CONTOURING OF GAS-DYNAMIC CONTOUR OF THE CHAMBER

Main assembly of the rocket engine creating asthris the combustion
chamber. On fig. 1 the scheme of chamber LPRE, wgrlon bipropellant is
adduced. It will consist of the combustion chambemnd a jet nozzle 2, structurally
representing a single whole. The combustion charhbsrthe mixing head 3, which

serves for a components supply of fuel (an oxidgiagent and fuel) in the chamber.

Fig. 1. The scheme of LPRE chamber

Fuel after inflaming burns at high (till 15-2aI1a and more) pressure, thus is
formed gaseous combustion products with temper&000-4500 K, which effuse to
the ambient space through the nozzle. On lengtihe@hozzle the temperature and
pressure of them decrease, and the velocity inesegsassing through a sound
velocity in minimum (critical) cross-section of tm®zzle and reaching 2700-4500

m\s on a shear of the nozzle.

The more second flow rate of a propulsive masseaidust velocity on a shear
of the nozzle, the more thrust created by the clean#pecific impulsg,, created by

the chamber by activity in vacuum, it is possildgtesent as follows;
Ly =BK ., (1)

Here:
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P, - athrust of the combustion chamber in vacuum;
m - the mass second flow rate of a propulsive mass;
p« - combustion-chamber pressure;

Fy - the area of minimum (critical) cross-section.

The flow rate complex characterizes itself effiagnof transformation of
chemical energy of fuel in thermal energy combumstmroducts, i.e. quality of

activity of the combustion chamber.

Thrust coefficientK,, characterizes efficiency of transformation of thaf
energy of a propulsive mass in a kinetic energy gt stream, i.e. quality of activity

of the nozzle.

Main characteristics of a propulsion system depmnduality of activity of the
combustion chamber and the nozzle, their profitgbH specific impulse and its

weight.

For build-up of gas-dynamic profile of the engineamber at known input
datas it is necessary to execute thermal calculati@n engine, to select the form, to
calculate a volume and geometry of the combustimmber, and also a profile of a
jet nozzle. Chamber pressures and on a shear ohdhkele, and also ambient
pressure; vacuum thrust or on a sea level, progetleamponents and their ratio are

input datas.



1. SELECTION OF THE VOLUME AND GEOMETRY OF THE
COMBUSTION CHAMBER

Process of transformation of fuel in combustiondmais will consist of an
atomization - subdivisions of fuel on drops andiahitheir allocation in a volume of
the combustion chamber; a warm-up and evaporatiaraps; mixings of vapor of
fuel and an oxidizing agent; chemical reactionsaturally process of combustion.
Listed processes happen in time. Their duratioredép on sizes of the combustion
chamber. The volume of the combustion chamber sheupply such fuel residence
time that complete combustion of fuel was impleradntand losses of specific

impulse were minimum.

The volume of combustion chambeg V6 its volume from the mixing head

down to critical cross-section of the nozzle.

Because of complexity of working process, the thaoal method of
calculation of a required volume of the combustotyamber is not created yet. For
definition of this volume experimental parametersl aemiempirical relations are

used.
1.1. Definition of the combustion chamber on a c¢boidal residence time

Residence time this time necessary for completioelementary processes in

the combustion chamber and incineration of fuehwigcessary completeness;

T =, (2)

mean specific volume of combustion products indh@mber during residence
3



time.

To estimate a time on completion of each elemerpasgess difficultly. Also

it is difficult to determine the mean specific viola v_,, therefore is used parameter

cp?

which refers to as a conditional residence time;

VK
T}’Cn - mU ' (3)
where
RKTK
U, =
Py

computational specific volume of combustion product

from (3) computational expression for scoping oé ttombustion chamber

receives:

For the chamber with the constant argg, the relation— is practically

K

constant. If to neglect effect of pressure R (pressure, does not influence
processes of transformation) it is possible toragfthat value of,., depends on a

kind of used fuel, quality of a mixing and a voluofehe chamber.

For used in LPRE fuels,., lays within the limits 0,0015+0,005and it is
determined experimentally. At large chamber pressug, is closer to a floor level.
In engines with afterburning generator gas where oh propellant components
usually completely evaporates in the gas generegogmmended values in 1,3+1,8

time smaller, than for the engine without afterugn



1.2. Scoping of the combustion chamber on redusegth.

[MpuBenenHo#t (WM XapakTEPUCTHUYECKOW) JJIMHOM Kamepbl CrOpaHus

HAa3bIBACTCA BCIIMYHMHA
Reduced (or characteristic) length of a combustioamber is:

Vv
L =« 4
w (4)

From here the design formula for scoping of thendber looks like

VK =L np FKp (5)

It is easy to show, that reduced length and a tiomdl residence time are

proportional parameters:

an = An V RKTKTYCJ'I

Values L, depend in main on a kind of used fuel and are raeted

experimentally.

In tab. 1 valued.,, for some fuels of LPRE, known of the literature given.

Fuel Kerosene +Hydrogen + Ammonia + NSDH +| Kerosene +
oxygen oxygen a fluorine | nitric acid| nitric  acid
(N204) (N204)
Lop M 15-2,0 0,25-0,5 1,0-15 15-2,0 1,25-1|6

For the same fuel the valug,, changes in a broad band since experimental

data have been obtained at different combustiomblea pressures and different

organization of process of a mixing.



1.3. Determination of the combustion chamber voleme liter thrust

The liter thrust is a thrust referred to one libdéra volume of the combustion

chamber;
P
P=—. 6
Alv (6)

Ve=—. (7)

It is possible to show, that the liter thrust ist rtbe characteristic only
combustion chambers since the long of a thrust vechdrom the nozzle enters in its)
expression also. Its values depend on a kind of &ml combustion-chamber
pressure. For existing LPRE the liter thrust vangkin wide range of limits from 1
up to 100kN/l. IT hampers for used of this parameter for determonabtf the

combustion chamber volume without additional deiagxample on engine - analog.

It is necessary to mark, that the pressure buildnd improvement of
organization of a mixing and combustion processessult in decreasing of a

necessary residence time, i.e., to decreasingqufinerl values,., and L, . Thus,

with perfecting of LPRE and a pressure increasimghie chamber the trend to

decreasing of a volume of the combustion chambeursc



1.4. Definition of cross-sectional area of the castlbn chamber

After scoping of the combustion chamber, it isessary to select its form and
to calculate ratio between its main geometricaksiZNow for majority LPRE the

combustion chamber of the cylindrical form is used.

It speaks its design both technological simplieibd a capability together with

the flat mixing head to ensure a random distributbfuel in cross section of the

Large effect on parameters of the combustion chaméeders parameter

F = R , Which is termed as the dimensionless area ofdin@ustion chamber. The

K
Kp
actual combustion chamber has a finite valueEgfand process in it represents a
flow of a compressible gas in a cylindrical pipethwia heating. Under these

requirements there is a thermal resistance resldisses of an impact pressure in the

chamber and a drop of its thrust and specific isgul

It is possible to show, that for combustion charabwith F >3 and more large

expansion ratio, that is peculiar to the modern EP&fect of thermal resistance can

be neglected. The value =3 determines boundary of geometry of so-calletbasic

combustion chambers.

CylecTBEHHBIM OIpaHUYEHHMEM IpU BbIOOpE MaiblX 3HaueHuil K

ABJIACTCA

CJIOKHOCTb OpraHu3anuu Iponccca CM€CCO6paSOBaHI/I$I IIpU BBICOKHX 3HAYCHUAX
m

PaACXO0AOHAIIPAKCHHOCTH g= F_ . I[JISI COBPCMCHHBIX KaMcCp CropaHus
K

pacxoJOHANPSDKEHHOCTh € pOCTOM  JIaBJIEHMsT B KaMepe  yBEJIMYUBAETCS.
OnpeneneHue  pacXOJOHANPSIKEHHOCTH — PEKOMEHJYETCsl  NPOU3BOAMTH  TI0

CIenyIoIel aMIupuIeckon hopmyre :

Essential limitation by selection of small valuek B is complexity of



organization of process of a mixing at high valoéflow rate intensityq =Fm' For

K
the modern combustion chambers flow rate intenwitty increasing of chamber
pressure increas. Definition flow rate intensityrecommended to be made under

following empirical formula:
q=(08+13)p,., g/snfs. (8)
Herep, undertakes iara.(absolute atmosphere)

On value of flow rate intensity cross-sectionaleaoé the combustion chamber

is usually determined
Fo=, (9)
q

and then fulfillment of a requirement of isobarscahecked up. For isobaric

chambers fulfillment of a requiremeht >3 is necessary.



2. CONSTRUCTION OF THE CONTOUR OF THE ROUND
AXISYMMETRICAL NOZZLE ON THE BASIS OF FREELY DILATNG FLOW

Considering a field of flow in the Laval nozzlegfi2), it is possible to divide it
into some reference areas. On an axis of the ndarleeference points are located:
O - center of the nozzle, in which the velocityetual to a sound velocity, and A - a

point in which computed speed of flow is reached.
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Fig. 2. The reference areas of flow in the Lavadzie

Area | - area of a subsonic flow, up to a surfat&ansition through a sound

velocity.

Area Il - from surfaces of transition through a msduvelocity up to
characteristic AM, going upstream from a point A.this area flow velocity and an
angle of inclination of velocity vector to an ax$ the nozzle at motion along a
streamline is continuously increased. The anglanohnation reaches maximum

value in the points located on characteristic AMiisTarea is termed as area of
9



preliminary expansion.

The area Ill is located between two characterisifcdifferent sets of AM and
AB. In this area flow velocity prolongs to be incredsThe angle of inclination of
velocity vector to an axis of the nozzle after ttwaracteristic of AM starts to
decrease, reaching minimum value on characteidBc This area terms as area of

equalization of a flow.

In area IV, located behind characterisi® on an output, flow which is the
reference for the given nozzle is implemented. bsihtases at calculation initial or
base nozzles the requirement of obtaining of thdoum and parallel flow or the

homogeneous flow at output is.

In the capacity of a nozzle contour it is possioleaccept a streamline (more
truly, the surface of a current), called as a lmgt Limiting streamline at a
curvilinear surface of transition through a souradouity (fig. 2a) is a line which

passes through a point of M of interception of eltaristics of different sets:

- The characteristic of second set AM, which hasnbepstream from a point
A, lying on an axis, where the velocity of flow ok&s computational value for the

given nozzle;

- Characteristics of the first set an OM, d@wNSTREAM from a point O on

an axis where the velocity reaches a sound velocity

If the surface of transition through a sound veiloas flat (fig. 2b), the
characteristic of the first set the OM coincidesugface of transition, and a point of
M of interception of characteristics the OM and Aldplaces in a plane of critical
cross-section. The limitingTREAMLINE receives with a fracture - an angle in critical

cross-section.

The scheme of such nozzle has received a titlheihbzzle with an angular

point or an angular input.
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At designing of nuzzles with a fracture of a stréaenin critical cross-section
on a segment of preliminary expansion it used flhich receives at the free
expansion of an axisymmetrical jet with plane stefaf transition through a sound

velocity.

At streamlining of an angular point there is a BtekiMayer flow: in a fan of
rarefaction waves - the characteristics leavingaagular point, the flow is dilated,
increasing speed from= 1 up toA> 1, andat the same time turns on a an arfiyle
0.

From a numberless set of characteristics of a famm@faction waves one
characteristic of AM (fig. 3), passing through amcA on an axis of flow in which

computed speed is reached is seleated

On the other hand, in a point of M on this chanastie the velocity reaches
value ofA, and a critical angle of its deviationB is This characteristic for the
given nozzle will be boundary between zones of ipiahary expansion and

equalization.

Fig.3 the Scheme of the free dilating flow
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The nozzle with completely parallel and uniform eapon is not the most
expedient. The best will be the nozzle with somgrele of parallel misalignment on
an exit, at which the least losses and weight vecéNozzles with the given parallel

misalignment of the expiration can be built asdof.

To calculate and build the nozzle with completedyablel expiration, but with
obviously large output cross-section, than it isessary. Such nozzle we shall term
initial or base. Then this initial nozzle mast h# off in cross-section where tangent
to a contour forms with an axis of the nozzle aglenequal to a selected angle on a

shear.

It is natural, that at such construction the ihioa base nozzle should be
selected so that the truncated nozzle, except lier diven angle of parallel
misalignment on a shear, would have also the gdieameter of a shear. For this

purpose it is necessary to have the set calcudatdduilt beforehand base nozzles.

For acceleration of construction of a contour ofugpersonic part a nozzle
usually beforehand calculate coordinates of costairseries initial nozzles. Then
represent them in a kind convenient for practicak.uFor example, there are
reference tables of coordinates of contours ofri@sef base nozzles, calculated by a
characteristics method. These nozzles differ coetbpeed\, and a polytropic

exponent of expansion - k.

Under these tables, having a preset value of noallplsm on an exit and
shear relative diameter, it is possible to find #teeptable base nozzle and, having

its co-ordinates to construct the necessary trexdcabzzle.

The contour of the acceptable nozzle with suffici@ecuracy for practice use
can be constructed and more simple way, using appation by its parabola, or

other polynomial function.

As the quantitative characteristic of the nozzlegté is relative length [

equal to the sum of its lengths of subsonic ane&gnic parts:
12



Xc :XBX + Xa '

where

Xox = Xpx [ Yaps

Xy = Xa/pr -

relative lengths entrance and output (supersomizzle parts.

From two part lengths of nozzbe  and X, the length of a supersonic part as

the most bulky has major importance, especiallgrgie expansion ratios.

2.1 Contouring of an entrance (subsonic) part

At contouring of the nozzle with an angular inpot & site of preliminary
expansion, free expansion of an axis-symmetricedast with a flat surface of
transition in sound speed is used. For obtaining @&t transitive surface entrance
part of the nozzle should be appropriate amountocwad. To these conditions
satisfies a contour of an entrance part of the lsozanstructed by a known formula

of Vitoshinsky

-1
2 3

2 2 2
Y= Yo 417 1—@;"} 1—(:] 1+§[Xxj . (10

BX

And length of entrance part, =2R, _, where R_ - combustion chamber

K !

radius.

The nozzle constructed by this formula differs lgyywsmooth, stretched form

of critical section area (fig. 4).
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Fig. 4.Construction of a structure of an entrarfcdne nozzle

The contour executed on an arc in radius=3IR, is close enough to
Vitoshinsky’s contour. In practice, proceeding fraechnological and constructive
reasons, and also necessities of the nozzle eetgartlength reduction, often nozzle
entrance part is contoured by an arc of some sm@alliius: R=2R,,, That is the

basic condition for a flat transition surface ex@m in sound speed.

2.2. An order of the the nozzle approximate cakoamawith an angular input

|. To the set flow expansion ratia=h and to a known parameter of a
Pa

polytrackn we can determine a computational Mach number mozale shear:

n-1

2 |(Peg | M
M, = [—|| =@ -1 11
= (B v
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Fig. 5 RelatiorM, of a Mach number on a nozzle shear

2. We determine under the drawing (fig. 5.) someciMaumber My,

corresponding to the initial nozzle.

3. By the valueM, we calculate gas-dynamics function T

n+1

1+n—1MS 2(n-1)

_ 2
T= n+1 ' (1)

2

4. For given Mach numbeyl, and a polytrack parametarunder the fig. 6

L., =f(M,,n) we found optimum length of the nozzle.

Lcon = Lcon ZRKp' (13)
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Fig. 6. Relation of the nozzle optimum length toddaumber on a shear

5. By diagrams (Fig. 7,8) we find an angle betwad¢angent and a nozzle axis

on a shea#,, and also an auxiliary anglg,

0, =f(M,),
Wy =F(T)

6. We calculate an angle between a tangent to @woand an axis in critical

section:

_., _n In+1 In-1
On =Hm 2+ —n_larctg{ —n+1ctgumj. (14)
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7. We calculate a contour of the nozzle supersoaitby relation

y= Lcon [ym - (1_ K)tgea - (ya “Ym ~ tgea)f] ; (15)
_ g2 Y e+
f = 8+T2€ (1—70("' (G 28) (1_¥ aeo(_sst;
E+T+0° —-20€ eE+T+0° —-20€
— tgem_tgea
ya_ym_tgem.

Herea andt can be found by diagram (fig. 9).
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It is necessary to set a number of valdes limits from O to 1 and to calculate

values matching to theynfor calculation of a supersonic nozzle contoure flozzle

contour is construction under the received datdlowmng conditions should be

satisfied at construction:

d
x=0, y=Ry,, d—§=tgem;

d
X=L¢om, Y=Ra, d—i =196, .
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3. CONSTRUCTION OF THE GAZDYNAMIC PROFILE OF THE
CHAMBER OFTHE LPRE

The engine chamber gasdynamic profile consistsgafsalynamic profile of the

combustion chamber and the profile of a jet nogaleed to it.

Here it is considered as the most widespread aytiadcombustion chamber
with a flat mixing head. For construction of itsofile it is necessary to have such
design data: a chamber volume, length of a cyloadipart, diameter of the chamber,

the form and length of an entering part of the t®mzz

Calculations are made on the basis of certain madltieal formalisation with
use of the statistical data approximated by matchiatios. The volume of
combustion chamber Mncluding a volume of the chamber to critical a'@aection,
is determined through reduced length: L

VK =L p FI(p

The combustion-chamber length is characterizedooglitional length

K

= Ve
F

where k - a cross-sectional area of the combustion chainéeng diameter

The relative square of chambgy = FFK can be expressed throughahd L,
Kp

diameter of the chamber can be determinedias de\/l_?K

The analysis of statistical data shows that chambessure, makes essential
impact on value },, and a throat diameter,,d- on value |. Character of a
modification can be explained that intensity of kg process increases and

accordingly the necessary volume of the combustbamber decreases with

rAv)



chamber pressure growth. The necessary length dfulant intermixing of
combustion products decreases with a diminutigh liecause of reduction of

characteristic scale of intermixing.

Following calculating ratios are used fap, U, and F. :

_1500°

L
np IlOpK 1
|, = 003/d,, ;

R=—". (17)

P, undertakes in Pas,din mm, and{ - in m in reduced above approximating

relations.

The form of an entering part of the nozzle is exeduon two interfaced
radiuses R=d,, and R (fig. 10), and radius Rshould be taken large with,
increasing. It follows from the fact, that recomglinow-temperature near-wall layer
and (or) layer of the curtain of cooling are sawsate stable at smaller curvature of a

contour of an entering part of the nozzle.
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Fig. 10 Rated scheme of construction of a gasdynanafile:

a — without a rounding off¢p — with a rounding off of an angular point

It is recommended

(18)

Forp.<4 MPa p=1, forp,>30 MPap=5.

At the adopted form of an entering part of the t®#s length

—\2 — 2
1 = 054,24 oy f - [o-1F +3 (19
and co-ordinates of a point of conjugation of astsounds with radiuses;R
and R will be:
h 2

| s :2+p\/|_:7K;
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The length of a cylindrical part of the combustionamber is defined by
formula

where AV, - a volume of an entering part of the nozzle. FAW,, it is

possible to use approximate relation.

AV, =F I, {(2@ + yZ)SIi} s {(372 sy +a) D }} . (20)

6l

Co-ordinates of a contour of a supersonic parthefriozzle with an angular

point are computed on relations (11-15).

Designs of nozzles are known where the angulart poiaritical cross-section
"smoothes out" by circular arc with radius r = €0,2) d,,, which then geometrically
Is interfaced to a rated nozzle contour. Co-ordsatf points of mating (fig. 10) are
computed under formulas

AXq, =rSinB,;
Ay, =r(1-cosB,,); (21)
Y1 = pr + Ayl

Thus, at a rounding off of an angular point theocdinate x should be

conducted from cross-section, and co-ordinate y has to be increased at the
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correction

Ay = AY{

1-—

a

.

(22)
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