2.5. The account of losses in the engine. Definiof the valid parameters.

Accepted before an assumption have allowed to dedimd present in the
directory the theoretical (ideal) characteristiéscombustion products described
above in the chamber and equilibrium expansiorozzle.

The real processes in engines occur to an apptectviation from the
idealized scheme. Properties of combustion prodalstsdiffer from calculation it.

Movement of combustion products generally is noscdbed by the
equations one-dimensional equilibrium isentropizat® flow. Real nozzle flow is
not one-dimensional and can be accompanied by dhegailibrium phenomena.
For example, by power and chemical no equilibrilma biphasic stream high-
speed, temperature and phase non-uniformity haneslsvalue. As well as any
real substance, products of combustion have viggdsat conductivity, radiating
ability. They give a part of heat to walls of thHember.

The information on qualitative structure of comiows products,p—v-T

and other properties of individual substances gt bemperatures, the mechanism
and speeds of chemical reactions is limited. Assiomg about ideality (in sense
of the equation of a condition) individual substscand also about chemical and
power equilibrium of mixes are, strictly speakirfgjr only in limiting cases

(p - O, infinite time of stay). Therefore it is possiltiteexpect known discrepancy

in the calculated and real properties of combugti@aucts.

Even at the ideal organization of processes iteiseasary to expect some
discrepancy of the calculated and valid thermodyoarharacteristics. The real
organization of processes of burning and expansimeases this discrepancy.

Incompleteness of combustion, heterogeneity ofrpatars of a stream on
cross section of the chamber, non-adiabatic — i tan result currents in
significant losses and make appreciable amendmémtsideal values of
characteristics. Kinds of losses and methods oinidieh of amendments are
known well enough and widely submitted as in edoocal, and the special

literature.



Let's consider the general reasons of the accotifbsses at thermal
calculation of the engine.

The major characteristic of combustion productghes specific impulse in
vacuum. Therefore, first of all, it is necessary to efiibconnection between

ideal and expected real value of its.
In view of a various kind of losses the total sielosses of a specific

impulse in vacuum can be calculated under the famu
n_h _n_— n n n n n n
Alg —ISM I —AISCM +A|Smp+AISH +AISS +AISrp +Alsp, (22)
where Al QCM - the losses of a specific impulse connected terbgeneity of

structure and properties of products of combustmn cross-section of the

chamber;

n . e . . .
Nswp — losses of a specific impulse on incompletenesoofbustion;

N; — the losses connected with chemical and power goriHerium of

process,

AI;: ~ losses on non-uniformity of biphase flow;
N;p ~losses on friction and heat exchange;

N; —the losses connected with non-parallel of the eftjin (losses on

dispersion).
Or

Nl=17 DN (23)
J

the index unx" hereinafter designates ideal (theoretical) valwésthe
considered parameter.
The factor of a j kind of losses of a specific ingauis determined by the

following formula:



_12(j)
¢; = ls — (24)
Sux

and the total factor of losses of a specific impulan be written down so:

0 =LY A0 =0n029180)

Usually factorsg; in expression (25) unite and write down this egpien

as

¢|2 :(I)T [¢C’ (26)

where ¢ - factor of losses in the chambercluding subcritical part of a

nozzle;

¢ - factor of losses in nozzle of combustion chamber

The degree of difference of real processes in timbeistion chamber from

theoretical can be submitted as

¢[3 = B—’ (27)

PR L .
here Bz%m - a specific impulse of pressure in the chamber of
combustion or an flow rate complex.

The size¢ is named factor of completeness of pressurearcéimbustion

chamber and characterizes a degree of perfectiowarking process in the
combustion chamber. It totally characterizes cobepless of combustion and loss

of full pressure in a subsonic part of nozzle.



With reduction of completeness of combustidn decreases, and with

increase in losses of full pressure grows. At abseari the irreversible phenomena

in nozzle ¢, reliably enough characterizes completeness of cstin.

Otherwise on sizé it is impossible to judge perfection of procesgambustion.
For example, at definitiofd in conditions P, = (Pey) . Fo = (), flow

rate G owing to friction in nozzle is underestintht®ncerning . In a biphase

flow to increase in non-uniformity between speefigas and particles in a nozzle
there is an increase of flow rate.

Thus, in the first case high valugs; can take place at poor quality of

processes in the combustion chamber, but at thiossgs on friction. At the same

time in the second case low valugggcan take place at the perfect burning.
As well as the specific impulse in vacuum, an flosmte complexf is
proportional to /R, [(T.,, hence, imperfection of processes in the chamber o

combustion affects off proportional to /R, [T, -

The irreversible phenomena in a subsonic part akleocan be taken into

account with the help of factor of the flow rgte; . Thus:

Ko

However it is correct profiing subsonic part of @ozzle (under

Vitoshinsky’s formula or an arch of radiusR3) allows to come to naught

practically any sort the irreversible phenomenainozzle (shock waves, etc.).
Therefore with accuracy, sufficient for calculatiom expression (28) it is possible

to putp . = 1 and then finally the factor of losses of a spedifipulse in vacuum

will be written down as

b =0p 0. (29)



In some cases, for example, at calculation of thgine by entropy
diagrams, losses in the combustion chamber are mack convenient for taking

into account not in factop | , and in factor of decrease of temperat{re:

This factor is the ratio of the real temperaturé ., to theoreticalT _,

O ua

T
ET:TCO

Co .1

This factor can be used at application of Handbdok, example, for
definition of the real temperature in the chambditera calculations with
extrapolation formulas. Roughly the factor of dese of temperature can be

accepted

E; =0.9+ 0.9
The factor¢,. estimates losses inside supersonic part of n@rencludes

losses on friction, norparallel of expiration process, non-isentropierpansion
process of and a various sort of gas- dynamic fosse
As the losses connected to dispersion of speedhef expiration are

determined with the help of theoretical factpy, factor ¢. it is possible to

present as product of two factors

b =04 [y, (30)

where

¢,, - the factor which is taking into account all imtel losses in a nozzle,

except for losses on dispersion. It can be detexdhas the ratio of the real speed

of the expiration from a nozzle to the theoretsated.

P w W (31)



for modern LPREp, = 096+ 098.
¢ o — the factor which is taking into account losses mpersion of speed

of the gas expiration, caused by non-parallel obitet edge of a nozzle to axes of
the engine.

On the physical sense the factpy represents the ratio of projections to an

axis of the engine of momentum of a stream of g&e@s a nozzle with the conic
exit having a angle2a, to momentum of a parallel stream on an exit fram
nozzle.

The factor¢, can be calculated theoretically and equal

¢ 4 = cos 2 (%). (32)

Calculation under the formula (32) for some corradra solution of a nozzle

is submitted in the table.

o} 10 15 20 25 30

dq 0,9924 0,9830 0,9698 0,9532 0,9330

The factors described above on the statistical mhaidern LPRE roughly are

in limits

¢p =095+ 099,06, =096 + 0,98.

Thus, the information on theoretical parameterghef engine in view of

losses allows to execute thermal calculation ageojected real LPRE.

Let's consider the general procedure of calculation



2.6. THERMAL CALCULATION OF LPRE WITH APPLICATION ®&
THE DIRECTORY
The initial data which are determined by the dethilesign, for calculation

are:

- absolute thrust (in vacuui"” or on a sea leve??);

- combustion-chamber pressug,;
- pressure on a shear of the nozzje;

- propellant components « an oxidizing agent + fyel

- an oxidizer-to-fuel ratidX .

Absolute thrustP " or P* is set on the basis of outcomes of preliminary
ballistic and weight calculations of all constrocti By selection of propellant
components are guided by those requirements, whigtost full answer assigning
of a designed engine.

An oxidizer-to-fuel ratiod is assigned optimum (or close to it), i.e. such at
which the specific impulse will be maximum in résu

In case of application of a construction of a ergwith several chambers
determined, thrust of each separate chamber fochwthermal calculation is
executed.

Pressure on a shear of a noZzlewhich characterizes altitude performance
of the nozzle, is selected, is defined from redgluivalue of specific impulse in
vacuum, overall dimensions and weight of the nozhtecase of a multistage
design it is taken into account, the designed engitends for what stage.

Combustion-chamber pressufes usually select, orienting by existing
designs of engines. Thus it is necessary to mdamt, at £= = const pressure
increasing Fro results to decreasing of a degree of dissociatimhto increment of
specific impulse. Besides overall dimensions ofdhamber decrease. On the other

hand with increas@:» weight of means of fuel supply is increased.



Besides for calculation of the real parameterdiefdngine it is necessary to
determine loss coefficients. Thus use the recomatents explained above (see
2.5).

Calculation is conducted in the following order:

1.  The relevant volume of a manual in which data olcutation of
combustion products and equilibrium expansion efdtven fuel composition "O"
+ "F" are adduced is selected.

2. In this volume a series of tables with stationaajues and equal to the

given an oxidizer-to-fuel ratial is selectedFrom this series the table, in which

"reference" value is select&ds'“most close to a set value of combustion-chamber
pressure. For example, let it is givBr = 13000 xH/v° For the giverPeo from a

series of tables with @ = const and

P.», = 100,200,500, 1000, 2000,5000, 10000, 15000, 25000,50000 xH/M* e select the

table withPco = 15000 kH/1° The table selected by such way will be in whitadh
"reference" datas on calculation of again desigrregine are.

3. In the selected table from lines of values of "refee" expansion

ratios<*” (2-d a line in the table) it is fined the mostsdganalogously to item 2)
) e = 2co
to the given”  #a.

4.  From table columns 2, 3 and from a column relevargelectec"”,
we make out "reference" values of parameters amaine in the chamber, critical
cross-section and on a shear of the nozzle:
T, B I FY,c® Y (@, 1), (Br2)”, Also we make out necessary
relevant factors of extrapolation formulasA,, B, B,, C;,C,, €5, D4,D5,D,

5. By formula, composed on a foundation of a ratiohsas (18), we

determine a theoretical value of an flow rate cami.

Inf'=Inp® + B, 10734 Inp., + B,1073Ai,



where 2Inp.,— g difference of logs of a design value of pressofr the
combustion chamber and a reference value;

Aip - an aberration of an enthalpy of fuel from a aldted enthalpy which is
given in the first table line. Thermodynamic ca#tidn is made at a calculated
enthalpy.

6. Taking into account combustion chamber losses, aterohine the

real value of a flow rate complex:

g =p"- ©pe

7.  We determine a theoretical value of specific impufsvacuum:
iz =729 4 m 1073 AIn py + (L1073 A+ 0,103 A Tn =

8.  We discover the real value &

I3 =13 gp -0,

9.  We determine theoretical temperature in the connmushamber:
InT,, =InT.” +.4,103AInp, + A4,1073Ai,

10. We discover the real temperature in the combusth@mber:

Teo = Tée - &5

11. We discover the specific area of critical crosstisec

f_ B
Pro

12. We determine a theoretical relative sectional area:
InF' =In F% 4+ p,1073Alnp,, + D,1073Ai, + D,10 %Aln ¢
13. We determine a mean theoretical index of isentrogcocess of

expansion of combustion products in the nozzle frampressure up t@=. For

this purpose we use the formula:

'
2 5o In—1

I:n" — ljfl:n -1} *ql 5
Do 2 |, Pa it

(aﬁ'”“qﬁ} 1-— (Ej !

which can be presented as the graph (fig. 2).
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For set values of:c and?= (and therefores), and a calculated value of

F'we find value of?’,
14. We determine a mean molecular weight of combusgirmaducts in the

chamber (see 5, tab. 1 and the formula 17):

a, TR P
F)_i_p D+JG";

Cokep

 , rFo
Inpep =lnp., +[C_ a,T — —1]AlnP,,
alt
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15. We define a gas constant of yields of combuostiahe chamber:
RD a

R., =—,rme R, = 8314 JOx/kr-°K
Hea

16. We define theoretical exhaust velocity of cosilmn products on a

nozzle shear

I

o |‘j TE-'I Pﬁ‘ ?‘l'l—lli

W |“nf_1RcaTco[1_(_P )]
co

17. We define a real velocity of yields of combastproducts on a nozzle
shear
W, =W, - o

18. We define the real index of process of expansioyields of combustion

[ T
i3
|

in the nozzle by formulaw, = 25 RepTeo[1— (i";j =] . We are making

F
it setting a number of values n at known and fixatlies?.,,Tc5.B.. Pro ,

calculatingw,, =~ and finding n graphically (fig. 3 see)

'I:'I H.aln n

4
. P

Fig. 3. To definition of n

19. We discover real relative area of section usinigawing (fig. 2):
F — f£(n L0

F=fn ng'

20. We discover specific area of a shear of theleoz

fﬂ_ =F. f-:

11



21. We define real value of specific impulse forrtleaconditions
12 =1 - f.P, Wherep, — atmospheric pressure

22. We discover the real summarized flow rate opptlant components on
one of formulas

G i G il
=— mwu G =—
I§ Is

It depends on type of a designed engine (eartlgbrdtitude).
23. We define area of critical section of the costlmun chamber and a throat

diameter

F=fG d,= -

N
24. We define area of a shear of the nozzle ancheter of a shear of the

nozzle:

25. We discover flow rate of propellant componelits:
_ HG G — G
1+ K, 1+ K,

Wherek, — a weight number of components ratio of the foefching to a
preset value of which value is given in the first table line 1

26. We discover real flow parameters in criticaltsm

H

. 2 w1
@, P’:Pm(n—l)

WT =T.. —

)T ol

|

W, — | M T

& - -
. .,qﬂ—l colro
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3. THERMAL CALCULATION OF THE ENGINE WITH USE
DIAGRAMMES "ENTHALPY-ENTROPY"

3.1. Entropy diagrammes of yields of combustion.

The greatest difficulties originate at definitionf @ structure and
temperatures of combustion products in the charmbdron a nozzle shear. It does
not depends on a method of thermodynamic calculatiocombustion and the
expiration of equilibrium dissociated of combustigroducts at heats of
combustion which is advanced in the LPRE owing ppliaation of liquid
oxidising agents. This calculation demands a lottiofe and transactionses.
Meanwhile, the structure and temperature of conugiroducts is necessary for
knowing only to compute molecular weight, an emlgabnd entropy without
which it is impossible to determine key parametdran engine and nozzle sizes.
In other words, data of thermodynamic calculatioa mitial and necessary for
calculation of the chamber of the LPRE. There igr@blem on a capability of
conducting of thermal calculation of the LPRE untheadvance built diagrammes
«Full entropy - an enthalpy» (IS - diagrammes).yliseshort are called as entropy
diagrammes.

The entropy diagramme is calculated and under nactgin for quite certain
fuel, i.e. for particular components and the giwsidizer-to-fuel ratio (or weight
components ratio). Therefore this or that diagrasiroan be applied only to
calculations of engine which are designed and wottk this propellant.

The entropy diagramme is a grid organized by cuatdeast of three types:
isobars, isothermals and isochors. Sometimes additilines are put on entropy
diagrammes except the indicated base lines. lalldiscovering exhaust velocity
and geometrical sizes of the nozzle directly. Amynpof this grid characterises a
thermodynamic state of equilibrumly dissociatedcofmbustion products of the

given propellant.

13



Here we give as an example the entropy diagraredore a liquid nitric acid

and nonsymmetrical dimethylhydrazine.
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The IS diagram of fuel combustion products of niacid + nonsymmetrical

dimethylhydrazine att = 0,8

At calculation of these diagrammes the updated olatdhermal constants of
combustion products were received. All diagrammes aonstructed for enough
pressure broad band,{- 105%— 100-”%) and necessary limits of temperatures in
practice for chosen fuels. It is necessary to eotibhat on entropy diagrams
pressure is indicated usually in physical atmosghes in the majority of tables
standard entropies of gases are given for this afngressure measurement. The

oxidizer-to-fuel ratio for each pair of componeisthosen to optimum or close to

14



it. To construct dense enough grid of isobarshmswhs and isochors, calculations
were made for each diagramme in 200-300 compuiatipoints of equilibrium
conditions of the dissociated products of combustio

For definition of the engine’s real characterisfiizking into account losses)

are used described above (item 2.5 see.) correspmpfattors.

3.2. Thermal calculation of the engine by IS — thag

Calculation is conducted in a following order.

1. On interception of a full enthalpy line of initilel 7, =1/, and isobars,
corresponding to the set combustion-chamber pressiirthere is a poing’, that
determinate theoretical parameters of combusticsdymts in the chamber —

temperatura,, specific volume!, and entropy -, (Fig. 4).

y !
: Veo % P Tr:.
L=l zleo|— T.,
lol-- - = = = = —
LmJ
[af—

&8

Fig. 4. The scheme of thermodynamic calculationeanide diagramme

2. The real temperature of products in the chambercadculated
Tep =Tl 5.

3. We find a point of interceptiof of isothermTcoTco with isobarfcofeo.
This point determines the real value of enthdcelco and specific volumieo Veo
of combustion products in the chamber.

4. We realize that process of the gases expirati@aadpted isentropic, that

meanssco = S=5¢co = S, there are theoretical values of parameters omzzl®

15



shear. For this purpose from poi@ we are lowered vertically down to
interception with the isobar corresponding to sesgure on shefzf=. The point
of interception® @ gives value of parametre=!= of an enthalpy on a shear,
T.—T.— temperatures ar¥="= - a specific volume of flowing gases.

5. Theoretical exhaust velocity of gases from the leizzcalculated

Wi =2l 1) wm/e

Where the enthalpy is substituted in J/kg. (iH8iagrammes are resulted
in MCS system and it is necessary to translateséthées removed from schedules
preliminary in this system, meaning that 1 kcakkdg187 J/kg).

6. We find the real exhaust velocity of gases fromrtbezle

W, =W, - @y,M/c

7. We determine the real enthalpy on a nozzle shear

-

r

=1,
& co_?JﬂH{KKT

8. Having conducted from poirlzz= a line in parallel to axes OS before
interception with isobafzf=, we receive a point. which determines the real

parameters o7z nozzle shealz YV,

9. We calculate average value of isentropic paranegeansions

P
lg 5=

o

1gin’_

r
I’CG‘

10.We determine parametres of a gas flow in critieatisn:

@) P, = Py (—)*: —Pressure

ntl -;

b V. =V, (—)== - Specific volume

€)T. =Teo(—) - Temperature
d) W, = /nBV, - Speed

11 We find the specific area of a stream on a nozzéas

V.
f.= W

12 We calculate chamber specific impulse on a sed:leve

16



13 = @, [W, —f, (B, — Py)l.m/c

WhereE, — Ambient pressure on a sea level.
13.We determine specific impulse in vacuum:

I"=12—g,-f.-P,Mlc

-

14 We calculate second propellant flow rate and itagonents:

e

p3 pr
G=—7umné&G=—]|;

3

In

K,G G

G, = G,. =
o T l_ff-i

T1+ K,

Here kK, — Components ratio factor in the combustion chamibat is equal
tOK, =a-H,

WhereH, — stoichiometrical factor of components ratio foe given fuel.

15We determine an absolute thrust in vacuum or ore#nth (depending on
what is set in a design building):

P =12G, (P®=1I135)

16 We calculate the area of critical section and aleozhear:

F,=Gf; F,=@¢,-G-f,

17 We calculate diameters of the chamber in critiegkisn and for a nozzle

shear:

—
|-’-1-P,_ |
A= |—* 4 =

N N
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