in Fig. 1 and 2. Curves 1 and 2 were formed atA= V = 0, curve 1
corresponds to ?‘* = (0.5, curve 2 - for ?-'* =1.5. InFig. 2 is shown

*

the effect of coafficient A. Graphs here are depicted for Zf = 0.5

FTD-TT-65-~1772/142+4 6




and ¥ = 0, whereby curve 3 ~ for A= 0, curve 4 - for A= 0,05, curve

S-forA=0.1, If, it is assumed, for example, A=0, ¥V = 0,2 then

For small values s the coefficient ¥ almost exerts no effect neither
in the modulus nor on the argument of the complex transmission number,
and increase in coefficient A leads to a rise in modulus and practically
changes not the argument,

2. Pressure variation in the combustion chamber causes an
acceleration variation of the flying apparatus or, if ZHRD is mounted
on a nonrigid stand - change in deformed state of the stand and
connected with it fuel lines. In both instances the movement of the body
and connected with it fuel lines leads to a change in pressure before the
sprayers of the combustion chamber.

We will examine a perturbed movement of the body. Under
imperturbed (nominal) condition of the system we will comprehend such
a state, when the supply of fuel intd> the combustion chamber and the
thrust of the engine appears to be constant, and the flying apparatus
executes a rectilinear flight. Since the mass of the flying apparatus as
result of fuel consumption at the time of tenths of periods of the investigated
oscillations does practically not change, then for investigation of equations
of motion we will "freeze" the equation coefficients, i.e., levels of
filling up the fuel tanks, mass of flying apparatus, frequencies and forms
of natural elastic oscillations of the body within a small section of time
will be considered unchanged.

FTD-TT-65-1772/1+2+4 7




Fig. 1. Fig. 2.

Displacement variation of any given transverse section of the body

in direction of its longitudinal axis will be presented in form of a sum

9@ D=4+ Y In(@) 1 ® @

n=}]

Here q. (t) - displacement variation of center of mass of the flying
apparatus, fn(x) - form of n-normal tone of longitduinal oscillations of the
body, qn(t) - displacement of relative center of mass at oscillations of n-tone
of this section of the body, for which fn(x) = 1.

The problem of determining natural frequencies Q n and natural
functions fn(x) for an elastic body represents an individual complex problem

and it is not evaluated here. We will consider them as unknown, whereby

the beginning of the reading will be selected so, as tb fulfill the ratio

1

N
(m@) @+ Fmgm=0 k=1, 2,..M) (2.2)
0 k=1

in which 1, m (x) = length and mass of unit of body length my - concentration

FTD-TT-65=1772/1+2+4 8

%** = e




of mass, Such masses in first approximation can be considered the mass
of the engine, fuel pumps, fuel in tanks, etc., whereby with the walls
of the body, as a rule, they are elastically connected.

Oscillations in fuel lines practically cannot cause longitudinal
body oscillations and that is why the latter takes place only under the
effect of engine thrust variations.

We will designate by m the mass of the flying apparatus, ER" frequency
of natural elastic longitudinal oscillations of the body, k®-proportionality
coefficient between pressure variation inthe combustionchamber and thrust
force variation of the engine; we are assuming, that the direction of the
thrust force vector coincides with the direction of longitduinal axis of the
body. Then with consideration (2.1) and (2.2) the linearized per turbation
of motion equation of the center of mass of the flying apparatus and
elastic body oscillations with respect to the center of mass will be pres.ented
in form

d2q. (¢ k°ps° d2g, (8) k°ps°f ’
Pet) P T + Qg ()= 2B (23)

Here mp - given body mass, f,,,~value of natural function in that
- s~ tion, in which the pressure in the combustion chamber is transformed into
thrust fo ‘f the engine. Fordeterminability this section will be combined

with the spraying head of the chamber.

N
{
my=  m (@ 12 () d= > 2 maduk
" ° k=1

We will introduce dimensionless displacements and time

Te In a,
M= T MWM=TT,» S=tT

FTD-TT-65-1772/1+2+4 9
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where @, - given rate of sound in elastic body.

Taking into attention, that p(z) = pexp isz, sz= g w;, solution

of equation (2.3) will be presented in form

. @) ="n cetua’ N () = ﬂ..c‘“

Ratios of coordinates qc, "l n to variation /6 are expressed by

transition numbers

k,
KBl = —50  Klngl= g (2.4

The dimensionless natural frequency &), and amplification coefficients

k*, kn are determined by formulas

k°p,°1
magt '

k, = k=

n mn lﬂﬂ

!
Op=Qr, K=

(2.5)

When the frequency is changed within limits 0 & W £+¥+ the vector
hodographs K ( n c,ﬂ) K (’rln, ﬂ) on the complex surface Z = U + {V
will be direct (straight) lines, coinciding with actual axis.

As result of energy diffusion in the material and body connections
natural oscillations of the latter always da;npen, and therefore an infinitely
great value of vector K ('qn. ﬁ) at W= W , have no physical seuse. When
it is necessary to determine oscillations at resonance, in practical calculat.ons
into elastic oscillations equations are introduced resistance forces, propor-

tional to the first degree of velocity.

The transition number K (')zn, /3 ) in this case will be complex

KM B1=kn/Dp,  Dp='0— 0t + 28,00 (2.8)

where ¢, n- damping coefficient of natural oscillations.
Stability analysis of the system is simplified, if forced oscillations

of the body are not broken down into series by the natural functions f,(x),
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but are presented in the form of

q(r. t) =8(:)1 (-f‘ ' m) :=231f (E, o) 0 (2.7')
where f { g, W) - form of forced oscillations of the body. For the calculated
scheme of a heterogeneous rod with gradual change in mass and rigidity along
the length even in the presence of elasticity suspended concentrated masses
of functions £ (‘g, W) without consideration of dissipation of energy, the energies
have a substantial value and appear to be relatively simple. During their determin-
ation no principal difficulties do originate, and therefore for such calculated
schemes forced body oscillations can instead of (2.1) be presented in form of
(2.7). With consideration of energy dissipation the functions £ (; W) will be
complex.

3. For analysis we will adopt main lines, in which the feeding of com-
ponents from the tank into the combustion chamber is done by pumps. Such
systems appear to be mostly spread for engines of greater thrust, and as a
special case these can be main lines, over which the feeding of components
is realized with compressed gas. Liquid components in the feeding line are
not absolutely rigid, and possess a certain elasticity, which may exert a
greater effect in the oscillatory processes in the main line,

Fuel line schemes for oxidizer and fuel have an identical structure.
Each scheme consists of three in series connected physical links: pipe
for feeding the component from the tank to the pump, pump and pipe between
pump and sprayers (8). The first pipe in many instances is homogeneous and
straight. The second pipe usually has a complex construction. It includes

a valve capacity of engine head, and for the cooling component - an additional

FTD-TT-65-1872/1+2+4 1




system of branched out pipes and interjacket slotted tract. There are no
properly geometrical forms here, allowing to make an accurate solution of the
problem about combined oscillations of elastic capacity with liquid. But,

as result of elasticity of fuel lines their%volume changes during pressure
oscillations, and therefore the variation of fuel injection into the combustion
chamber does no.t coincide with consumption variation through the pump. Quanti-
tative differences depend upon the volume of the pipeline and upon the ratio

of oscillation frequencies.

To solve the hydrodynamic problem the fuel line, connecting pump with
chamber, will be replaced by a model in form of direct constant section pipe.
The sprayer head and internal walls of the combustion chamber are accepted as
rigidi in first approximation. Then the pressure variation in the combustion
chamber causes no changes in volume of the pipeline. This volume will change
only on account of elasticity of outer walls. Actually the internal walls of the
chamber and the sprayer head possess a certain pliability and if the latter is
measureablzs with the pliancy of outer walls or with a pliancy of liquid, then
it should be considered.

The calculated scheme for fuel main lines of oxidizer and fuel, consists
in such a way, of two direct uniform pipes, between which is built in a fuel
pump. At the pipe ends can be placed compensators (bellows), having a
negligibly small rigidity i{n axial direction (Fig. 3). In the calculated scheme
the sylphon is used as a volume, pressure variation in any given point of
the volume of which is identical, and the variation of the volume is proportional

to pressure variation and to the change in distance between the end sections.

FTD-TT-65-1772/1+2+4 12

—— By - - W




l { W r.‘ Yiz 2 - " T 7]
™ : T '-.7 s
L] (F e
A
Y 0 ¢ 22
l" i.ﬂ.“‘ \ ::/ 0! X :—75-/
Heso T T lepo ! “ o | N g0
Fig. 3.

Structurally the fuel lines are connected with the body: the forward
end of the first pipe is connected with the body of the tank, the rear end
of the second pipe with the sprayer head of the combustion chamber, the pump
is suspended from the body on a frame or is fastened in the combustion chamber(8),
The fuel lines execute forced oscillations the law of which is determined by the
movement of th2 corresponding body sections. The presence of sylphons allows
the pipes and the pump to execute oscillations with various amplitudes.

We will designate the value of natural functions: fn) - for tanks bottom
flange, fnw - pump, fnv-sprayer head. Since on the bottom of the tank
and engine frame possess a certain elasticity, the values of functions fnl'
faw fnv' do not coincide with values of functions for corresponding body
bulkheads. This difference is the greater, the closer the natural frequency of
oscillations of the body and partial oscillation frequencies of tank bottom with
the fuel, engine, pump are. Functional values fr1/ fnwe f.v cAn be changed
in certain limits by structural measures, and consequently they can be referred
to the number of variating parameters of the system.

The hydrodynamic problem for fuel lines lies in the fact, to determine
variation of fuel injection into the chamber in dependence upon small longitudinal

body oscillations and pressure variations in the combustion chamber.

FTD-TT-65-1772/1+2+4 13




We will assume, that the fuel components represent an ideal Jiquid,
the imperturbed stream in the pipes in homogeneous - rate Voe Pressure po
and density «PO is constant; elasticity of pipes will be considered through
the given rate of sound.

Since the equivalent pipes are assumed to be rigid, and the friction
hetween their walls and liquid is not taken into account, then the small pipe
movements in axial direction does not lead to a change in rate of flow.

The effect of sprayer head movements on the liquid flow, pump, tank bottom,
and also the change of sylphon volumes will be pertained to tlie perturbed boundary
conditions of the flow. With consideration of the above adopted assumptions
about the quasistationary nonperturbed movement the hydrodynamic problem
can be solved so as if the pipes would be stationary.

To the obtained calculation scheme we will adopt a solving method, explained
in report (13), Wwe will introduce analogous designations. We will designate
the dimensional variation values of pressure and speed inthe j~pipe by pxj,
coordinate of transverse section of stream in j-tube - Xy time - t, we will

adopt the following ratios between diimensional and dimensionless values

. xu
L=t =]

where @ oj - speed of sound in imperturbed stream, 1j - length of j-pipe. For
pipe of pump j = 1, after the pump j = 2.
We shall discuss the boundary conditions. If the pressure of gases over

the liguid mirror in the tank at body oscillations remains unchanged, then pressure

FTD-TT-65-1772/1+2+4 14




perturbation at the output from the tank into the pipe originates only as
result of tank bottom oscillations. Neglecting wave formation on the free

surface in the tank, we can write

o

e r [ 1
Px = ol ae l_‘lc () -+ 2_» *ufn1Tn (t)J

n=1

Here j) 01" h1 - density and height of liquid column in the tank;
X ~a certain coefficient dependipg upon the ratio of diameters of tank and
pipe, forms of the bottom and output conditions of the liquid from the tank
into the pipe. We will re~fer this variation to /901 a012 - to parameters of

imperturbed stream in the pipe in front of the pump. We will obtain

ot hagd
pt=-—-03(Nn.+ 2 Vala), pr= p:;‘z ’ N.= T%;:'z'o Ngy=Ncrplm (34)

n=1

Velocity variations &t the ends of the pipes are determined from condi-
tions of flow insegarabil.ty in the main lines. They depend upon the pro-
perties of the sylphon and places of their arrangement.

Sylphon properties vill be expressed by two independent dimensionless
characteristics. The ge' metrical characteristic A j will consider the change
in the geometry of corrugations and the arcea of the lateral section of the

sylphon
1 a.VxJ'

;"J' = -F—o;( ox ):c‘—_-.::m---‘1

Here Foj-area of passing section of j~pipe, ij sylphon volume, x_,-

o}

distance between sylphon fronts in conditions of imperturbed regime.
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The elastic characteristic rj will take into consideration the change

in compensator volume on account of pressure

S
¢ opx Px™Poj

v
Ty = ryj

80 300;
e
The geometry of sylphon corrugations changes proportionally to the
value difference fhw-f;;} and fnv-fnw. For characteristics of the sylphon,
pressures, velocities at the end of the pipes we will introduce additional
indices: 1l=-for entry into the pipe; 2~for exit from the pipe.

As a scale of dimensionless variation y of stream velocities through
pump, we will accept aO 9 dimensionless variations of generalized speeds

of the body, we will designate by

A dg. (1) . faq — 1 dgn (1) . Q4o

iu°=—aoz dt ="'“‘)’;.;"]c' un“'"'a;T:"““’;;ﬂn 3.2

Since as the positive body displacements q (x,t) was adopted a dis-
placement in direction, opposite the positive direction of velocity vj of
the liquid stream in the pipes, then for conjugation of coordinates q (x,t
and vy in formulas (3. 2) are introduced "minus" signs.
Having adopted 3 ( E jo ?:I') =P (E j) exp is § 2’ and having deisnga
designated through v exp is 2 ‘2’ 2 I ferred to ¢02 the velocity variation
of liquid injection into the chamber h = do 2/ a 01 We will compile discontinuity
equations. In order to accept in a greater degree the solution results (9),
we present them in form ., = wh + huf 2+ i
Vay = w + ufyy — isP1aPre 3.3
Vgg = ¥ + ufy + isyraspPsy
where ufwz, uf W uf,, - speeds, called motional characteristics of fuel

~N
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line sectiors together with the body.

In the insuction part of the pump as result of cavitational phenomena
may be situated certain gas volqmes (10), If, it is assumed, that the variation
values of these volumes are inversely proportional to pressure variations in
front of the pump, then the nonseparation equations of the stream in the
main lines will have the very same form, if under rpy is understood a generalized
elastic characteristic of the sylphon together with gas volumes.

Possible schemes of sylphon arrangement in the fuel line are presented

in Fig. 3. For Fig. 3a

Ufwn = ue+ 2 Umn (1 + Ay) — ’-n/ml Uy

"t (3.4)
ufig = U, + 2 [faw (1 + Arg) — Aypfno) un
n=1
For Fig. 3, b, v 00
ufy = ue + 2 (far (1 4 Aga) — Agofpul 1p (3.5)
\ n=g

Expressions uf w, for Fig. 3, b, g, uf y@,~for Fig. 3, b, v, and ufv-
for Fig. 3, @ . g, can be obtained -from formuias (3.4), (3.5), if the
coefficients A 21+ ,\ 12¢ A 29 respectively equal zero are placedin them.
In equalities (3.3) is necessary in this case correspondingly to adopt coeffi-
cients rgy, ry12, r22, equal to zero.

In case the sylphon is arranged between pipe and tank (Fig. 3, b, q) stream
velocity variations at output from tank will differ from variation Vi1 of the
input speed into the tank, and consequently the variation of pressure drop

p*-p1, will be expressed by the dependence

FTD-TT-65-=1772/1+2+4 17
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2 ”nl (14 All) - fmn}'u] -F. i‘x"npu} (3.6)

n=1

P* — pu = YM, {”u -

where W- referred to velocity resistance coefficient at output of the liquid
from the tank.
For Fig. 3, & ,and 3, v

P* — pu = WMy (M1= _:"i‘)
01

Formulas (3.4) and (3.5) can also be adopted in case, when the movement
of the body is presented in form (2.7). It should be written in the u =0 and
instead of infinite sums of natural functions, it is necessary to take simply

the difference of forms of perturbed oscillations

ufug = = 072 B [f Eun ©) (4 + hag) — f (&g, ©) Ayy]
ufor = = 0 2B [ i @) (4 + ha) — 1 (Bor @) Aa) @3.7)

ufp = — im‘;{;—z-ﬁ [f Gy 0) (4 4 Ay) — f (Bun ©) Agg)

where f (§1 W), f( E w'W )-forms of forced oscillations of tank bottom
flange, pump, sprayer head.

The scheme of the fuel line and the boundary conditions of the problem
by means of introducing summation links uf § 9t uf o 1 ufV are brought
to the structure, which like the one investigated in report (9). Here are used
results of this work without their reproduction. Formulas for complex transition
numbers ! K [pu, p*l. K'(}J,,; wl, K [v pal, Ko, ply K (. pl, K[u, ppl
retain their previous form, formulas for X [Pw uhnl K v, ufyl, K [, ufyy s K [, uf,]
can.ke obtained from expressions )( {Pas ul, K [v, u], K [w,u).  presented in (9),
by placing in them fgg, = f gy 3 = f,~1. Instead of 1 K (W, u) block here

in the scheme will be two parallel blocks with transition numbers K (@, ufy)

FTD-TT-65-1772/1+2+4 18
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and K (W, ufy 1) = - 1, The latter differences appear to be the result of the
fact, that the change in sylphon geometry of the second pipe takes place in
general case simultaneously from two displacements - pump and sprayer head.

Transmission number for the first pipe will be expressed by other formulas,
if the sylphon is situated between pipe and tank (Fig. 3, b, g). They can be
obtained with consideration (3.6) by the methoa, explained in (9). The
effect of sylphon disposition place on the dynamic properties of the line becomes
noticeable, if the coefficients ry] and rp) of sylphon adaptability are consider-
able or the geometric characteristics All » 0 R 21 > 0.

4, The block diagram, composed of physical links is expressed in Fig. 4.
Yere l-chamber; 2-body of flying apparatus (stand); 3-fuel main line; 4-oxidizer lii.e.
Perturbation of body movement causes pressure variations in the fuel feeding
lines and, consequently, fuel injection variation into the chamber. In the
combustion chamber originates a pressure variation, which affects the fuel line
and the movement of the body. The system, in this way, appears to be closed
and has in addition, supplementary fgedbacks.

In Fig. 5 is shown the developed block diagram, in which only one fuel line
is cunnected. The second fuel line should be connected according to Fig. 4.
The movement of the body was adopted in form (2.1). Here is depicted only
one link for the n~tome of body oscillations. The factisn=1,2,3..., whereby
the links are arranged parallel, what is shown by the dotted line.

The system has three internal feedbacks; between the chamber and second
pipe- by the pressure p = Lgp, , between second and first pipes ~ by speed

, third feedback envelopes the chamber, it appeared as result of the fact,
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that the transmission function of the chamber is formulated by the rate of in-
jection of fuel mass, and the output coordinate for the pipe serves the rate
of fuel injection.

Since the dimensionless parameters of physical links are different, and
the change in boundary conditions at the ends of each pipe is determined by
displacements of two body sections, when uniting the links into a general
scheme are introduced scale coefficients and summation links. The composi-

tion of the summation links ufygy 9 uf gy and ufv for Fig. 5 is determined by

formulas (3.4) and (3.59).

Fig. S.
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depends upon velocity variation v and density variationfzz on the right

end of the second pipe. And so, for example, for oxidizer

ms = (v -+ aet) (1 -+ pu) poeF oz, my° = voiposFon

Maintaining smallness of the first order only and taking into consideration,

that p22 =J'Bzz on the basis of (1.2) we will obtain

, v
g = Pag - E
Pressure p,, can be conveniently expressed with the aid of formula (2.12)

2
from (9) for j=2. Taking into attention, that P /3 02 Ol 02= /& p3°, we will

have

Py = Ly + L, Ly = (M3 + $,M3), Ly = p3’ | Peatod® 41

On the basis of equations (3.1) we conclude, that
LQ = - mchv LSn = - 0)24\'7‘ ¢ (4.2)

Expressions for coefficients Lg;,Lgy, Ly, Lg s Lg, will be found

frem the compilation of equations (3.2) and (3.4), (3.5)

Ly = — iwag/ag, Lg= — 1wag/ ag

Loy =Ley= [fp,y (1 + hgy) — Aafpyl 4.3)
Lg,, = Ly [fnw (1 = Ara) — Ayafnol

Lgn = Lyg [fny (1 -+ Agg) — Agafnu)

Part of the block diagram, corresponding to the representation of body
displacements in form of (2.7) is shown in Fig. 6. Instead of an infinitely
greater number of blocks, expressing dynamic properties of the body, here
all three blocks, which has an advantage during the analysis of the system.
Expressions ufy 9, uf ] and uf,, are determined from equations (3.7), pressure

variation p* is calculated by formula
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whereby the coefficient x (& ) depends upon the frequency of oscillations and
it is referred to full displacement variation cf tenk bottom flange. The remaining
part of the block diagram is the same as in Fig. 5.
If the geometric characteristics of the sylphons are such, that it is possible
to adopt Rlz =A 2] = A22= 0, then on the basis of (3.7) velocities of ufwz,
uf w 1! ufv are determined without changed part of block diagram, corresponding
to this case, is presented in Fig. 7. |
Here oscillations /’f '&1. W) of the tank bottom cause only pressure
variation p* at the input into the first pipe, oscillations /‘ £ ( Zw , W ) of
the pump change the rate of .iquid movement at the output from first pipe and
entry into the second pipe, osciliations ﬁ f( Ev' W) of the sprayer head
change rates of motion of the liquid at the output from the second pipe.

Ratios between dimensionless oscillation frequencies for different links

will be established from equations

s a a a
Q = - == - = g, O g D02
0 ] A 2,
“'
‘:4‘,’( 24
§ = M 2780 O= sy (4.5)
- aOI Iao; 12 am
q 1 ! 4, = I, a, = IE
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Fig. 7.

The poly-contour system presented in Fig. 5, can be simplified, by re-
placing links with feedback contours with equivalent tothose links without
feedback. An example of such a replacement is shown in Fig. 8. The equiva-
lent link with complex transition number K* ( ,, v) expresses the ratio of
pressure variation in the chamber to‘ the fl{gl injection velocity variation

KB plL,
T=K{BulL, (4.6)

K* [f\‘, v] =

The vector hodograph K* ( ,d .V ) in scale Ll is almost no different from

hodograph K ( Mo ). shown in Fig. 1, 2.
¢

Analysis of system properties shows, that the most favorable conditions
for the origination of movement instability exists in cases, when natural
frequencies of lower body tones and .of the fuel line appear to be close. On
frequencies, close to natural frequency W n of the body, as is evident from
formulas (2.4), An >7l ] n»-’l m (n+ m), and therefore in the first
approximaticn can be written l " 7 m=0(m=1,2...m+ n). The block
diagram of the system is in this case most simplest; with consideration of one
fuel line, it is presentéd in Fig. 9.

Complex transmission numbers K* (v, p), K* (v, p*) of equivalent links
for the fuel line can be determined by scheme Fig. 5. Complex transmission
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numbers K* (v, p), K* (v,p*) of equivalent links for the fuel line can be
determined by scheme Fig. 5. Complex transmission number K* (v, u) is
more complex. It can be obtained either by scheme Fig. 5, by uniting actions
ufey 2. uf ¢¢ 1, ufy with cobnsideration of formulas (3.4), (3.5), (4.3) or by

using formulas (9) having adopted on the basis of (3.2), (3.5)

fun = faw (1 + A = Aaufapy fug = faw (1 F Maa) — Auafuo
. fo = fav 1+ Azz) -_ Azz/nw

A further simplification of the system will be obtained by replacing

links with complex transmission numbers K* (ﬂ , V) K (v, p) with an equiva~

lent link (Fig. 10) whereby

" _ X* B, v]
K* [Bv]l=71"% (B, v] K* [v, p] L, @9

The complex transition number K** ( / , V) expresses the variation ratio
of the pressure in the chamber to the variation v of fuel injection velocity with
consideration of reaction of the fuel line to this pressure. Now variation v is
caused only by pressure variation p* at fuel entry into the line and by movements
of the pump and sprayer head relative to the imperturbed stream, symbolically

designated on the velocity variation scheme u.

' 1
Q L, K./V-ﬁ]

O KB s Al TN ar

. A : J] Pl | @ Klvp’) Ly/. Ul

] Tn
- - ] (ool

Fig. 8. Fig. 9.
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5. Dynamic schemes, presented in Fig. 4 -10 give the possibility
for solving various problems: to investigate the effect of parameters and
their combinations on the stability of the rated regime of the system, to mark
such ratios of parameters, that the system would be stable, to select means
and stabilization methods (including the use of automatic devices to control
the fuel feed into the chamber) and formulate requirements to same(ll’ 12),
to determine permissible change areas of certain parameters, taking into
consideration the values of remaining parameters; and finally to take into account
fuel injection oscillations during the study of high frequency vibrations in the
chamber.

Properties of the system depend upon a considerable number of physical
parameters, many of which are closely interconnected. For example, due to
fuel consumption at the time of the flight hj, m are reduced, J:.'. n increases,
values fnl, fny, . fnv change. An increase or reduction in bottom thickness
of the fuel tank or a change in suspension rigidity of the engine leads to a

change in values ,,_Q TR f Analysis of the system in general

n' nt '’ ‘nv’
case becomes therefore very complex. In practical cases, it simplifies somewhat
because it is necessary to deal with a concrete flying apparatus and ZHRD, the
parameters of which are known, or permit variation on larger scales.

We will mention certain general properties of the system, leaving
on side the features, connected with the change of many parameters within wide
limits. Analysis of equations

§ —K*[8, ] K* v, ) Lo =0
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which appear characteristic for link (4.7) shows, that its complex roots at
certain chamber parameter ratios and fuel line ratios are situated in the right
semi-surface, and therefore link (4.7) can be unstable. This cofresponds to
conclusions (9),

The feature of the dynamic system consists in the fact, that it can be
unstable, even if the combustion chamber is considered an ideal link &= '2-/
=v=A=0. Formula (4.7) in this case will be simple

k 5.4)
Ke* [3’ vl:i-—K‘ l:’P]kOI’I ( )

We will establish an important property of the complex transmission number
K** ( / , v) which for graphic purposes will be formulated for the case, when K*
(v, p) =K (v, p). We will assume, that on both ends of the pipe exist resistances,
corresponding to conditions l;{ 1Ml < 1, ‘W’ oM < 1 (in practical cases these
conditions are always fulfilled). The dimensionless natural frequency of liquid
stream oscillations in the pipe is the same as for a pipe open on both ends of the
pipe(ls); it equals (l-Mlz) ndl n=1, 2....).

Since the vector hodograph K (v, p) is situated in left semi-space Z = U +
iV and the modulus of the vector K (v, p) has a minimum value at S1p = a- 12)
(2n - 1) J[ /2 {n=1,2....) then from (5.1) can be established that the vector

hodograph K** (/, v) will be situated in the right semisurface Z {Fig. 11,a);
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and the modulus of this vector reaches maximum value at s, = s

value is equal the stream frequency in the pipe, covered frc.n one end. In

this way, the presence of feedback in the chamber in form of a pipe, "open"
from both ends, forms the equivalent link, the natural frequency of whicn is

as if equal to pipe frequency, covered from one side. The first natural frequency
of the equivalent link (5.1) is double lower than the first natural frequency of the

liquid stream in the pipe between tank and chamber.

(e
2 \&

I ~ 4vp' ~ l-ﬁ ‘0_

Fig. 10. Fig. 11.

Analysis of the stability of a closed system presented in Fig. 10, is
convenient to make with the aid of amplitude-phase criteria (7, In Fig. 11
is shown the approximate form of amplitude~phase frequency characteristics
of system links applicable to a simpler case, when the line consists of
a homogeneous pipe K* (v, p*) =K (v, p*), K* (v, u) =K (v, u) and the
combustion chamber appears to be an ideal link. Curves b, v, g, d represent

the vector hodographs respectively
K [1, Bl Ly = Apee P
K [N, Bl Leo= A,¢'
K [0, p*] = Aygee*?"
K [v, u] = Avuei""‘
K** [3, 2] = Ape?
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Each individually taken link of the scheme in Fig. 10 is stable and therefore

the closed system will be unstable only in the case, when 0 S Sy < @ is the
—
amplitude phase characteristic of the open chain
[AgeAype eXP i (Ppe + Qppe) + Audpy ex;; i (-(;)u-:;‘—;l;vu)] Agexpif (5.2)

on the plane Z = U + iV will envelop point with (1, 10).

On the basis of formulas (2.5), (2.6), (3.1) and (3.2) from (9) it can be
concluded that moduli of complex transmission numbers Apx Aype, A Ayu
are proportional respectively to n,fnif,yhl/1, nxfnvz, where ny - coefficient
of axial overload of the flying apparatus. If f v 0, the chain breaks, and

n

the closed system does not exist.

When £,1=0 (p* = 0), the system remains closed, variation of fuel injection
into the chamber is caused by the movement of the sprayer head. As is evident
from Fig. 11, a, v, d, in the interval 0 &<'s) < o will be found s = s1° such,
that Sﬂu + YVu + Y/d = 0. The system will be unstable, if at 5] = 51° we
have AyAvuA /f > 1. The best conditions for such a situation originate, when
W hJ Sine

Mostly fnl + 0, fhv + 0 and the fuel injection variation into the chamber
is caused by the movement of tank bottom and spraying head. Two possibilities
do exist: fnlfnv < 0 ~ solid curve and f,; fnw > 0, dotted curve in Fig. 11, b.
From the analysis of expression (5.2) and curves in Fig. 11 can be established,
that in case of fnlfnw > 0 the possibility of loosing stability at lower natural
frequencies Increases, and at fnlfnw< 0, it decreases in comparison with the fact,

when fn; = 0. At other equal conditions the possibility of origination of instability
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increases with the increase inn_, and for fnifnve 0, it is greater, the greater hy/1.

Damping of the body ( f n) and resistance in the pipeline ( VMI, VZMI)
promotes stability of motion. The greater the pressure drop on the sprayers,
the more stable is the system.

Stability criteria of the system are less apparent, when the chamber cannot
be considered as an ideal link, and the fuel conducting line has a pump. They
become less reviewable for a di-component system. For many constructions of
flying apparatuses with ZHRD (especially with liquid gas generator, working on
basic components) the dynamic scheme is more complex and can include automatic
devices to control fuel feeding into the chamber 4) .

By linearized equations can be obtained a conclusion only about the stability
or instability of the system. If the system is unstable and the accidently originated
oscillations will grow, then the assumption about linearity becomes incorrect. Non-
linearity in equations for combustion chamber, possibility of origination of cavita-
tional phenomena in the mainlines etc., lead to a change in dynanic properties

of the system. In the system can be established an autooscillatory regime.

Submitted: December 7, 1963
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