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This book is devoted to questions of combustion and discharge at high tempera¬ 

tures in a liquid-propellant rocket engine. It gives the detailed technique for 

the thermodynamic calculation of the working process, illustrated by the solution 

of a series of practical problems. This book offers the bases for the possibility 

of apply 'jig a graphical nethod for calculating the parameters of the liquid- 

propellant rocket engine, which greatly facilitates this calculation. It gives a 

detailed exposition of the technique of constructing such nomograms. Two nomograma 

for two types of propellantjconstructed by the author, are appended at the end of 

the book. 

This book is intended for students of higher institutes of aviation who are 

studying the theory of combustion and exhaust, but it may also be useful to engi¬ 

neers working in this field. 

Critics: Instructor Yu.K.Zastela, 

Professor A.V.Kvasnikov, Doctor of '"ichnical Sciences 

Editor: Engineer G.Tu.Tanovskiy 

Supervisor of Editorial Staff, Ehgineer A.I.Sokolov 

F-TS-95JJA 1 



PREFACE 

In this book we give an exposition or the luetnod developed by the author for 

calculating the processes of fuel combustion and tne discharge of the ccttbuaticn 

products from liquid-propellant rocket engines. The entire calculation is based on 

the use of the conventional equation of energy, which is known to the student fron 

his course in aerodynamics. The description of the proposed method is accompanied 

by a detailed exposition of the computational procedure, and by examples. 

The diagrams at the end of the book (Appendixes V, VI, and VIT) considerably 

accelerate the calculations and may be useful, especially in the preliminary rough 

calculations. If these diagrams do prove useful and find practical application, it 

will be possible to organize the calculation and construction of similar diagrams 

for all available fuels of liquid-propellant rocket engines. 

This book will be useful not only to students in studying the theory and de¬ 

sign of liquid-propellant rocket engines, but also to engineers working in this 

field. 

The author expresses his thanks to Instructor V.Te.Alemasov, Candidate in 

Technical Sciences, for his help in the preparation of the manuscript, and for his 

permission to use the Tables (Appendixes I, II, III and IV) which hart been care¬ 

fully recalculated and checked by him. 

The author also notes the work by L.V.IgnatV«*»# laboratory assistant of the 

Department of Heat Engines, for arrangement of the computational diagrams and in 

illustrating this book, and expresses his thanks to her. 
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The author will be very grateful for any coosnenta and suggestions, addressed to 

OBORONGIZ Moscow, 1-51# Petrovka, 8». 
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INTRODUCTION 

The appearance of a new type of thermal engine, the liquid-propellant rocket 

engine, demanded the development of new methods of thermal calculation since the 

processes of conversion of chemical energy into thermal energy and then into kinetic 

energy, in this engine, have certain peculiarities which complicate the calculations. 

The theoretical combustion temperatures in these engines are considerably high¬ 

er than in other types of thermal engines, since the oxidiaers used are liquids 

richer in free ojQrgen than atmospheric air. Indeed, with the theoretically neces¬ 

sary quantity of oxidiser, the weight of the combustion products of 1 kg of kerosene 

is, in round numbers, as follows: with atmospheric air as oxidiser, 16 kg; with 

hydrogen peroxide, 8.5 kg: with nitric acid, 6.3 kg; and with liquid oaygen, 4.5 kg. 

And yet the quantity of heat liberated on combustion is almost the same with these 

different oxidizers. It is entirely understandable that, with a smaller quantity of 

combustion products, they oust be heated to a higher temperature. 

The high theoretical combustion temperature causes a more extensive dissocia¬ 

tion in the combustion chamber and a partial recombination of the molecules as the 

gases flow into the exhaust nozzle where, on expansion, the temperature of the gasee 

drops. The need to take these phencmena into account makes it more difficult to 

handle the thermal calculation. 

On the other hand, there are no fundamentally new phenomena in the thermal 

processes in liquid-propellant rocket engines, and consequently, the entire thermal 

calculation should be founded on the propositions generally adopted in thermal 
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technology. 

Th« book by A.V.Bolg«rskiy «nd V.K.Shchukin ("Working Proceas«« in Liquid- 
* 

Propellent Rocket Engines", Oborongis, 1953) gives the principles of a method of 

calculating the thermal processes for Liquid-propellant rocket engines, based on the 

general propositions and concepts of thermal technology and of thermal engines. 

The present work represents an expanded and detailed exposition of the calcula¬ 

tion method which is a logical development of general thermal calculations extended 

to a new type of thermal engine. 

On the basis of the fact that all the processes taking place in the combustion 

chamber and noxale of the liquid-propellant rocket engine are conversions of energy 

from one form to another (chemical - thermal - kinetic), the author bases his entire 

technique on the usual equation of energy (cf. Chapter II); in this equation, from 

the total quantity of heat Q he separates the heat obtained on combustion of the 

fuel. 

Only the simplest propellants, in widest use, ara considered in this book. 

They are chemical compounds of the systems C, H, 0, and N• 

The application of the proposed calculation method to fuels of cthar types, and 

the construction of computational diagrams for other fuels to be used, is a task for 

the future. 
« 

The calculation per mole of fuel has been taxen a, the basis of exposition of 

the method. 
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CHAPTER I 

PROPELLANT CALCULATIONS 

1. Chemical C^r-PsUion gf-tltg rÇISPÇngltJ 
« 

The fuel for liquid-propellent rocket engines consists of a cceibustible and an 

oxidizer# The conbustibles ordinarily employed are either hydrocarbons or alcohol*; 

ftc*os«i.e, etryl and methyl alcohols are most often used. The u:mal orLdiser* are 

nitric acid, liquid oxygen, or hydrogen peroxide. 

Hereafter ve shall take Cn^0p as the general chemical formula for the com¬ 

bustible and Ht^0TCq for the oxldiser. 

If the components are specified by chemical formulas, then their molecular 

weight is calculated by the formulas 

= 12/r + « + 16p; (i) 
P# *= f -f- 14b 4* 16v 4- \7jq. 

The conversion to elementary composition by weight is performed according to 

the formula* 

(1--- I00H. 
Pc 

»-—100%, (2) 
* •• 

• % 

o - !®î. loo« 
Pc 

and by analogy, for the oxldiser, 

H.-—100*. 
Pe 
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N. 
14« 

(*• 
lOOH. (3) 

o.-—100*. 
IS 

IS 

If th. cooper wits an. .pacified by elmcntary compoaition b, wight, i...i 

Combustible - Cc%, Hci, 0C^. 
Oxiditer - O^t, C^, N^, 

th« th. calculation for finding th. ch-aical fom.U i. perfo^d a, follow: Th. 

number of at», of hydrogen are taken a, equal to it, perc«:ag. cont«t in th. ex¬ 

ponent, and th« the number of atom, of the remaining element. In the component ar 

atoms of —- ' C A. 
calculaevd* Thu,, the ccmbu.tibl. contain, - atom, of carbon, u 

Nf Cr 
oxygen, while th. oxidizer contain, -!■£- atom, of nitrogen, at".’ of carbon 

_ _J « aaa a mmm* ft*, 3 ? 

„4 atom, of ox;/gen; w th« get the following arbitrary fomuU.: 

Combustible —CqHi^Oo . 

It » (U) 

Oxidizer — Hh0Nn,OooCc#. 
■m IT TÍ 

•In thi, case th. arbitrary molecular wight 1, taken a, equal to 100. 

Vary oft« th. caaponent. of a jropellant do not con.tltut. lOOt of the eut» 

.Unce, but have be« diluted with water (for in.tanc. ethyl «d methyl alcohol,, 

nitric acid, hydrog« peroxide). V. allow for th. pr.,«c. of water in th. ex¬ 

ponent, by their concentration,, expr.„ing th. perc«tage cont«t of the pur. ,ub- 

.tance in a mixture with water; for «ample, if the concentration of hydro«« per¬ 

oxide i. 60t, thi. mean, that 1 kg of thi, conpon«t contain, 0.8 kg of pure hydr^ 

gen peroxide and 0,2 kg of water. 

ir the component 1. to b. expreeeed by a chemical fomula, th« it i. »or. con- 

, «f water bv U»e number of moles of water to 1 mole 
venient to express the quantity of water d¿, u.e nu* 

of the substance. 

F-TS-9547/V 
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Ut the concentren«! of the substence be oí, and ite molecular weight be - ; 
o 

then the calculation la conducted as folio«: 1 kg of component contains k* 

of the pur. substance «d ^ IL Kg 0f water: «.d It contain, the followl« qu«r- 

tity of water per 1 kg of pure substance: 

100— . K,lKf. 
100 * 100 • 

There is IOC ’ -- u kg of water per mole of pure substancei expressing thie 

quantity of water in moles and remembering that the molecular weight of water ie 

^ * 18, we get: 

«.«./-« (5) 
í8* 

Table 1 gives the values =f i. for comp'.nents treat frequently encountered in 

concentrations below lOOí« 

Table 1 

Type of 
Component 

Molecular 
Weight 

Concentration in % 

95 90 85 
" 1 »1 70 

Ethyl alcohol 
Methyl alcohol 
Nitric acid 

Hydrogen peroxide 

46 

32 
63 
34 

0,135 
0,094 

0.184 
0,099 

0,284 
0,198 
0,389 
0,209 

0,451 
0,314 
0,618 

0,333 

0.639 
0,445 
0.875 

1 0,472 

0.853 
0,593 
1,167 
0.630 

• 

1,095 

0.762 
1,500 

0,809 

In the symbols used above, the chemical formulas of componente with the concen¬ 

tration oc$ and will be of the fom 

• mcH*0 H#N.O.Cf • ^ 

where 

100-et 

IK 
»V 

100-e. 

IK 
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4* 

Th« weight of 1 mole of .th^ component, of a concentration o%t will hereafter be 
* • 

termed the molecular weight of the component and will be designated by u*. At any 

concentration, this weight will be determined as follows: 

I»'18m«p +(7) 
180 e 

Table 2 gives the values of m* for the most frequently used components. 

Table 2 

Component 
Chemical 
Formula 

Molecular Weight at Concentration r%i 

100 95 90 85 80 75 70 

Ethyl alcohol 

Methyl alcohol 

Nitric acid 

Hydrogen peroxide 

C;H*0 

ch4o 

HNO, 

HA 

46 

32 

63 

3<- 

48,4 

33,6 

66,3 

3o.; 

M.l 

35,S 

70,0 

^/.7 

54.1 

37,7 

74.1 

40,0 

57.5 

40,0 

78,8 

42.5 

61.3 

42,6 

b4,0 

45.3 

65.7 

45.7 

90,0 

48,6 

For a component expressed by a chemical formula, at a concentration below 100t, 

its elementary composition by weight is calculated as follows. 

Let a combustible be specified by the chemical formula .• m^O. 

e 

The number of atoms of the various elements per mole of combustible and their 

weights will be determined as follows: 

Carbon - number of atoms - n weight 12 n 

Hydrogen - " " " - m ♦ 2mc " m ♦ 2»c 

Oxygen •» "-p»mc, " I6(p ♦ Bç) 

Total weight of 1 mole of combustible 12n ♦ m ♦ 16p ♦ lÔBç. 

On the basis of eqs.(l) and (?) we find 

12/! + m +16/> + 18mc = 18mt » p;. 

Consequently, the elementary ccsrpouition of the combustible by weight 

[cf. eq.(2)J will be expressed by the following relations: 

F-TS-95A7/V 6 



(8) 

Ç-í^lOOH. 
Pc 

H*-—í^-lOOH, 

c 

c ^ 

Similarly, w« get for the oxidieer: 

q=!?«.lOOH. 

H* 0l±??iL 100%, 
0 »*• (80 

O' = -16(t?t — 103%. 

M' *ü?-103%. 
• h. 

1. Calculate the elementary composition, by weight, of ethyl alcohol, 

at concentrations of 60, 80, and 100Í# 

The chemical formula of pure ethyl alcohol is as follows: 
t 

C,H,(0H)=C,H,0. 

Consequently, its noleculer weight will be 

l»( = 12-2 + l-6+161-46. 

The nucber of molecule, of wet.r per mol. of the pur. substenc. et the ep«l- 

fled concentrations 1. calculated on the basis of eq.(5) and will be 

100-., 100-«i . * _2^55 . 

.. •» 

At the specified concentrations, this fornula yields 

m“-0. 

0,639, 

mf-1,703. 

F-TS-9547A 
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The corresponding chemical formulas will ha/e the for* 

at *= 100H —C|H|Oi 
at «t =■ 80H -C,H,0 0,639ha 
at oc«60% — C^HgO • 1,703HtO. 

On the basis of eq.(7), the molecular weight of alcohol is 

at «C-100X 

at of»80X 

at ot-60X 

Pc 
100 46 

80 
57Ã 

100^46 

60 
76,67. 

We recall that the term molecular weight of a substance of lower concentration 

(o 100) means the sum of the molecular weight of the pure substance and the weight 

ox* the water in 1 mole of the substance; for example, at a 60,t concentration of 

alcohol, the weight of 1 mole will consist of the weight of 1 mole of pure alcohol 

n - /,6 and of the weight of m moles of water; since mc - 1.703, the molecular 
c ^ 

weight of this alcohol will be 

^=„ + 18mc=46-f 18 * 1,703=76.67 ft. 

The composition of alcohol by weight at the concentrations is found from eq.(8) 

to be as follows: 

Sç-lOOH 

sc = 80H 

sc - 60V* 

Cc 

^■100 - 52.1H 
46 

«4 ‘oo-4i'íH 57,5 

iSioo-3MH 

Hc 
_6_ 

46 
100-13, IV# 

64-2 0.639 

57,5 

64-2 1,703 

76,67 

100**2, 

100-12,3H 

Oc 

J61 

«6 

16(1 +0,639) 

100-34.8H; 

100 - 45,6^: 
57,5 

16(1+1,703) ^„554*, 

76,67 

2. The }-eut Value of the Components 

In calculating the combustion process it is necessary to know the quantity of 

F-7S-9547A 8 



chendcal energy intrcxluced into the combustion chamber by the component* of the 

propellant: in technical calculation, this chemical enerar is termed the heat 
* #■ 

value. In engines that use atmospheric air as the oxidiur, it is customary to tern 

the combustible "fuel" and in calculating the combustion processes the heat value of 

the combustible is called the heat value of the fuel, since the heat value of at- 
« 

aospheric air is zero. 

In calculating the combustion processes in liquid-propellant rocket engines It 

is necessary to take account of both the heat value of the combustible and the heat 

value of the oxidizer. The quantity of heat that can be liberated on complete con¬ 

sumption of 1 kg of a component during the combustion process is taken as the chemi¬ 

cal energy, i.e., the heat value, of that component. As a general rule, the heat 

value of a component may be determined by the Hess law, starting out from the propo¬ 

sition that the component at first must be decomposed into its constituent elements, 

fo" which a quantity of heat, equal to the heat of formation, but taken with re¬ 

versed sign, must be expended, and that the combustible elements of the component 

must thon burn with total liberation of the chemical energy (heat value) in the form 

of heat. 
«V 

Further than this, one must al o take account of the presence of water in the 

« . * 

components. A certain quantity of heat must be expended vO evaporate this water, 

since the lowest heat value of the component must «iter into the technical calcula¬ 

tions. The heat value of the combustible component elements may be taken from 

Table U (see below), while the consmi.ption of heat in evaporating the moisture in 

the components is equal to 10,500 kcal per mole of water. 

All calculations on combustion processes are made at the initial temperature of 

25°C (298° abs), since it is customary to give the values of the thermal effect of 

reactioni at this temperature. At this temperature, the consumption of heat to 

evaporate 1 mole of water is expressed in round numbers at 10,500 kcal^rcle; in ac¬ 

tuality, according to steam Tables (see M.P.Vukalovich and 1.1.Novikov: "Technical 

F-TS-9&7A 9 



Thermodynamic a" ), the latent heat of vaporization ia 583.2 kcalAgi conaequently it 

ia neceaaary to expend 

583,2X18= 10497,6^10 500 <cra/ Jmof 

on the evaporation of 1 mole of water at 25°C. 

Under these conditions, the formulas for detemining the neat value cf the com¬ 

ponents ;»ow take the form: 

Combustible 
H,e=94 OSO/i + 57 tOO ■ 05m — H 10 S00mf, (9) 

Oxiditer 

H,, = 940509 + £7 800 0,5/-\\^- 10500m, 

The heat value of the components per kg is determined by the formulas 

H, 
H ►c 

Pc 

H = — 
• V. 

lOO^e 

V« 

100* 

Ifcii /1*9, 

IC cái ¡Kf. 

(10) 

In reality, the heat value of the combustible is usually known. 

The values Hj.onn for the components is as follows: 

ror 100Í nitric acid, Hfom » U.400 kcal/mole, 

For luOo h;:drogen peroxide, H£onn ■ U*,8J*0 kcal/mole. 

In the case of components with concentrations below 100Í, the heat of solution* 

must be taken into account; Tor hydrogen peroxide it is slight (11 kcalAg) and for 

other oxidizers it may be calculated by the formula: 

where a is the number of moles of water pe* mole of pure substance; for nitric acid, 

A - W?L, a - 1.737. 

The s”m Hforjl ♦ Hgol is usually included in the calculation cf the heat value; 

«The heats of solution for several substances are given in Appendix IV. 

F-TS-9547A 10 



for nitric acid this sum, depending on the concentration, is 

, H 100 95 90 85 » ' 9 % 

41400 42 260 43 040 43 760 44 410 /mo* . 

The heat value of oxidizers may be either positive (H^, CM^Og) or negativt 

(hno3). 

As stated above, the heat value for combustibles Is usually knowi. Table 3 

gives the heat value of ethyl and methyl alcohol as a function of the concentration 

Table 3 

Concentration 
in í 

Ethyl Alcohol Methyl Alcohol 

HC*I ¡"'Oi* Kc+l 1*1 nut Jmoie Mt*l 1*1 

100 
95 

90 

85 

80 

75 

70 
65 
60 

296 200 

294 780 

293200 

201 440 

289450 

287 200 

284 650 

281680 

278 230 

6440 

6080 

5740 

5380 

5030 

4680 

4330 

3980 

3630 

149 700 

148 710 

147 620 

145010 

145010 

143 440 

141660 

139600 

137 :«o 

4680 

4410 

4100 

3890 

3630 

3360 

3090 

2830 

2570 

L-. this Table the values of Hc have oeen calculated for given values of by 

the formula: 

H. sc 
H «—— *«< /*Cf. 

f IOOkc ’ 

For kerosene the heat value by weight ranges from 10,200 to 10,500 kcalAg. 

Equation (9) for determining the heat value of oxidizers gives the following 

heat values for nitric acid a.id hydrogen peroxide at varicus cor.contrationeî 

F-TS~95k7A 
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HNO, 

HA 

K LAI ¡"'OH 

Ktél /«9 

Kttl I'noli 

Kt*l ¡K] 

12 500 

—198 

12600 

371 

-16680 

-237 

10 380 

275 

-21 770 

-271 

7600 

179 

4020 

83 

3. Specific Gravity of CopmflTJI 

Th« specific gravity of the components is determined as the ratio of their 

weight at a definite temperature (for hydrocarbons usually at 20°C) to the weight of 

the same volume of water at U°C; this specific gravity is a dimensionless quantity 

and is denoted by d20, where the subscript "/*" indicates that the water is taken at 

a temperature of /*°Cf while the superscript means that the component is taken 

at 20°C. Since the weight of 1 Itr of water at Z*°C is 1 kg, the dimensionless value 

of the specific gravity d is equal to the density y adapted in technology, which has 

the dimension of kg/ltr; this quantity is likewise customarily termed the specific 

gravity in technology* 

The specific gravity of petroleum products depends siprtficantly on the tem¬ 

perature; if the specific gravitj of a petroleum product at 20°C is >0, then, at a 

temperature t°C, it may be determined by the fomula: 

■71=7«—*(*—20)* 

In this formula the value of the coefficient 0 is determined as a function of 

the specific gravity of the petroleum product, by the formulai 

*=0,000581+0,00126 (0,95- T«) • 

The specific gravity of 100Í alcohols ie determined as a function of the t«* 

perature according to the fonailaa: 

For ethyl alcohol: 

F-TS-9&7/V 12 



For methyl alcohol: ï*—0,81034 —0,000917/. 

The specific gravity of alcohols at 25°C may be determined approximately as a 

function of their concentration by the following formulae: 

For ethyl alcohol: le —0,8623 —0,00253 (r—70); 
For methyl alcohol: 1.^0,8658-0,00267 (a —70). 

The temperature dependen e and the concentration dependence of the specific 

gravity of 1O0Í nitric acid at a« expressed by the following formulas: 

In the range from 0 to 80° 1,= 1.53 - 0,0014/1 
In the range from 90 to 1009Ó 1.= 1,492 —0,0012 (o —90). 

The specific gravity of liquid oxygen may be taken as > ■ 1.1A kg/ltr. 

The specific gravity of hydrogen peroxide at 25°Cf as a function of the con¬ 

centration, is 

7 1,16+0,005( Ü-40). 

L. Stoichiometric Coefficient of the latió of the Components and the Coefficient of 
otódlitr 

The stoichiometric coefficient of the ratio of the components is the term ap- 

' plied to the number of moles of oxidizer theoretically necessary for the total ccc>- 

bustion of 1 mole of combustible. The stoichiometric coefficient of the ratio of 

the components is simplest determined from the equations of the chemical reactions. 

If the combustible is defined by the chemical formula * ®c • HjO, and the 

oxidizer by the chemical formula Htf^0vCq • moK^, then in the general fora, the 

process of complete combustion of the propellant will be represented by the formula: 

C.H.O,-mfH,0 + *0H,N.OtCf • m.HtO - Meo» + Mh/> + Mr, , 

where MN2 the re9Pect'iv® numbers of moles of these gases in the 

combustion product, while k0 is the stoichiometric coefficient of the ratio of the 

components. 

The -umber of moles of carbon dioxide, water vapor, and nitrogen may be d#- 

F-TS-9547/V 13 



tarmlncd fr« th. nuBbar of .ta» of th. tn th. prop.U«t. Th. tot.1 

„.r of .too. of carbon In th. Prop.ll»t 1. n * k0,. th.t of ^dro*«, 1. « ♦ 2»e ♦ 

♦ k0(t • 2Ug)i and that of nitro*« i. k0ui b.arln* In nlnd that a nolecul. of car- 

bo^dioxide ha. on. at« of carbon, «d molecule, of wat.r vapor and nitro*« ...h 

hav. two ato» of hydro*« «d nitro*« respectively, we may writ.: 

Mco.-»+**; 

Mhp=051-1+2^+^0+2^.)1: 

AÍh.-O.Sí.b. 

(U) 

Thu. th. total chemical eqctlon of th. combustion process will hav. th. fom: 

C.H.O,-mcH,0 + m.H,0=(« + *.i) CO, + 
+1« + 2mc + *.(<+2mJl 0.5H.O +0.5*^N,. 

Tt.. stolchl«.trlc coefficients of th. ratio of th. components In thi. case 

will be determined fr« the condition that the number of atom, of oxy*« In th. 

propellant must .qual th. n«b.r of at«, of oxy*.n in th. combustion product.; fr« 

the fundamental equation, in this caae, we get 

,+*c+*.t.+*^.-2(» + M)+O.5l* + 2-e+*.0+2*O|. 

The solution of this equation for the quantity k0 yie.ds 

4 __ mole / molt 
, — 2«-0,51 

(12) 

A. wa. to b. exp.ctcd, th. conc«tratlon of th. c«pon.nt. has no .ff.ct on th. 

valu, of th. ,tolchi«etrlc ccefflcl«t. Th. weight .tolchictrlc co.fflel«t of 

th. c«pon«t ratio 1. d.t.ralned by th. mol.cular weights of th. c«pon«t., »or. 

specifically: 

krmk k — Kf/Kf. 
* he - 

(U) 

Th. bulk modulus of th. ratio of th. compon«t. will b. equal to 
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**=»*' — » /k — — itrjltr 
* •• •• T# (U) 

If the ccoponents are specified by their elementary composition by weight, 

namely:, the combustible by C^, Oçí, and the oxidiser by N^, 0^, CqJÍ, 

then, for water-free components, we find that the total combustion of 1 kg of cc®- 

•4- Cc ♦ 8HC - 0C 
bustible requires —2-jgg-kg of o^gen in this case, while 1 kg of 

Op - .^ Cq - 8Hq 
oxiditer conta;lns 100 kg of free oxygen, Cwisequently, the weight 

stoichiometric coefficient of the ratio of the components will be 

-^Cf + 8Hf-Oc 

¿-V*í* 
O.- —C.-8H, 

(15) 

At concentrations oc> and of the components, respectirely, the combustion 

of 1 kg of combustible will require only 

-j-C, + «Ht-Oe 

—is—iS*»1 

e 
of ojQrgen, and 1 kg of oxidiser will contain only 

£ 
3 

Oo-—Cc-8H, 

100 ss">- 

of ox^'gen and, consequently. 

TCt + IHf-Ot 

-¡-*¡1*1' 
0.-JC.-IH. * 

<U) 

and since, accordin/; to the preceding. 

* S 
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?. Propellant: tolu«ie (C^g) and 95Í nitric acid (HNOj • 0.10. H20). 

To find the molar and weight stoicluocetric coefficients of the ratio of the 

c capónente : 

The molar stoichiometric coefficient is determined by eq.(l2): 

_2 7 + 0,5:i_7? mole jmol€ 

0 3 - 0,5 

Consequently, at r0 « 95%, the weight stoichiometric coefficient, on the basis 

of eq.U3), is found to be 

*■„7,2®. .1^ = 5,19 M/*»- 
o 92 95 

Exnraple 3. Weight composition of ethyl alcohol; Cc • 52,Z%, Hc « 13í» 

Oc - 34.81, and of hydrogen peroxide: H0 - 5.^. O0 - %.l*. The concentration of 

the alcohol is - 90^ and that of the hydrogen peroxide, c0 - 80%. The spec: _ 

gravity of ethyl alcohol of the apeclflad concentration at 25°C 1» *e ‘ °-e— 

and that of foe hydrogen peroxide la y0 - 1.35 kg/ltr. To find the molar, weight, 
%v 

and volume stoichiometric coefficients: 

The weight stoichiometric coefficient la found from ei.(16): 

Consequently, 

2.667 52,2-8-13-34.8 90 _*955 

*•” 94.1-0 5.9 » 

* 4,955.^^ = 4.955-^-1 = 6 /=«« 
So e 

The volume stoichiometric coefficient will be 

*• = *• JL _ 4,955 • _ 3,04 tullir 
0 0 1.35 
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The above stoichiometric coefficients of the ratio of the components determine 

the theoretically necessary quantity of oxidiser for the complete combustion of 

1 mole, 1 kg, or 1 Hr of combustible. In reality, the quantity of oxidiaer sup- 

plied to the combustion chamber is not equal to the calculated theoretical quantity 

and most often it is less than this quantity; such a ratio of the components lowers 

the efficiency, but does increase the specific thrust of the engine. The ratio be¬ 

tween the quantities of components in this case is evaluated by the coefficient of 

excess oxidiser a, which determines the actual quantity of oxidiser per mole of 

combustible, in fractions of the theoretically necessary quantity. 

5. .eirht and Volume ComPOsHiçn gf a 

Taking account of the coefficient of excess oxidiser adopted, the composition 

of the propellant before combustion will be determined by the formula: 

C.H.O, * meH*0 + «*oHrNe°eCf * m*H*° 

and per mole of combustible it will have the followinf weight: 

**• 

The weight composition of the propellant will be determined by the following 

formulas : 

*c“ !•,+ **•* 

•»•IS 
' 7-, ‘ 

IV+ •*.!*. 

but 

p' t, • «• 

: onsequent ly, 

*< 
•t 

g. 

«*olS 

ja '? —. tm **•!*«* 

jîi •’k** + 

(1«) 
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If the propellant componenta are specified by their elementary composition by 

weight, then, as stated above, we determine the weight stoichiometric coefficient 

of the ratio of the components, and in that ;ase, kg of oxidiaer will be con¬ 

sumed per kg of combustible; consequently, the composition by weight of tne pro¬ 

pellant will be 

Sc = 
1 

rr- • & "* 
(19) 

^ i + **0 

The composition by volume of the propellant is determined from the known spe¬ 

cific gravities of the components >c, kgAtr, and y0, kgAtr; in this case we get 

v = v0 + vc** . 
7C To 

(20) 

The specific gravity of the propellant will be 

Jik. 

V tç_ + + ^°TC 
(21) 

The composition by volume of the propellant may \ ' determined from these formu¬ 

las as follows: 

^ ^ —_jfcTo . 
V «^To + íoT/ 

Vo 
(22) 

• V i,U + tctc 
r. 

Thus 1 Hr of propellant contains rc liters of fuel and r0 liters of oxidiaer, 

Substituting the values of gc and go in these formulas, we get 

_ill?-: 
f Ht7o + a*oHoTc 

r _ ^o^eTf . 

#~ HfTo + «*o»^Tc 

If the components a~e specified by their elementary composition by weight, then 

the volume of 1 kg of propellant will be 

7T + 
T(1 + “V 7o0+«*.> 

•_ - - 1 , (1 + —)<(«• Ik,. (23 ) 
•kj 'Tc To/ 
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and its specific gravity will be 

(! + •».) V._ Hl¡nr 

To + ^0¾ 
(2k) 

The 
c«position by rolum. wlU In thl. e». b. d.Umlntd by th. tormlMM 

(25) 

If the volume 
stoichiometric coefficient of the retío of the components Is 

known, then 

t 
r = —--r 
f 1 + 

. • • 
1 + «*« 

!.. Determine the weight end volome cherecterlstlcs of the following 

propellent: ethyl elcohol snd «ÜÍ hydro««, peroxide. The ccnc.ntr.tlon of the 

alcohol 1» 60. 80. and 100í¡ th. specific «reritl.s of th. component, ere: 

hydrogen peroxide, • 1.35 kgAtr. for ethyl elcohol ^°° - 0.7861. kgAtr. tc 

■ 0.837 kgAtr. yf * 0.8876 kgAtr. The coefficient of «ce», oxldl.er 1. • - 0.8. 

The stoichiometric coefficient, of the retío of th. component. In thl. .... 1. 

found to bs ¿ 

^2-2 + 0,5 6molt jmoi0 
2-1 

For a ■ 0.8, th. moler retío of the compon«.t. wlU be equel to 

a*« = 0.8-6 = 4.8 mon I mol* 

Since u ■ 1.6. end w. - 36. th«., by using «j.de), we get 
c w 

«»“■¡nsTMiír" 1 o°0,44^s’‘ 
. g 34, 163.2», 0.06433», _ 

*• "Ü.mVi.» M»T " 3660 + 163.2», I + «.«♦»•< 

After substituting the «lue. of oc. we get th. foil®.!»« ccmpo.itlon by -eight 

F-TS-95í*7A 
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9<* 100 
aß 0,184 
fo . 0,816 

80 
0,220 

• 0,780 

60 
0.273 
0,727 

4P w 

Th. specific vol». »4 th. specific weight of the propellant are W 

eqs.(20) and (2l)i the results of the calculations are as follows. 

oc H 100 
r 0,838 
j Kj/Jfr 1,195 

80 
0,840 
1.190 

60 
0.848 
1.180 

The composition of th. propellant by vol». Is calculât«! by eq.(22)i 

_ tc% 1.35* 

ro = 

ftTo + *7c 1.35* + foie 

tole_fois-. 
+ 1.35* + gole 

After substituting the corresponding *<> 80(1 yc* U‘e C 

of th. propellant by vol», is d.t.ncln.d for all thre. cas... as foUo«: 

•f H 100 
0,279 

80 
0,313 
0,687 

60 
0.363 
0.637 

r0 0,721 

n.. values of th. =o.fflci.nta of th. ratio of th. compon.r.ts may b. d.t.min«!. 

either from th. compositiol of th. prop.Uant by -eight and vol», so obtain«! or 

» • 
from the formulas given earlier. c . 

* Calculation gives the following results: 

•c* 100 
j*0 moltlnoit *•* 

«** *ll*9 4'44 
0**;fr/«r 2,66 

80 
4.8 

3,54 

2.16 

60 
4.8 
2.66 

1,72 
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CHAPTER II 

THE EQUATION OF BCffiGY IN THE PROCESSES OF COMBUSTION 

AND OF DISCHARGE OF THE COMBUSTION PRODUCTS 

1. Processes In the "or.busUon C:;t\T.bgr_and in thy fafagaÇ Ngtilg 

The processes taking place in the conbustion chamber and in the exhaust notzle 

consist of the combustion of the propellant at very high temperatures, and the 

efflux ol the cctubustion products at very high velocities. The processes of combus¬ 

tion of the propellant and of the efflux of the combustion products are rather com¬ 

plex conversions of energy from one form to another. 

The components of the propellant introduced into the combustion chamber, haring 

a very small amount of kinetic energy (as the result of the low intake velocities) 

and having a slight quantity of heat in the form of enthalpy (heat content), contain 

a very substantial quantity of chemical energy. In the combustion chamber the com¬ 

bustion of this propellant takes place, i.e., the conversion of its chemical energy 

Into thermal energy, which increases the twrperature of the combustion product to 

very high values. 

The combustion of the propellant cannot be complete, for the following basic 

reasons: 

1. With a coefficient of excess oxidiser less than unity, i.e., when oxidiser 

is supplied to the combustion chamber in a quantity less than theoretically neces¬ 

sary, part of the combustible will not participate in the combustion at all. 

2. As a result of the high combustion temperatures’,~tTüT combustion of the 

F-TS-9547/V 21 



propellant «ill be accompanied by conalderable diaaoclaticn, which lead» to a »till 

Bert incomplet« combustion of the propell&nt» 

3, As a result of the incomplete mixing of the components of the propellant a 

certain part of the combustible does not burn, in spite of the presence of free 

oxygen in the mixture« 

Thus, at the exit of the combustion chamber and on entrance into the nostls, 

the total enerC- of the combustion products will consist of the enthalpy whose 

value is determined by the temperature and the composition of the gas mixture; to¬ 

gether with a very substantial amount of unutilised chemical energy. At high gas 

velocities at the exit of a high-speed combustion chamber, a certain amount of 

kinetic energy must also be laxen into account. 

Th. flow Of the combustion products through the nozzle is likewise a rather 

complex process, newly: In addition to the conversion of part of the enthalpy into 

kinetic enere- of efflux, there is a rather intense additional conversion of part of 

the residual chemical energy in the combustion products into heat, for the following 

reasons : 

1. As a result of the considerable lowering of the gas temperature during ex¬ 

pansion in the nozzle, a partial reccmbination of the molecules takes 

place; 

2. There is an additional partial ccmbustion of the combustible, which was 

not completed in the ccmbustion chamber in view of the imperfect mixing. 

lh.se two processes represent the conversion, into thenoal energy, of part of 

tho residual chemical energy in th. combustion product., 

A, th. fundamental equation serving for th. calculation of th.se process.., it 

i. entirely expedient to epply the general energy equation ordinarily employed in 

th. study Of gas flow in gas dynamics, with a suitable modification of that equation. 

This equation, for 1 kg of gas in the region of the duct 1 - 2, ie of the 

general fom: 
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'£ + £/, +(£«—21) + 
u,-u, , 

(¾) 

Th« following notation» ara uaed in thi« «quation: 

Q is ths heat supplied to the gas or removed from it, over the path 1-2# 

L, Lfr are the technical work and the work of friction in the segment of the 

duct; 

is the work against the internal forces of pressure; 
yl y2 

U2 - U1 is the change in the internal energy of the gas; 

w?-w? 

2g 
is the change in the external kinetic energy of the gas; 

Z2 - is the change in the external potential energy of the gas# 

In the case under study, no technical work is done, i.e«, L • 0, and the work 

of friction may be neglected in view of its smallness, i*e*, * 0« Neglecting 

the vanishingly small change in the energy of position of th-i gas, the energy equa¬ 

tion for this case ray be represented in the following simplified form: 

Q . I Pi r7\Ui-Vi , “-1 - 
«A \ 1i Ti / a • 2f 

or, after the usual transformation», 
*» # 

Q-ij-i,+ (27) 

In this equation all the heat participating in the process is taken as the 

value of Q: the heat supplied to the gas from outside the system or removed from 

it; the heat formed as a result of the conversion of chemical energy, i#e., due to 

the combustion process; the heat produced by friction, heat exchange with the sur¬ 

rounding space, etc. In this case, from the total quantity of heat we must sepa¬ 

rate the heat evolved on account of the conversion of chemical energy; let us repre¬ 

sent this by the symbol x. Since heat is not supplied to the propellant nor to the 
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combustion products by other means, it follows that Q denotes only the heat of fric¬ 

tion and the heat exchange with the surrounding space. Thus the general fora of the 

energy equation will be as follows: 

(28) 

or 

(29) 

In view of the exceptionally great heat liberation per unit volume during the 

processes of combustion and discharge in a liquid-propellant rocket engine, the 

quantity Q is only an insignificant part of the total energy participating in the 

processes; this quantity ray therefore be simply neglected. On the other hand, in 

practical calculations, these losses nay be taken into account by selecting the 

proper values of the practical coefficients or by a suitable correction to the heat 

value of the propellant. Therefore, we will hereafter use the equation of energy in 

the form of eq.(28) or eq.(29), but without the quantity Q. 

2. Coefficient of Heat Liberation 

As stated above, the incomplete combustion of the propellant is due to three 

main causes. The incomplete combustion of the combustible, owing to the supply of 

an insufficient quantity of oxidizer, i.e., at a < 1, is simple to calculate, if a 

is specified. If o - 0.8, this means that only 80Í of the theoretically necessary 

quantity of oxygen is supplied, and consequently only 8CÍ of all the combustible can 

be completely burned. To determine the proportion of cccbustible unbumed for other 

causes, the proper coefficient must be introduced. In internal combustion piston 

engines, the coefficient of heat liberation f, is adopted to allow for the quantity 

of heat liberated up to the Toment the combustion products begin to expand. Such a 

coefficient is entirely acceptable for calculating the combuftion process in a pis¬ 

ton engine, where the combustion temperature is relatively low, since the at- 
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nospheric air is used as oxidizer and the degree of dissociation, do^s not exceec 

1.5 - 2*. ' 

For calculating the combustión processes in a liquid-propeliant rocket engine, 

the incomplète combustion of the combustible, due to the considerable dissociation 

of the gases, must be separately taken into account. For this reason the total co¬ 

efficient of heat liberation r, is to be regarded as the product of two coefficients: 

»■, . a coefficient of heat liberation, which has a value less than unity as a re- 
* incw 

suit of the incomplete mixing of the fuel components, a coefficient of heat 

liberation, which likewise has a value less than unity, owing to the dissociation of 

the combustion products. 

Consequently, ' ■ r-diss. The value of is found, as will be shown 

below, by solving the system of equations of chemical equilibrium; however, the 

value of can be derived only from practical data; this quantity depends on the 

propellant supply system in the liquid rocket engine, on the quantitative ratio of 

the propellant components, on their viscosity, on the temperature, and on a large 

number of other factors. 
• e 

The insufficient state of our knowledge as to the value of the coefficient of 

heat liberation due to incooplste mixing, makes it impossible to run thermal r 
«> 

calculations with sufficient accuracy, allowing for the incomplete liberation of 

heat. For this reason, the calculations of the combustion process may be handled in 

two ways: 

1. The incomplete combustion of the propellant, dus to incomplete mixing of the 

components, may be included in the total energy losses in the combustion chamber, 

and the combustion may be calculated uMer the assumption that - 1. 

2. After finding the practical value of one may' allow for it in the cal¬ 

culation by excluding these losses from the total losses. 

3. Jhenical Fnergy of the FlfflgliJ 

To determine the chemical energy introduced by the propellant into the ccmbus- 
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tion chamber, a method of eatijaating the chemical energy of the component elements 

must be established. There are apparently no generally adopted methods in the 

literature. Indeed, in the article "Calculations of Thermal Pro 'ses at High 

Temperatures", Ya.H.ZelMovich and A.I.Poly»rnyy take the charlct energies of 02, 

II2, C02, and as zero at 0° abs, while A.P.Vanicher, in his book: "Thermodynamic 

Calculation of Combustion and Efflux in the High-Temperature Region", takes the 

chemical energies of H , 02, N2 and C as zero at 293° abs. This second method leads 

to calculations with negative values for the heat values of the propellants and the 

enthalpies of the combustion products. 

In technical calculations, where the heat value is the primary quantity, it is 

more natural to adopt the former method of determining the chemical energy of the 

elements, but at a temperature of 298° abs adopted as the reference temperature. 

The determination of these quantities is based on the following procedure: The 

process of combustion of hydrogen, allowing for the possible dissociation, is ex¬ 

pressed by the following chemical equations: 

^+0.50,-.11,0.,.+ 57800 kc 

OH +0.5H,-»H,0^.+ 67850 *«./ w, 

2H -*Ht+ 104 180 #fcal /me/e 

There are five gases in these three equations (H2, 02, N)* 

For two of these gases, we may taKe arbitrary values for their chemical energy, and 

to reduce the volume of numerical calculation, it is best to equate them to zero; in 

spite of the different numerical values for the different methods of selecting the 

values of the chemical energy, the final results of the calculations of the processes 

of combustion and efflux will undoubtedly be the same. The equation of energy 

balance for the above three chemical equations will have the form 

Ah,0,5Ao,—Ah/) ”9°* + 57800; 

Aqh+0,5Ah, - Ah/> **** -»-67 850; 

2Ah-Ah, + 104180. 
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a 

■or example, if we assume that Xji^ ■ 0 and - 0 

tions, we shall find that X^ - -57,000 kcal/mole^ ^ 

XH » 52,090 kcal/mole. 

and solve the three equa- 

- 10,050 kcal/oole, and 

To obtain n».ri=al valu., that ar. clo,.,t to the,. u.uaU, adopt«! in t«hni 

Ca] C‘1CUUUOnS' U 1S «^1“t 10 Xo2 - 0 „d XH2o . 0; th.„ th. 
solution of the equation »ill girt 

Ah,-57 800 K a / me/, , AT0H = 38 950 Kci ¡mon 
and 

XH ■» 80 990 Kcè! Jmolt 

Fron the t»o equaUon, for the combustión of carbon: 

0+0,=00,+94 050; 
00+0,50,=00,+67 640 

Xo2 • 0 and at - 0, we find that Xc - %,050 kcal/mole «d . 

• 67,640 kcal/mole. 

All these calculations give the valu«* fnr fk- „w * * g o tne values for the chemical energy presented in 

Table 4 

Substance 

Chemi¬ 
cal 

For¬ 
mula 

Chemical 
Energy in 
kcal/mole 

Substance 
Chemi¬ 
cal 

For¬ 
mula 

Chemical 
Energy in 
kcal/mole 

Hydrogen 
Carbon monoxide 

Nitric oxide 

Hydroxyl 
Oxygen 
Carbon dioxide 

H, 
CO 
NO 
OH 

Oi 
C02 

57800 
67640 
21600 
38950 

0 

0 

Steam 

Monatomic 
hydrogen 

Monatomic 
oxygen 

Csrbon 

HjO 
H 

0 

c 

0 
80990 

59160 

94050 

*Th. value, of the ch«ic.l m.rgy ar. ^ T.bi. 4 for . rMction 

Of 25°C, and are rounded off to the nearest 10 kcal. 

✓ 
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U. Fflerffy ^ ' e_ai Value of ^ 

A» .tat«! abo«, the concept, of chemlc-a energy an! heat value for Individual 

element,, g.9„ „d propeUant exponent, coincide. For a propellant, however, 

the,, two concept, »,t be differentiated, nanely: By the chanical energy of a 

propellant w. «an all the chaalcal energy contributed by the propellant, regardl.,, 

of whether It can be liberated In the fom of heat during the cocbu.tion proce,. or 

not, while the heat value of a propellant nm,t be taken to ».an only that part of 

the cherdcal energy which theoretically can be liberated in the fom of heat if the 

ccnbustlon of the propellant i, complete. Thu,, at a coefficient of exc,,, oxi- 

dl,.r a equal to 0.8, the maxlnun that can be tamed i, only 0.8 of all the cco- 

tastible supplied, tat in calculating the chemical energy, the chemical energy of 

the entire quantity of combustible must be taken into account; if o > 1, then the 

heat value of the propellant, after reaching a definite value at . - 1, varie, only 

slightly thereafter (just like the chemical energ-) exclusively a, a function of the 

heat value of the oxidiier, senewhat decreasing for a negative heat value >f the oxi- 

dlser and increasing for a positive value. .-,'e present a more exact definition of. 

the concept of the heat value of a propellant for a liquid rocket engine; The boat 

«lu. of a propellant 1, the quantity of heat liberated on full utilisation of on. 

of the components during the combustion process. 

In accordance with the above, the heat value of a propellant at a < 1 must be 

determined by the formulas 

or 

Kcêl J rr>ol€ 

u -(^ +VO 
"•-«»' /*>• 

The* chemical energy of a propellant will be determined by the formulas 

(30) 

(31) 

X = H>c + *k.H„ Kcêl ¡nrtole (32) 
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or H 4- «*oH, 
Ä- Kcàl ¡K<l. (33) 

Ke -r •*+. . 

Th. h..t tUu. of a prop.Uaot for . > 1 U «T-l i» ^ t0 th* C> “1Cal 

energy and i» determined by eq3.(32) and (33)* 

Figure 1 giv« th. abov. „uantlti.. for rarlou, ralu.a of a. for th. follow!«, 

two propellantsî 

1. Kerosene (Hc - 10,270 kcalAg* composition by weight Cc - 86*, Hc • Ut, 

UCAI 
m»/« 

110' 

J 

J 

• ^ 

1 
— 

V 
V 

f 

/1 
( X 8- 

1 - — 

i 1 f 
-zr 

i 

2000 

1000 

1 - 

Fig.l - Characteristic of Propellants 

Kerosene ♦ 95* HNOj 

Molecular ch«ical «.rgy *up¡ 2 * HoLculw h.at «lu. Hupi 

) - Chemical energr by w.ight Xj,; k - H«t valu, by w.lght Hp 

95* C2H60 ♦ 80* H202 

5 - Molecular chemical «n.rgy t - MoLcular h«t T.lu. 

7 . Chemical energy by weight Xpi 8 - H.at vUu. by «.ight Hp 
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arbitrary chemical formula and 95* nitric acid (chemical formula HNO3 

• 0.184 HjO, heat value Hm0 - -14,905* kcalA«). 

Consequently, 

2-7.15+ 0.S M_ » K 
• a-o.s-i 

The formlas for calculation now take the following font: 

X *■ 10 270 • 100 4* 8,5 • a ( — 14 905) =» 1027 000 —126 600* 

1 027 000— 126600« , 
100 - 563,7* 

For a < 1 
= (1027 000-8,5-14 905) a-900 400« 

^ 900400* . 
/7. — 

For a > 1 

• 100 - 563,7.' 

h^.=*x »Hiii /y.-x. 
2. 95^ ethyl alcohol (cherdcal formulas • 0.135 1^0, 290,580 kcalAg» 

liç * 48.4) and 80£ hydrogen peroxide (cheirdcal formula H2O2 * 0.472 H2O, * 

* 7240 kcal/mole, ^ ■ 42.5); k0 ■ 6. 

The corresponding computational formulas will have the form 

X « 290 580 4- 43 440*. —334 020«. 
H 334020* 290 580 4-43 440« 

48,4 4-255* ' 48,4 4-255* 
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CHAPTER III 

CALCULATIONS OF PROCESSES IN LIQUID-PROPELLANT ROCKET ENGINE 

1. The Principal Protases ill a Uguld-Prorellant RgçKct Enfin« 

For the further calculations the following notation is adopted for the princi¬ 

pal cross sections in liquid-propellant rocket engines (Fig.2)* 

At the section c - c the atomized ndxture of the propellant components arrives, 

and the corLustion process begins; in the section z - z the process of combustion 

is substantially concluded, and the combustion products enter the exhaust noaslc; 

the passage of the combustion products 

through the nozzle ia accompanied by further 

combustion of the propellant, which has not 

been completed in the combustion chamber, 

and by a substantial recombination of the 

molecules, due to the decreased tempera¬ 

ture during efflux. 

The velocity of the chemical reaction 

of combustion of the propellant evidently varies for different rocket propellants. 

Just as is the case for the duration of the preparatory period; besides the fom of 

the propellant, a considerable number of other factors affect these quantities: the 

combustion temperature, the weight ratio of the components, the temperature of the 

arriving components, the degree of atomisation and mixing, etc. 

Thus the coefficient of heat liberation at the end of the combustion chamber. 

Fig.2 - For Calculating the Processes 

in a Liquid-Propellant Rocket Ehgine 
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,, 

,. . B,. h»w »»riou» values governed by th. above factors. It is most natural 

that this coefficient should not be amenable to theoretical determination, meaning 

that it But be established on the basis of practical consideration, and data for 

existing liquid-props liant rocket engines. In the same way, without data on the 

completeness of the afterburning of the propellant during the exhaust process, w. 

must confine ourselves to practical and experimental data on the values of the co¬ 

efficient of heat liberation in a cross section of the nestle, '.¡^j ,. The value 

of r-lnc â Use depends on the residence time of the combustion products in the 

nozzle, l.e., on the rst. of flow of the gases and on the length of the nozzle. 

The process of efflux is complicated not only by the afterburning of the pre^ 

pellar.t but also by the reccmbination of the molecules due to the drop in the teei- 

p,rature of the combustion products. There is no reliable assurance that the re¬ 

combination of the molecules proceeds so rapidly that the combustion product, are 

always in a state of chemical equilibrium, nor that the oscillatory energy of the 

atoms in the molecules (which is restored in any case more slowly than the rotr.tion- 

al and translational energy of the molecules) nay vary so rapidly that the combus¬ 

tion products are always in energetic equilibrium. There are no definite data as to 

how completely chemical and energetic equilibrium is restored. This is even more 

emphasized by the fact that those quantities also depend on the residence time of 

the combustion products in the nozzle and thus on the velocity of flow and on the 

length of the no**le» 

Theoretically, one might imagine two extreme hypotheses about the efflux of the 

combustion product®: 

1. Extreme non-equilibrium exhaust conditions, whsn it is assumed that the 

chemical and energetic equilibriums sr. restored very slowly; it is assumed in this 

c... that th. chemical composition of th. ccmbustlon product, does net vary at all, 

sine, there is no afterburning of the fuel, «id th. oscillatory «erg, of th. «ta¬ 

ha. remained constant. Thu., under this etlpulation it i. assumi that no additional 

\! 
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processes other than the conversion of part of the enthalpy of the combustion 

products into kinetic energy takes place, i.e., that in this case the process of 

efflux of the combustion products is adiabatic# 

2. Cocplete equilibriun efflux, when it is assumed that both the chemical and 

energetic equilibriums are very rapidly restored; under such conditions It may be 

assumed that the chemical composition of the combustion products, like the oscilla¬ 

tory energy of the atoms, corresponds at all times to the temperature; moreover, 

there is also an additional partial afterburning of the propellant,so that the co¬ 

efficient of heat liberation at emergence from the nozzle a is higher than the 

same coefficient at the exit of the combustion chamber, Imc z. Thus, in this case, 

the process of efflux takes place with the addition of a considerable quantity of 

heat, due both to the afterburning of part of the propellant and to recombination of 

the molecules; consequently, this process must be regarded as a polytropic process 

with an index of polytropy n smaller than k. 

The actual process of efflux must be somewnere between these two extremes, and 

the longer the nozzle and the longer the time of exhaust, the closer will the 

process come to complete equilibrium of efflux# decent research has shcMn that the 

actual process of efflux takes place in a manner very close to the equilibrium state. 

It is therefore more rational to calculate precisely this equilibrium discharge, 

and then to apply practical coefficients to allow for the deviation of the process 

from equilibrium. 

2. Composition of the Combustion 

The principal quantities determining the composition of the ccmbustior. products 

are as follows; the coefficient of excess oxidizer a, the coefficient of libera¬ 

tion of heat with respect to completeness of mixing g, and the actual combus¬ 
tion temperature Tx. The composition of the combustion products is very complex, 

owing to the considerable degree of dissociation# If we neglect the presence of 
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several gases contained in very small amounts in the ccasbusticn products, we may 

assume that in the ger\er^L cast the corabustion products consist of CO2, CO, H^O, 

OH, N2, 02, N02, H, and 0. 

Calculations and experiments show that, at lower dissociation temperatures, 

there is »ore H2 than CH, while at higher temperatures the quantity of OH consider¬ 

ably exceeds that of H2. The monatomic gases H and 0 appear in appreciable quanti¬ 

ties only at temperatures over 2400° abs. 

In the most generally adopted case, the dissociation of the combustion products 

is determined by the following chemical equations: 

CO+ 0,50,^ CO,; 

H, + 0,50,H,0; 
OH+0.5H,^H,O; 

2H ^ H,; 
20^0,; 
NO 0.5N, -f 0,50,. 

The quantity of gases in the combustion products is most conveniently 

determined from their partial pressures, t.ince it is well known that 

(34) 

r 

i.e., the partial pressures determine the volumetric composition of the gas 

mixture. 

In accordance with the above equations for the chemical reactions, the follow¬ 

ing six equations of chemical equilibrium may be set up: 

KO'Po, _ * . 

/»CO, 
(35) 

(36) 

Py\p 

(37) 

F-TS-9547/V 34 



(/,0) 

(38) 

(39) 

appropriate Tables (Appendix I). The seventh equation determines the pressure of 

the combustion products as the sum of the partial pressures of the component gases, 

as follows: 

/’co.+Pco +/>H,0 + PH, +/>OH +PN, +/>o, +P»o+Ph +PozmPr 

Three more equations must be set up to permit r^et'»rrrin4''g the cuaposition of 

the combustion products at a specified temperature. These equations are set up as 

equations of material balance, based on the data on the composition of the fuel 

components and on their molar ratio. In the most general case, the mixture of the 

components before combustion is defined by the sum: 

C.H.O, m,H,0 + «*.////.0.0, /n.H,0. • 

This mixture contains the following number of atoms of the component elements: 

m-f-2srk +aJtc(/+2*i«) 

•M 

Carbon 
Hydrogen 
Oxygen 
Nitrogen 

This number of atoms must persist in the combustion products formed. Carbon is 

contained in only two gases, CO2 end CO, one atom to the molecule of each gas; 

consequently. 

Afeo, + Mçq « /» + 

Hydrogen is contained in hydroxyl OH and in monatomic hydrogen, one atom in 

each, while water vapor H2O and diatomic hydrogen contain two atoms each; 

consequently, 
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2 (Aí«/) + ^h,) AÍqh + + 2/nc+«*0 (t + 2/n0). 

For oxygen, we get 

2 (Afeo, + Afo,) + «Afeo + AÍh/) + Af0M -f AfN0 + Af0 + m + 

and for nitrogen, 

2AfHl+AfN0-aA.*. 

The unknowns in these four equations are the numbers of moles in the gases: 

MC02» ^co» mh2o* •tc* 

They may be replaced by expressions in terms of the partial pressures; the 

equation for any component gas will have the form 

or 

P» 

Let us rewrite the equation so obtained in the following way: 

M 

ft 

(pco, ~i~Pco) * m + 
Ps 

|2(/»m,o +Í h.) + Poh +/’«1 = m + 2mf + >*.(< + 2«o). 

M- |2(pco,+/>o.) +Pco + Ph.0 + Poh +Pno +Pol =/> + •M*' + ".)• 
Pt M 

— (2Ph,+Pho)-**J- 
Pt 

These four equations contain the new unknown M, the total number of moles of 

combustion products. This unknown may be eliminated by dividing any three of these 

equations by the fourth one; it is most convenient to divide the three last equa¬ 

tions by the first one. 

After division, we get the three missing equations of material balance: 

Pco, + Pco n + <**«* (U2) 
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2 (/»co, + Po ) ^ /Y-0~* ^H o ^ Pom 

Pco, + ^co 
It + •*©♦ 

»N. + /’HQ _ 

ico, + ico " + **•* 

(43) 

(U.) 

If the fuel components are specified, not by the chemical formula but by the 

elementary composition by weight, then the equations of material balance are set up 

on the basis of the following considerations: The weight of oxygen in 1 kg of fuel 

at an oxygen concentration oc% is equal to 

9c. A *1, 
100 100 

°ko0o °o 
while, in the corresponding quantity of oxidixer, its weight is 10Q 10q 

moreover, the weight of oxygen in the water is 

1100-0, +»*.(100-01 M 
9 100 1 

and calculations of the weight of hydrogen yield: 

Ht ’j. ^ 
In the combustible ^ ^ 

In the oxidiser |¿0~ joÕ 

For carbon: 

I„ water _i_ [100-., +«»idOO—.)1 Ml • 
9 100 

Cc p/Q 

In the combustible iqq ’ |00 

e*lC« «e 
In the oxidixer —5— • äc« 

100 100 
Simple armaments lead to the following equations: 

g-t-»f + eM» + *e) — 

„ Oi:, + .*'.0... + lOO y 11«-», + «*1(100-01 

*70 + 

m + 2mc + •*«(< -1- 2*«) ^ 
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il 
1 

\i*( + a*0Ho*o + 10C.y |100-«4 + <(l00-••)! 

aA0U 

çt.£ + 

12 «V.No«. . 

n+*k¿9 14 C** + 

Consequently, the .quêtions of meterla! balance In this case ar. brou*ht Into 

th« fora of 

-Peo, + Peo + *h,o ^ Pqh ^ ^Qs ^ ^no + *0 _ 

Pcot Peo 

Oc«< -1- «A0Oo«o + 100 Y 1100 ~ «{ + aA’o (100 - «o)l 

= 0,75 

12 

Ce oc + oA#Co®o 

IPHfi + tPH' + Pon+'lL- 

Feo, + ^CO 

H£c£ + a*’oHoJo + 100 Y 1100 - Of + aM 100 - *o)l 
(1*5) 

Ce»« + aA#C0a, 

^NQ wm 0 a40No0o 

Peo, + Peo 7 Ce0f + «»„CoSo 

The above ten equations pemit deteraining the exposition of the cmbustlon 

product, for any desired temperature. In calculating the combustion process, the 

composition of the combustion product Is d.t.mined for two or three select«! tem¬ 

peratures, after which, using the equation of energy, the actual equation tempera¬ 

ture is found and thus also the actual composition of the combustion products. 

3. TtoEaii 
:or.bustion Prpçftaa 

The equation of energy, all wing for the incomplete liberation of heat as a 

result of Incomplete atomization and miudng of the components. Is constructed on the 

basis of eq.(28) or eq.(29). With total heat liberation, l.e., for 'inc , - 1» 

eq.(28) take* the fora 

ri we 
xt—xt*= it— *t + ^ 

2f 
+ Q- 
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that 

Neglecting the quantity Q and the variation in kinetic energy, i.e., assuming 

Q=o, 

which is entirely penaissible for a low-speed coclmstion chamber, eq.(28) may be 

represented in the form 

Xe — Xa~it — i€ 
or 

Xi + it — X' + l'. 

Hereafter, for simplicity, we shall introduce the term energy content for the 

sum of the chemical and thermal energy, and shall denote it by e. 

Thus the general equation of energy for the combustion process may be repre¬ 

sented in the form 

•t =* 

where 
* / ** *! ^" **• 

™ Xf+ if. 

If the coefficient of heat liberation is less than unity, then, instead of the 

quantity of heat that could be liberated on total combustion, namely iip, only 

’inc t Hp ^11 be llb®rated# whi le a P311^ of thÄ heat* to (1 - t) Hp 

remains in the fora of chemical energy and must be taken into account in eq.(28) by 

means of the separate term. Thus, the equation for the combustion process, allowing 

for incomplete combustion, will have the font 

xf++( 1 \J) + ie 
or 

Applying the concept of energy content, we get 

ft*st 

where all the quantities on the right side of the equation are known, if the ralue 

of the coefficient of heat liberation t ie selected on the basis of practical 
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considerations« 

On the left side of the equation, the quantities Kg and tt represent the chemi¬ 

cal energy and enthalpy of 1 kg of combustion products at the exit of the combustion 

chamber. These quantities, on the basis of the solution of a system of the ten 

equations given above, may be expressed as follows: For any ith gas we may write 

Af, ——M, 
Pt 

where M is the total number of moles of combustion products, and the number of 

moles of the ith gas. Knowing the number of moles of each gas in the combustion 

products, and having the tabular data of the values of ^ for the temperature 

selected as well as for the values of all x^, we may write: 

(47) 

In order to recalculate eqs.(47) for 1 kg of combustion products, they mast be 

divided by the weight of the combustion products obtained on the combustion of 

1 mole of combustible; this weight, at oc,u concentration of the combustible and at 

Offo concentration of the oxidixer, is equal to 

0» -1*, + «*J>. +18 K + ~ 100 + . 

On the other hand, the molecular weight of the combustion products is 

and, consequently. 

« Affv 

Hence, making use of eq.(47), we may write 
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Thus the left side of eq.(/»ó), if eqs.US) and (V?) are used, is brought into 

the fom: 

or 

—y. i.- 
(50) 

The values of for various gases at various tenperatures are given in Appen¬ 

dix II. 

The molecular weight of the combustion products is determined fron the foraila 

Consequently, 

(51) 

ln.*i 
*•” irw ’ 

(52) 

(53) 2 Put i. 

Xhus for any arbitrarily aelacted tcr-perature, all calculations may be per- 

iormed to determine both the composition of the combustion products and their en¬ 

thalpy, together with the amount of chemical ene. gy remaining unutilised. 

for the three arbitrarily selected temperatures and T^’, let x’, 

1" xj’, and i'", respectively, be found. The actual combustion temperature may be 

determined by interpolation, using the following three equations: 

A + ar.+a'-ï+i, 
A+Brt+cri=x-t+rr 

Frcm these equations, we determine the values of the coefficients A, B, and C 

and then set up the interpolation equation: 

A + BT.+ Cr^'^'c-il-S».)*1' (5° 
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îm which th# actual c«nbu9tion temperature Tf is determined. To detemaine the 

actual ccciposition of the combustion products, partial pressure curves may be 

plotted in the axes Pi vs. Tf (Bibl.l) and frcxn them the partial pressures at a 

temperature Tg may be found. For practical calculations, in most cases, the currl 

__ linear temperature dependence may be replaced by a linear dependence, which yields 

sufficient accuracy if the temperature range is not particularly large. 

In that case the interpolation equation takes the form: 

M + NT.-x. + i'-iX-UHr (55) 

To determine the coefficients M and N, the following two equations are set up: 

M + NT'-t'+f, 

M + Nrtrmx\ + V, 
whence 

N- *1 +-(*1 + 

AA _(■** (Xt f, 
M TZTf-• al '$ 

Th.e solution of eq. (55) gives 

T,— (56) 

.m. 

Ibe. Nation pf Enerr^ in the Ejchaust Prnc^^g 

In the general ^ase, as stated above, the equation of energy for calculating 

the processes of combustion and exhaust has the form of eq.(29): 

wt 
JCt + ¿S + ^ *= *| + ¿1 + A . 

In calculating the process of efflux of the combustion products through the 

exhaust nozzle, the right side of the equation represents the total quantity of 

energy in the combustion products at the beginning of the efflux, i.e., at the exit 
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of the combustion chanber, namely 

. x,+i, + 0—UH,+ A~ 

01 •» 

+ (1 - Lj) • 

whll. for lo--»p.ed ccr.bu.tion chamber, th. U.t t.m of this «pr«.lon «J te 

neglected. Tl,e left .ide of the equetion mat represent the toUl quentltj of 

energy in the combustion products on emergence fre. th. no«le. i.e.. in th. cros. 

section a - a (see Fig.2). This energy consists of th. remaining unutilised ch«i- 

cal energy x, which, owing to dissociation, was net transformed into heat, th. 

thalpy of th. combustion product, la, th. kinetic «..rgj- * and th. ch«ical 

energy which, as a result of the incomplete combustion of the propellant, was not 

liberated in th. fonc cf heat (1 - 4) Hp. Under such conditions, the gen.rU 

equation of energy for the process of efflux takes the form 

For nonvelocity combust.on chambers, as already stated, the last tern of the 

right side may be neglect«! without appreciable error. In this case, th. equation 

takes the fora . 

or, since 

X,+ + “ trf) Hp 

we nay write finally 

or 

(57) 

(5Ö) 
^ + ^ + ^---«Xf + /r (' 

..+ >»^"»r-0-U^ 

This «quation, in combination with th. ten .quation, given abov., makes it 
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poo»ibl. to porfonn »U n.c.o.ary calcuUtion,. th. following Section, w. »hall 

gi„ th. mathoda of calculating th. proc.a, of .fflux und.r th. two «tr«. aaau^ 

lions sst forth abovt. 

5. ^Iculation yf Fútreme Cass SiLLi 

Th. assumption of th. «tr— cas. of non^iUhrium .fflum Includ.s th. fol- 

lowing asserliona: 

1. Ho recombinatior of mol.cul.s takes place during .fflux. the dissociât«! 

combustion product remain, dissociated, in spit, of th. constd.rabl. tmcp.ratur. 

drop during efflux (extrae, chemical nonequllibrlum). 

2. Th. heat capaclti.s of th. .ambustión products, and consequently also th. 

value of th. anabatic Index k. maintain value, d.t.mined only by th. rotation^ 

and translational motion of th. moléculas; tn. osclDatory energy of th. at«s re- 

mains unchanged. 

3. Th. process of afterburning of th. fuel during efflux of th. combustion 

product does not occur, i.e., a * ^tnc *• 

, ,, X - * and t » C . and the efflux is characterized by a 
It follows that Xa “ X2 ana ,a <>• 

«r raart of the enthalpy of the combustion product 
single process, the conversion of part of the enx-naipy 

d - this case, the exhaust process will be adia- 
into kinetic exhaust energy, i.e., in this case, tne exn* y 

batic. Und.r th.s. conditions. ,q.(57) tak.s th. fom 

«i . 
+ ^ 

2g 

whence 
(59) 

ip. = j/ ^ (i,-u'-s'.53h". 

In this equation, th. enthalpy of th. ccmbu.tion product, at th, emergenc. f. » 

th. noltl. 1. th. unknown quantity; it may b. d.terminad fro» th. equation 

(60) 
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where the values of the are taken free the data for molecular heat capacities 

given below. 

For determining the values of I^a at a known temperature, the Table of Appen¬ 

dix II nay be used; from the value of found from the Table we subtract 

the value of the cherdcal energy X^,taken either from the same Table at Ta» 298° abs 

or from Table /* (in the text). It should be remembered that, in the system of 

reference adopted, oxygen, nitrogen, water vapor, and carbon dioxide possess no 

chemical energy, and that for them ■ E^, 

To determine the values of I4 it is necessary to know the temperature Ta of 

the gases on emergence from the nozzle; this temperature is determined from the 

usual relation for an adiabatic process: 

»-1 

(61) 

To determine the values of the heat capacities pCp and uCT, and also the value 

of k, one must start out from the following considerations. 

At the initial moment of expansion of the combustion products, they are in 

chemical and energetic equilibrium. Energetic equilibrium assumes that the oscilla¬ 

tory motions of the atoms proceed in accordance with the temperature to which the 

gases were heated during the combustion process. On expansion of the gases in the 

nozzle, in accordance with the assumption of energetic nonequilibrium of the process 

that we have adopted, there are no variations in the oscillatory energy; consequent¬ 

ly, the heat contents of the gases are determined only by the translational and ro¬ 

tational motion of the molecules, and are independent of the temperature variations. 

These heat capacities may be determined from the values of the molar heat 

capacities calculated according to the molecular-kinetic theory of heat capacities; 

we tray take, in round numbers: 

For monatomic gases: 

|iC^=2,98 /me/# ; 
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C^= 2,98-f" 1.99=4,97 Kt»i /moie\ 

For diitoiáic gases: 

„(,’*=4,96 Kcéi Jntoie ; jiC*=4,96-l-l,99=6,95 Kc*l / 

For triatomic gases one must use the corrected values of the heat capacity: 

jor COf hC*=»6,71 Kc*l ! rnott ; |»C^ ■■ 8,70 Kcèi ¡ rr\0¡4 \ 

for H|0 pCt*-6,80 Kai ¡mote ; pCj=8,7y kc»i /moit . 

The heat capacities of the gas mixture are determined by the formulas 

ce, - ¿ VPiJcf, 
(62) 

6. Calculation of rxtreme ËflaüJÜUlMn gfam 

Under equilibrium efflux, the combustion products are in chemical and energetic 

equilibrium in all cross sections of the noxzle and, consequently: 

1. The composition of the combustion products varies at all times, as a result 

of the recombination of molecules due to the temperature drop during exhaust« 
* 

2. The oscillatory energy of the atoms varies with the decreasing temperature, 

so that also the values of the heat capacity cp and cy decrease, while k increases. 

3« To supplement the above conditions, we may introduce the assumption that the 

fuel, during the exhaust process, has time to undergo partial afterburning, as a re¬ 

sult of which the coefficients of heat liberation must increase a > z). 

The first and third conditions established the conversion into heat, during 

discharge, of a considerable part of the chemical energy contai: sd in the combustion 

product before entering the nozzle; consequently, the exhaust process takes place 

under addition of heat to the combustion products, i.e., the exhaust process in this 

case must be regarded as polytropic, with an index of polytropy n less than k« 

At the same time, the introduction of the second condition assumes the tempera- 

F-T3-9547A U6 



ture dependence of the heat capacities, and consequently, the increase of the adia¬ 

batic index with decreasing temperature. 

All the above factors determine the method of calculating the equilibriue 

efflux of the combustion products. The fundamental equation for the calculation is 

eq.(58), which has the fora 

+ /4 
•i 

if the calculation is performed under the assumption of ideal mixing of the com¬ 

ponents Uinc a “ 'inc * - ^ or 

if it is desired to make allowance in the calculation for the non-afterburning of 

the fuel as a result of incomplete mixing. 

In this equation the right side is known if the value of the coefficient of 

heat liberation in the cross section of the nozzle r, ^ a is first established on 

the basis of practical data. 

The solution of this equation, as in the case of calculation of the combustion 

process, reduces down to a selection of the temperature Ta at which eq,(58) bectxaes 
* 

an identity. 

For any predetermined temperature, Ta may be found by using the Table from 

Appendix II: 

The value of the second term on the left side of the equation is determined 

from the conventional equation 
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where 
£jl 
J±- 

iL I± 
(64) 

T. 

To detentlne the quantities ia, xa, and ea at the selected taaperature Ta, the 

above system of equations (35) to (44) oust be solved, .he solution of this system 

in this case is sometimes considerably simplified as a result of the cooling of the 

gases during efflux. Calculations show that for a kerosene ♦ nitric acid prop, liant, 

at the temperatures of emergence from the nozzle, the monatomic gases H and 0 are 

entirely absent, while hydroxyl OH, nitric oxide h’O, and oxygen 02 are present in 

such small quantities that they may be neglected and the products of combustion as¬ 

sumed to consist only cf the following gases: C02, CO, H20, H2, Under such 

conditions, eqs.(37), (38), (3?), and (40) are dropped, and from eqs.(35) and (36) 

an equation for eliminating Pq^ from then is set up. 

Thus the computational system of equations will consist of the following five: 

Pcoftuo ^ *>1 

Jco/h, 

/>CO, +PCO +MO+PH, 

m +2m,+ «*»(<+2«») 

Pco. + Poo H + 
w r 

2PCO, +Pco + Ph,o _ -h mc a»0 (o -f mj 

PcOi Pco 

2^n, M ■M 

PcOt + Pco n + 

(65) 

(66) 

(67) 

(68) 

(69) 

For any arbitrary selected temperature Ta, in this system of equations, only the 
1/ 

value 0f KL. win vary. The solution of this system reduces to a determination of 

the value pc0? from a quadratic equation in which only one root has a physically 

real value, since the other root is negative. The solution of this system of equa¬ 

tions will be shown in the examples of calculation given belcw. For propellants 

where the oxidizer is oxygen, such a simplification is not recormended, since it 

leads to considerable inaccuracies. 
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It must bt borne xind that, ovlng to the recombination of molecules and the 

• 

partial additional afterburning of the fuel, the cccaposition of the combustion 

products will vary substantial!^', and their molecular weight will increase somewhat, 

leading to a decreaje in the gas constants of the mixture. In most cases these 

changes are small and ;nay be neglected, but, at higher combustion temperatures when 

strong molecular recombination takes place during the exhaust process, the varia¬ 

tions in molecular weight and gas constants becon.e substantial; in such cases the 

exhaust process must be assumed as occurring at a mean value of the gas constant. 

Thus, on determining the molecular weight of the combustion products on emer¬ 

gence from the noszle by a formula analogous to eq.(5l)» namely 

we get 

-Îi±ïî--p irj 
2 H 

(70) 

(71) 

The velocity of exhaust of the combustion products may then be determined by 

the formula 

n — 1 
1 -(sf 1 • (72) 

Thus we have found all the data for calculating the nossle. 
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CHAPTER IV 

examples OF calculations 

s. Calculate the processes of combustion and efflux of the combustion 

products for the propellants: tractor kerosene (rc - 0.82 kgAtr, Cc - 86.3^, Hc - 

- 13.7^* \ • 10,275 kcalAg) »nd 95^ nitric acid (>0 • 1.5 kg/Ur, ®o 

- 0.18/. nole/moT). The coefficient of excess oxidizer is taken as ° - 0.8; th- 

coefficient of heat liberation at the exit of the combustion chamber, M 'inc * * 

- 0.92; in calculating the extreme equilibrium efflux we take ^ a 3 0.96. The 

pressure in the combustion chamber is assumed as px = 25 kg/cm2, and the pressure at 

emergence from the nozsle as pa ' 1 kg/c»2. 

The arbitrary chemical formula for kerosene has the form 

Ct.isHi*,?. 

For a specified coefficient of excess oxidizer, the molAr ratio of the propel- 

lant components will be 

^ a o 7 7,19 4- 0,5 13,7 — g g „oie ¡moli 
3__Qt5 

With an arbitrary r.oleculAr weight of kerosene, taken as u<! ■ 100, its oolar 

heat value will be 

«100 10275 —1027500 kc»i Jmoit 

For 95?> nitric acid, eq.(8) gives 

//^=57800 0.5-1-4HOO-1O50O O.Í84-14430 *<e, /-'* 
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Th. weight coefficient of the component retío, V, eq.(12). ^ b#! 

’ 100 « 

♦ according io 
The volune coefficient of the cernent retio, «connn* 

0 1,« 

Th. weight of 1 noie of 95¾ nitric .old 1. 

u «63 —=6^2 Kq/mo/# 
ro 95 

.« nt uaed i9 dateminod from eqs.(30) and (3l) t0 
The heat value of the propellant ueed is 

h^0.8|1027500 + 8.5(-14430)1-723880 «ce/ /».<« 

723880^ --= 1314 Kcài l*j' 
n»~ 100 + 6,8 66,32 

Th. chacal energy of th. propeHent i. detened fr« .,..(32) - (33) = 
X=1 027 500+6.8(-14 430)=029 380 «ce,/- 

__ 923900_1673 «cet /*î 
•* 100+6.»«.® • W ■ - 9 ~ 

Thu. 1 Vcg of thi. propellent introduce. U73 Keel of ch^ical ^rgy^^ 

combustion chamber, but on c«pl.t. oration the maxi»» beat ^ - 

ated 1. ^ 13U heal. ainc. the oxygen will be in.ufficl.nt for -- 

. t.bl. since only B0Í of the thwretic^ly neceaeaiy oxldiaer have 
tior. of the combustible, since onx? 

been supplied. 

i. 'Yio.1-.-..100 of tu ' fmu» 

Th. coobustlcn proc... may be calculated under two „.«ptl«.: 

.) Th. lnc.pl.t-... of - — - - 40 ^ o 

aixinf relate, to th. total lo,.e. of -«rgf in the o«bu.tion ch-ber. 
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iBllíii» 

.«.^t vy tb. .rrcprl... «1U. for th. .mcl«cy of th. ch«b.r. 

UM« thl. th. co.fflcl«t of h«t Ub.r.tl« du. to Inc-plH. 

mixing UkM a valu* "f**1 u unity* 1#*,# Ciac a " 1# 

b) IK-Pl*» «Mnotlcn of th. profil«* “ * of ‘»«•N«1*“ U 

„^.tM 1» practice by » »PPropri.u choie of th. rUu. of th. co.fflcl.nt of 

h«t liberation '•!« , < 1| 1" thi* Clnc t * 0'n‘ 

a. t.#-8* 

Equation iUt) t«Jc«» th# tor* 

or 

Th. InitUl «nthâlpx of th. Uquld fu.l i. d.t.minM fron th. «T-Uon: 

(0.632100 + 0°.481 66^28-IS Kctl 1*1 ■ 
l'~-^ + ' 100 + 6.166.32 

Wo found abort that 

X«—1673 *«/ /«J. 

Consoquontly, 
#^1673+13*1686 kc*i /M» 

„d th. «juetlo" for lh* c“b'i<,tl0,‘ pr0dUCt’ t*1<" th* f°ra 

^,.3(,+^=8 1686 «mí /*f. 

Th. tyatan of ^uetion. for d.t.rainln* th. ccopo.ltlon of th. ccofruatlon 

product, .t . prad.t.rain.d t«p.ratur., U obtUnM !.. th. follorrtng 

Th. ri*ht .id., of th. «notion, of «t.rUl bel»« (W). (43). *»6 <«*> tA* 

tht following numerical values in this case. 

For eq»(J62)t 

For eq.(i»3)* 

■ i 1,. I .M- I •-.> » 2 + 2 Q + MO+2-0.164),,,,0 
-THm 7.16 + 6.66 

ru.nTU-«.(. + .m 0 + 0 + 6.6(3 + 0.166^ _m, 
1-7.16 + 6,60 
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for oq.(U»}: 

*4L 6,g.l 0.945. 
* + •** 7,19 + 6.80 

Thu» th« systMs of equations la broufht into tha fonts 

rco/%! 
*• 

'CO, 

'm.A* . 

'»vo 

'OH'ftf 

'ivo 

A 
'H, 

Ä 
'O, 

'no 
74.:ò.* -''Ki 
'N,'0* 

Pco.+Pco+^H,o + M H-^oh+Pn, +'0, +Pno+Ah+Po“25ï 

2 ('».o ^ 'OH + 'w 2_ 

'co, 'co 

2 (^COr -r P(x) ^ 'CO'M,0 'OH + 'no + 'O qj. 

'co, + 'co 

3'n.^'nq 

— K, 

'co, + 'co 
-0,945. 

(a) 

(b) 

(e) 

(d) 

(t) 

(f) 

(t) 

(h) 

(1) 

0) 

Tha solution of this syst« oí aquations i» parforaad for s«nrarai pradatarninad 

tamparaturas by tha mathod of succossiva ípproxiiaation. 

Lat us sat tha valúas of tha pressures of those gasas present in small quanti¬ 

ties in tha mixture as equal to aero, namazs 

/^on *0, /><^*=0, />ho“®» Ah""®» Ao""®* 

Under this assumption, tha syst«» of aquations take» tha form: 

/»co, +Aco + A»V) +AHi +Am “ 25j («•) 
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Peo, + Peo 2 

IPcc^+Pco+PHp 
Peo, + Peo 

—^--^-0,47¾. 
Peo, ^ Peo * 

Th« fifth equation la obtained bj divldln* «q.(a) by eq.(b), wh«ne« 

Peo Phq — S 
PcOt'Pn, *pt 

(h»i 

% 

(!•) 

0*) 

Th« solution of thia ayat«« of wyiAtions ia parfonn«d «a follows: Fro® «q.(i')» 

is «xpr«as«d in t«rma of snd pçoï 

Ph¿) = lX)l/><;o, + 2,01/>co. 

Further, frac «q.íh*), Ph2 1« expressed in terms of the same quantities by sub¬ 

stituting th« rslu« of pn^s 

pu, — 0J59pco, — 0,4ty>co. 

Than, fro® •q.ij’), w« determin« Pu2 

Pn, ■* 0,4725 (peo, +Pco)* 

All these values are substituted into «q.C«1), and, in this way, we get the re¬ 

lation between Pqq Pc02: 

Pco *“* ^ ^ • 

All partial pressures may now be expressed in terms of Poc^5 

Pm/>“ 16,355—pc<v 

Pm, “Pco, — 3336, 

Pm, “ 3,844. 
The substitution of the expression so obtained into eq.(a'b') leads to a 

quadratic equation in one unknown: 

(8,i37-PcaHl6.335-Pco,)_ ^ 

Pto.lPco,-3'336) *9. 
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Ait#r transformations, thi* «quation is reducod to th« fons 

1)/^-(24.492-3.336^-)^-13108-¾ 

By solving this «quation for any teoporatur«» s«l«ct«d, w« g«t only on« roal 

root. When this equation is used for various temperatures, only th« value of 

varies. 

We give below a detailed calculation for the température 2800° abs. 

From the labi* of equilibrium constants (Appendix I) ve find for temperature 

28000 abs: - 0.1565, • 0.02233, - 0.02091, ^ • 0.0066^9, ^ • 

0.0033^5, Kp^ ■ 0.09374, • 7*008, 

Consequently, the quadratic equation takes the fons: 

6.008/^+ 1.113/>co,-133.08-0. 

Solution of this equation yields 

pc —4,616 ai»»4e* 

since the second root 

How we determine 

of this equation 1» p^ ■ -5.68. 

the remaining partial pressures: 

^€0 = 8,137 - 4.616 - 3,521 

/»HgO—16,355 — 4,616—11,739 atmaks 

PH.-4,616-3,336-USOa^as« 

^11,=3,844 atmabs 

Thus the composition of the combustion products has been found in first approxi¬ 

mation. 

Making use of the approximate values of the partial pressures so found, we may 
• • 

determine the composition of the combustion products in second approodmtion, i.e., 

we may find: 

From eq.(a) 
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•q.(d) 

Proa «q.(«) 

_ *>■**>_ « °-””1 'I'738 - 051 r ii* 
p VI* l'H» 

pH = VK^p* - V O,006649 • 1280 = 0,092 *m *kt 

Po-1//^,-^0.00^445 0.045=0.012 

Proa tq«(f) 

Pvo « K* Yp^po, “ 0,09374 /3,844 0X)42 - 0,038 ¿im^bs 

The quant Hie* so fourd are substituted into the corresponding original «fiar 

ions, after which these equations are brought into the following fora: 

/»co, +/>co +/»h*o +PH, +P\ ** 24,599. 

+0.^ c j g 

Pco, + Pco 

^co,+^0 + ^4-0,^1 _30, 

Pco, + Pco 

^+^-0.945. 
•* Pco, ^ Pco 

(r) 

(tf*) 

d") 

(J-) 

Fron the last three equations, the pressures pyy, p^ and pjj^ are again ex- 

iressed in teres of the partial pressures p^ and Rçq# as follows: 

/»«/>■■ Íi01/»co» + 2,0I/»co“"®'38ÍJ 

/»h, *0,59/>co, — 0,41/»co -h 0,1965; 

/»N, ■* 0,4725 (/»co, +/»co) ~ 0,019. 

These expressions, on substitution into eq.(g") gire, in second approxiaation, 

,he relation between the partial pressure Pcq and Pqq^i 

Pco ““ 8,063 — pcot • 

Then, by substituting this relation into the preceding equations, we determine 
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th» relation botweon tiw rwwiiüng partial pressure« and the pressure p_ : 

Phj>= 15,856—t 

Pm.-PttH-3,109, 

Pn,-3,791. 

By substituting these relations again in eq.(avbv)t m get: 

(1,063 — Poo,) «*7 009 

Pcot —3. l°9) 
or 

6.008/^ + 2.131pco, - 12736-a 

The only satisfactory root of this equation is the partial pressure: 

Pco,—4,439 atme* 

the reraining pressures, in second approximation, take the folloidng values: 

Pcq—3,624 aim efes 

Pnj) — 11,417 ata« aba 

Pm, —1330 atm aba 

Ph, — 3,791 atm ab« 

The values of the pressures, in third approxioation, are found to be as 

follows: 

• 

/»oh - - 0.»^- 

1,,-1/0.006649-1.330-0.094 »«m«* 

pQ-V0,003345 0,037 - 0,011 .»«■ *M 

Pko - 0,09374 V'3.791 0,037 -01(135 

The equations for determining the remaining partial pressures are sorewhat 

modified, as follows: 
Pco, +pco -f Pm ^>4* Pm, 4-Pk, — 24,616, 

4- 7/h, 4- 0,301 ^ ^ J 

Pco.+Pco 

(«• ") 

(h* ») 
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.-*v 

î*«^ço+ÎHâ±î^- - 3.0 t. 
rco,+ *x> 
»^40.0» _ft<USL 
PcOi+Fco 

, tait, th* follflwln« fomi 
th. rilâtlon* Uk. 

.H„= lOlpco. + Mlpco-0.327. 

^.O.SSpco.-Wtf“-'-^ 
-0.«75Ü»m, +fco)-0.0‘75- 

Sub.tltutlni th... «Mtl«. 1» «O-U’ n)> " ^ 
^ _ 8,066-Pco.. 

(i* «) 

(J* *) 

'‘h"1'* ^-15.886-^0.. 

Ph, «pco,—3>t3t. 

Ph,“3.794 xiMtlon, “• *«t th* 

aquAticn: 6,00¾¾)| + 2,0'^CO,’”'28,^ 

wh«nc» ^-4,464 *M 

Cons^qu«1^* -^»3,612 

„y,-«,432*«"*» 

^-1,323 *'« *» 

. 3.794 *»<" *6» 
. mL th. .au., of th. F*rtul pr..~r... 

Th. rollowir-l »pproxln»tlon i 
/(11565 4.4¾4^ _ 0 037 *(m *M 

P0,“[ 3,»H ) 

n (12051.11.437 „ 0,208 *»"> *» 
Pom“—/nsa 

,,,-/0506649^33-0-094 *’m 

, J!/ÍÕ®34rõj®7“0.01t 

1...0^374^^7-0^5 
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Th« ronalnin« «quations now tak« th« fora: 

peo, +Pco +Ph& +Ph, +pn, ™ 24,615, 
0,3» ^X9 

/co.+fco " 
^co, + ^co 4- Fh/) 4- 0.3» _9M 

/cc + /to *3,01, 

Üs^-o^ 
^co,4-/co 

By relating th« solution of this syst« w« got th« quadratic «quation 

6,008/^ + 2,01~ 128.13 - 0, 
whane« 

^4,453 aim aN 

Tn« pressures of th« regaining gases in this cas« ara 

Peo == 3.613 aimaks 
PHyo* 11,432 atm âOs 

Ph, *■ 1,323 aim aW 

Ph, "• 3704 aim aks 

^ further iteration, we obtain figuras that ara the sam as tho«« already ob¬ 

tained. Consequently our calculation has now b««n conplotad. 

The composition of the combustion products, in this cas«, at a temperatura of 

280C° abs, will b« as follows: ’ 

/**-4.453. Pco-3,613. **0-11.434 **-1.333, **-3.791 
*>,-4037, ^oh—0,208, *,-0,094, ^-0011, /ho-0XO5. 

Th« following Tabl« is a sumnary of th« results obtained: 

Poo, 
PCD 
Ph,o 
’n, 

'0» 
Pon 
Ph 
Po 
PM 

4,616 
3.521 

11,73» 
1,280 
3,844 
0,000 
0,000 
0,000 
0.000 
0,000 

4,43» 
3,624 

11,417 
1,380 
3,781 
0,042 
0,217 
0,082 
0,012 
0,098 

4,464 
3.612 

11,432 
1,323 
9,784 
0,037 
0,207 
0,004 
0,011 
0,086 

4,463 
3,613 

1U 
1.1 
3,784 
0,087 
0,208 
0.084 
0.011 
0,0)6 
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Th« aolftCuUr weight calculated fren aq.iSl) for tha resultant composition of 

the combustion products will bo 

. --1-14.453-44+(3.613 + 3.794)28+11.432-18 +I.M3-Î+ 
25 ^ 

-1-0,037-32 + 0.208-17 + 0,094-1 +0^)11 • 16-1-0,035 301 ■ 24,71. 

Equation (50) permits determining the energy content of this gas mixture at a 

tmsperature of 2800° abs« for which we use the Table in Appendix II* 

Computations yield 

IP (4,453-33,7 + 3,613-88.22 + 3.704 -20.4+ 11,432-27.26 + 
*• 2S*2t 71 

+1,323 • 77,25 + 0,037 • 21.51 + 0,208 • 58,65 + 0,094 • 93,42 + 
+ 0,011 • 71,69 + 0,035 • 42,53] -1593 < 1686. 

Consequently, the actual temperature of combustion must be higher than assumed. 

Let us run a calculation similar to that given abovs for the tmnperature of 

3(XX)0 abs, for which (Appendix II) the equilibrium constants have the following 

values: _ „ 
^,,-0.3417, AC,,=0.04628. /C,.=0,04841. AC,.-0,02475, 

AC,.-0.01441. AC,.-0.1213-4 -^--7.382. 

In calculating by the usual method of successive approximation at this tempera¬ 

ture, only the 11th or 12th approximation give satisfactory resulta* To accelerate 

the solution we make ure of the suggestion by Instructor V.Ys.Alerasov, Candidate 

in Technical Sciences, that in first approximation ws take the composition of the 

combustion product obtained for the preceding lower temperature, in this case, for 

the toiperature of 2800° abs, thanks to this procedure, the sixth approximation 

already yields satisfactory resulte* 
• % 

The Table given below, contains a sunmary of the calculation resulta* 

ïhe molecular weight of the gas mixture eo obtained le 

',,«:24, 39, 

and ite energy content ia 

«,= 1761 «cal/^>1686. 
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Consequently, the actuel temperature of combustion is in the range from 2800 

to 3000° abs. To deteralni this temperature, the interpolation equation ($5) la 

Approximation 

!•* 2"* 3* 4* s- 1 *• 
1 

Pco, 
Pco 

Ptifi 
Ph. 

'0, 
POH 

PNC 

PH 

PO 

4,453 
3.613 

11,432 
1,323 
3.794 
0,037 
0,208 

0.035 
0,094 
0,011 

4,003 
3,933 

10,955 
1,411 
3,700 
0,178 
0,411 
0,099 
0,181 
0,057 

4,149 
3,818 

11,054 
1,377 
3,724 
0,121 
0,446 
0,081 
0.187 
0 042 

4,116 
3,843 

11,021 
1,394 
3,717 
0,137 
0.456 
0,087 
0,184 
0.044 

4,125 
3,836 

11,030 
1390 

3,719 
0,133 
0,452 
0,085 
0,186 
0.044 

4.122 
3,839 

11,028 
1,390 
3.719 
0,135 

0,452 
0,006 
0,185 
0,044 

used. To determine the values 01' M and ll we have the following two equations: 

Af+2800 Af=1593, 

M+3000^«I761; 

and simultaneous solution of these equations yields the values 

N-0.84. 

Af«=—759. 

Thus the interpolation equation takes the following fora: 

0,84 77—759»» St 
or 

0,84 77» 1686+759=*2445, 
whence 

77=2911* abs 

The composition of the combustion products at this temperature is determined by 

the interpolation method. Assuming a linear teaperature dependence of the partial 

pressures of the component gases, the composition of the combustion produets at tem¬ 

perature Tg is determined from .1.: ratios for each gas 
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Tn-Tn 

wh«r« Txi „mi art tha tcnptrature# for which tht calculation it btln« aadt; 

Pil an<* Pi2 tht partial prtssurtt of tht 1th gas at these temperatures. 

For this cast, we hare 

r«-r” ,. »n-gSCO „rrr 
Tn-Ttl 3000 - 2800 ’ 

whence, for carbon dioxide, we get 

/>00,-4.453 + 0,555(4.122 - 4.453)-4.270 umt* 

md, for carbon monoxide, 

Pco - 3.613 + 0,555 (3,839 - 3.618) - 3,738 Atm AH 

A calculation so performed gives the following composition of the combustion 

products for Tg - 291)J abs: 

^co, « 4,270 Atm ab» po, *= 0,092 Atm aH 

/»co = 3,738 atm ab* /»oh ~ 0343 atm aH 

/h:,o=* 11,206 Aimabi /»H-*0,145 atm aH 

M ■■ 1.360 atmabt p0 »0,029 atm aH 

Pitt "" 3,752 Atm ab» /»no ""0,053 atm AH 

The molecular weight of this mixture is found to be 

.u—2433. 
and the gas constant: 

^.-^-34.57. 

Thus the state of this gas mixture is determined by the following paraaeters: 

pressure 

temperature 

specific gravity 

/»*•25 atm abt 

r,-2911» abs 
_ 25-1,033-10. 

34.57-2911 
2-566 KJ/... 

b. i,*-0^2 
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For purposes of conp&rlson, we shall now calculate the combustion process, 

allowing for the incomplet* liberation of heat as a result of incomplete mlxLnf ; 

for this we take g " 0.92« 

The equation of the energy balance (46) will have the form 

or 

«,-!686-(l-0,92)1314*=1581. 

Tne calculation of the composition of the combustion products remains as ba¬ 

fore. However, since the energy content for a temperature of Tg • 2000° abs was 

equal to 1593 kcalAs* -he temperature in this case ss.st be somewhat lower than 

2800° abs. !n view of the small difference between the energy contents, we shall 

use th« interpolation equation for the calculation. This equation now takes the 

fora 

- 759-1-0,84 7>.158l 
or 

7V—2785*. 

Thus, owing to the incomplete combustion of the fuel, the combustion tempera¬ 

ture is considerably lowered. The composition of the combustion products for this 

temperature is determined in the same wa: as in the previous case, by the equation 

Irt-PJ-Pn-OWUrm-hi. 

Consequently, 

peo, ■■ 4,455 aim ab» po, — 0,037 aim abs 

Pco **3,611 atm ab» p0H «0,208 atm abt 

11,435 atmabt Pk ■■ 0^)04 aim ab» 

Ph,^1,322 aim ab» Po“0,011 atmabi 

Ph, —3,792 atmab» pNo“ 0,035 aim abs 

and the molecular weight remains unchanged, aa at 2000° abe, 

a—24.71. 
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2»'Çftl9Ul4iUfln 9f Vhf 

For purp©««« of coapariaon, tha calculation of tha afflux procesa la calculatad 

under threa different aaauBptiona: 

!• In the combuation chanber, the combustion procesa terminates ao that 

'inc « * ^ the «t^ÄUst process is of the extreme nonequilibrium type, i.a., there 

is no molecular recombination. 

2. The exhaust procesa ia in complete equilibrium; the combustion process in 

the chamber terminates at t .-1. 

3. The combustion process in the chamber is not completed t - 0.92), 

there is partial afterburning of the fuel in the nozxle ^ ■ 0.98); the process 

in the noszle is in complete equilibrium. 

a. Cine 2*1; Exhaust Process of the Extreme h'onequilibrium Type 

In this case, the state of the mixture at the exit of the combustion chamber, 

i.e., before the beginning of efflux, is determined as above; it is deten&inod by 

the parameters 

7V=2911# ab* , p,=25at«ea» y^=2,566 «jAn*. • 

Since the chemical energy of the combustion producta in the nozzle remains con¬ 

stant and there ia no afterburning, it follows that, in the exhaust process, only 

conversion of part of the enthalpy of the gases into kinetic energy takes place; a 

consequence of the adopted condition of energetic equilibrium is that the oscilla¬ 

tory energy of the atoms likewise remains constant; consequently adiabatic flow 

takes place in the noszle. 

Owing to the fact that the oscillatory energy of the atoms remains constant, 

the value of the heat capacity and, consequently, that of the adiabatic index, is 

independent of the temperature and is determined only by the atomicity of the gases 

and may be calculated on the basis of the molecular-kinetic theory of heat capacity 
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(Chapter III, Section 5)* We find: 

>C. - ¿ (4.96 (1738 +1.360+3.752+0,092+0,343+0063) + 
¿ó 

+ 2.98 (0.145 + 0,029) + 6.71 • 4,270 + 6,80 11.208) - 6.07, 

yC,- )6,95 (3,738 + 1360 + 3,752 + 0092 + 0,343 + 0063) + 

+ 4,97 (0,145 + 0,029) + 8,71- 4.270 + 8,79 • 11.208] - 8,062 

or, more simply, 

whence 

(.C, = 6,07 +1,99 — 8,06, 

*=^-1328. 
6,07 

The temperature at the end of expansion Is determined from the fundamental 

adiabatic equation, l.e., 

r-r-(*) • 
or 

7^-2911-(^)^-,314*. 

Since the gas constant is known, the exhaust velocity may be determined; this 

is equal to 
__ * » • 

2 9.81^34.57(2911-1314) -2094 ml*. 

The specific gravity of the gas, on «»erging from the notsle, will be 

M 1.033-10* poop , , 

^ «.S718M 0328 11 • 

'inc t “ Proc®«» of Efflux of the Complete Equilibrium Type 

Owing to the fact that the exhaust process takes place in this case at both 

chemical and energetic equilibrium, the composition of the combustion product varies 

since there is recombination of the molecules in the nosxle corresponding to the 

temperature decrease. At the same time, the heat capacity decreases, while the 
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Ind« of polytrcpy Ine««.», th. ontlr. pro«« Ukn pU« ^lh » «bít.-ntia 

llbflratioR of h..t ni w*, * repr..mt«i « polytroplc. «Ith a polortroplc Indax 

considen.blj low«r thân th« «dUUtic li.d«x. 

Th« «quâtion of energy (5®^ now tak«» th« following form. 

x0 + i. + A%-\*** 

or 

S+Ad.-16M. 

To calculai, th. cccposlUoi' of th. ccmbuatlor product at th. end of «panalon, 

th. »yat« of .quation. (65) to (69) i» »»d. Thi. 1. p.«i..lbl. in thi. =a... 

•Inc. th. quantity of oor.atomlc ga... in the rixtur. will b. ex=«dingly »all. »d 

the quantity ol OH and 02 will also be small. 

The system of equations has the form: 

PcoP»fl Kp, 
X, # ^CO, •'f, 

pco, + Peo+PH.°+^H» " ** 

tHfi+r**_ 

Pco, +Fcq 

(a) 

(b) 

(c) 

*Pcot+'co±r*£_ _301 
Pco, +>co 

(d) 

- ^—-0,4725. 
PcOt + PcO 

(•) 

Th. temperatur. at th. end of .xpon.ion nu.t b. «q-cfd to b. con.id.rably 

higher th» in th. fir.t c... .in«, a. a re.ult of th. «combination of noLcul... 

a considerable quantity of heat is liberated. 

’at th. temperatur. at th. .rd of eapan.lon « T, - 1S00» ab.. 

For thi. temperatur., th. Tabl. of AppwdUt I gir.. th. ratio of th. «fü- 

librium constants as 

Th« system of «quations is solved in th« following way:* 
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Fron «q.íc): 

. pnfi+hi,-1 fi 
,, * * 

trm •q.vtJï # 
/)M| —0,4725 (^co,+fco). 

Substitution of th... exprosBlon. Int. «,.(b) *1«. th. «Utlon. bH«« P« 

PCO2* 
^c0 — 0,3255-Aco*- 

Consequentljr* th« ranainini relations will b« 

Fron «q«(d)* « __ 
oaw 1 0 ^-1^0.-2,01 0.3255-^0,-0,6543 Pco,. 

pHfi-2,0\{pco,+Pco) f™' *' 

Fron «q.(c). — 1 6(l>co. *f^co)“”2,01 (^co,+Pco)^ 

PH. - ,.6(/-. +Pco -/»*- •«^^.03255-A».-0.t335; 

Fron eq.(«)î 

p», —0,4725(^00, +Aco)-0.4725-0,:1255-0,1538. 

rn.r substitution of th... r.Ution» ln «).(»), th. Utt.r tA.» th. tom: 

(0.32S5—Pco.) (8-8543 —Pco,) = 3967 

Peo, ÍA00,—®- 

2965A*o.+0.4502pco.-a213-a 

whence * 
PCO,—0,2026. 

Cmswiumt^, for I. ■ 1800° tóa, th. ccnpo.ltlon of th. coabu.tlon product 

will be as follows: __ 
pCOi » 0,2026 Mw» «ss 
^^>■0,1229 «iwabs 
pHß—OASl? «Uwäbs 
pMt 0.0690 «tm «Si 
pH »0,1536 atw «b* 
pm~ 1,000 *n*«t* 

Th« molecular weight of this mixture will be 

„,=0,2026 • 44+ (0,1229+0.1538)28+0.4517 -18+0.069 - 2-24.93 
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and the gas constants *131 ba 

«.-iSr34*- 

p™ ^ II W. d«t«rmln« th. -P -Unt of «. T.r «- V-pT.tuP. 

of tha calculation*: 

« J?L 105026-19J0I +0.1229-79.47 + 0.4517-14.93 + 0,0o9-68.83 + 

‘ » M +0.1538 U.7II-1079 k* /«»• 

To calcula to th. kittle «..rp of th. pao. « «» i"4“ of 

tropy freo tq.(60: 
n„- »f25- 1,1804. 

^ »800 
,g 25 2911 

Th* kinetic energy in th* mixture in this case Is equal to 

[S.1I041 
i „/-LY7®* I • 594 «toi /«»• 

Thu., for th. t^ratur. Ta ■ 1800» aba. th. total on.rp contont (ch-ic^ 

aneror ♦ calorific on.rp ♦ ktaatlc onorgy) will b. 

e 1079 + 594-1673 <1686. 
• 7g 

The,, th. actual t«p.r.tur. at th. «d of «panal« »»t b. .«.-hat hlch.r 

than 1000° ab*. 

ClcuUtlona aad. for a t«p.r.tur. of 1900» aba «i» th. following -poaltlon 

of th* combustion product*: 
^0.=0,1994 atm aw 

pco =»0,1261 atmabi 

pnp ** 0,4548 a»m*b* 
pM|* 0,0659 atm ab* 

pN —0.1538 atm ab* 
1,0000 atm ab* 
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■‘■MÊHVtt «iilllMiilMirMilK 

Ih« molecular weight reniains unchanged at 

,»*=24,93. 

The energy content calculated fro« Appendix II la 

r«-« 1125 «cal /14 

The index of polytropy is 

n«U574 

and the kinetic energy is 

4-P.-617 KtM \Ka 
2f ^ 

Thus the total energy content of the mixture at TÄ - 1900° abs is 

f.+ i4^--1125H.617« 1742 KiM /«9 

Interpolation gives the actual temperature at the end of the nestle: 

r.«i82<r. 

The composition of the combustion product is found to be :a follows: 

pcot-05020 a«wiabi 
Pco-0,1235 aim abs 

^8,0^0,4511 atm abs 
pH|-> 0,0696 atm abs 
Pn, "0,1538 atm abs 

The gas constant will then be 

The index of polytropy is 

£««34.02. 

««1,171. 

Consequently, the exhaust ve «city is equal to 

».-l/2'9.»» ^ 34,”tM'- (29ll-1820)~M60"/1«t • y 0,171 2 

The specific weight of the mixture, at emergence from the nossla, is 

1.033 10* , 
T-~ 34,02* 1020 ~0'l6Wm • 
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c. Çjjjc t • 0.92, Ä • 0.98; Procts# in Ccnplet« Equilijrlun 

In this cast tht initial statt of tht combustion products is dtfinod by tha 

tecptraturt 2785° abs and tht gas constant la 

Tht aquation cf energy balance (58) has the fora: 

t m-\- A —— = 1686 — (1 -0,98) 1314 - 1660. 
7g 

Tht calculation of the composition of the combustion product is the samt as 

the calculation given In the preceding cast. 

For a temperature of 1800° abs, the energy content was ta • 1079 kcal/kg* The 

kinetic energy will have a different value, slnct the index of polytropy must be 

recalculated: 

«- *” ■—uw 
. 1800 
E 25 2785 

and the kinetic energy in this case is known to be 

1,157(34,32-f 34,57)2785 
2g" 0,157 427 2 

0,117 

1 - (0,04)^ ■■568 Kcal /kj 

The total energy content of the mixture is 

* — —1079 + 586= 1665 *c*i /if, 

A calculation made for Ta - 1900° abt gives the following results: 

a« 1,135, 

A ——680 Hcàl ¡Ha 
2f 

and a total energy content: 

/ +,41125 + 680—1805 «c«: /*, 
• 2f 
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By «in, of th. Interpol.tien «B-Uo« « find thnt th. »ctu»l t«p.r.tur, at 

th« end of the discharge will be: 

7>-1796*aH 

‘sine*, th. t-p.r.UT. at'th. .d of .fflu. diff.ro «nr olUhtly f«- ^ 

it «y h. takon. in flrot approxlnation. that th. co^citi« of th. emotion 

products will in this esse be 

/>co, —0,1994 
peo-0.1261 sim «bs 

Pm^o —0,4548 stmsbi 
pM| M 0,0659 aim sb» 
pu, »0,1538 atmabs 

Th. Index of polytropT i» .H*htly chañad, «id io 

n—1,1577 

while the exhaust velocity will be 

«•»2229 m /J#c 

For parpo... of =<»pari,on, th. Tabl. ,1».. th. r.«lf of th. calculation 

under all three assus^)tions. 

« 
Nonequilibriun 

U-» 

Equilibrium 

u-i 

Equilibrium 
^,-0,92, t^“0^i 

fa tbs 

1$ *ifa$ 

P* 
** 

fm ab« 

ta 
Ke 
Äe 

«• m ¡iêt 

2911 
2.565 

24,53 
34.57 

1314 
0,226 

24,53 
34.57 

2094 

2911 
2.566 

24,53 
34.57 

1620 
0,167 

24,93 
34,02 

2260 

2765 
2.701 

24,71 
34,32 

1796 
0,169 

24,94 

34.01 
2229 

--- n- Calculate th. proc..... in th. ccnbuotion ch^r ««1 th. no.,1. of 

a Hquid-prop.liant rock.t «fin. for th. foUooin, pillant: .thirl ^ohol of 
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concentration 93.5* (¾¾0 * 0,17B HjO) and liquid oxygen, at a coefficient of 

cess oxidiser of a * 0.82; a pressure in the combustion chamber pg • 35 ata abs 

and a pressure on the cross section of the nostle pA ■ 1 ato abe. 

a. Cfclçtt]AU9ÍI 9Í tòf PTVCtlitl 

The calculation is run at g • Ä • 1* 

For the fuel components we have the following characterising data: 

Ethyl alcohol, 93.5*: 

chemical formula H2°* 

specific gravity at 25° abs, y2 “ 0.8028 kgAtr, 

hoat value HuC ■ 29^,300 kcal/toole, 

weight of 1 mole ug • l»9.2 kg^ole. 

Liquid oxygen: 

specific gravity y0 ■ 1.14 kgAtr, 

heat value H^0 • 0, 

heat of vaporisation and heating to 25° abs, 3030 kcal/mole 

We obtain the following characteristics for the fuel under the specified 

conditions. 
« 

Stoichiometric coefficients of the component ratio: 

2-2 + 0,56-1 

2 

%• 

3 woU ¡mê\€ 

Molecular ratio of the components at a a 0.82: 

a*.—0,82 • 3**2,46 "»•»« / 

Weight ratio: 

Volume ratio: 

2 46 ^-^- 
• 4« m 1,60 If,/«*. 

0,8028_ 

1.14 " 
l,127Mr/ltr 
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Composition of fusl by wtightî 

Composition of fuel by to1u»«í 

'-rnr-0'388' 

0,615. 1,6 t 

! + 1.6 

.-i+bs-0*' 

Specific grerity of fuels 

1 
* 0,365 M!j> 

0,8026 + 1,1« 

-a981 K$/ltr 

Molecular beet content of fuel: 

//,=0.82(294 300-3 • 3030) -233 870 *e*i /mM 

Heat value by weight: 

233870— M1830 Kcal /*f 
49,2 + 2.46 » 

Heat value by volume: 

ff _ 1830 0981 -1795 «« / »' 
e < . 

Molecular chemical energy: 

X-294 300-3 • 0,82 • 3030-286 850 kmi /<"•'* 

Chemical energy by weight: 

. __”*!”--2240 «Ml :«, 
«.2 + 2.46« ^ 

Th» «iu»Uon of onorgy for th. «tit of th. co«bu»tlon cha^wr tak.. tha foms 

f j** ■■ Jtf + ir*22«0 + if 

In this case, the initial enthalpy !• 

0,71.25-1,6 

2,6 
— — 52 Keel /Kg 
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h !.IB“" “"«i* 

Th. conputAtlon.1 «nulo» for th. ccbu.tlcn pro«.. wiU h.v. th. fon.: 

*.+4-2240-52=2188 *«.i 

Th. í7»t«« of ccaputatlonal «quation« consist« of .ight such «juations, owln* 

to th. abs«nc. of nitro*«» fro. th. fu.l. Th^r ar. a. follow! 

peo-yol 

Peo, 
K,.. (.) 

Ph,o 

Poh Ph\ _ ^ 

Ph,o 
»>• 

Pm 

Ph, 

A -AC, i*« 

Acó, + Peo -f Am,o+Ah, + Aoh+Ao, + Ah +Po “ 
ä 6 + 2 0,171 

Pu>t+Peo 2 
2 O^co, APot) 4- fcp + Ph.o + /»oh +Po ^ ljfMTM-2+6-2 _ ^ ^ 

Pu>,+Pcx 2 

(b) 

(c) 

(d) 

(•) 

(f) 

(f) 

(h) 

In the propellant which is being calculated in this example, oxygen is the oxi- 

diser, so that its combustion temperature must be very high, above 300C° abs. The 

calculation of the combustion product, at such high temperatures by the method of 

successive approximation requires an excessive amount of time; owing to the slow 

approximation of the results, the calculation of the system of equations must be re¬ 

peated 20 - 25 times or more; the method of preliminary selection of the partial 

pressure of oxygen lead, much more rapidly to the results, especially if we use the 

method proposed by Instructor V.Ye.Alemasov to solve the system of equations. 

Let it be assumed that the oxygen pressure in the mixture is taken as - »2. 

Then all the remaining pressures in the equations of chemical equilibrium may 

be expressed in terms of the pressures p^ and p^q, as follows: 
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1 
» 

Peo 

/»M, — -j1 PHfr 

Pm-Kf.y ^,0. 

Po” VA^ú- 

Fron ö<i»(ä)* 

Fron eq.(b), 

iron eq.(c), 

Fron eq.(d), 

Fron eq.(4), 

Introducing th« following notation, for siapUcUy: 

« 

ã 

“’Y 

the following relations may be written: 

Pco, 
Pnfi +PH, — 0 4- 

A>0H+PH“(*4"m) ^ ^M,°’ 

Thus eq.(g) takes the fom: _ 

2 (1++(*+m) ^+ 

Equation (h), after transformations, will have the fom: 

*.o+av^ + ?po.+*>“[<*-i><i+Q-,1*».- 

On dividing eq.(g) by eq.(h), we get 

20 +«)»Mo+(» + ")/»iÿ> AO+q-_4 
PHfi + kVPÜfi + 3fO.+,° (^-()0 + ^-1 

where 

d- 
A(\ + Q 

i/5-l)0+O-* 
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After traneforaations^ U^La equation takes the fora: 

/(/PHfiY — n ÿpHfl—dr—O, 
where 

/*•2(1-+*#)—<f, 4 

n=h(d—\)—m, 

f b. 
The equation hrs only a single positive root: 

V 

After finding the value of ^Ph^O* the »«Mining quantities are deterained 

by the relations given above; the sue of all the pressures, according to eq.(f)f 

must equal the pressure in. the combustion charaber pz. In selecting the partial 

pressure of oxygen, a rough guide can be the fact that it is proportional to the 

sum found for the pressures, p^. The calculation is more conveniently performed by 

tabulating the results of the computations. 

We give below the calculation for a temperature of 3300° abs; for this tempera¬ 

ture, we find frees Appendix I the equilibrium constants given in the Table below. 

/(,,-0.9179. /(„=0,1173, /(„=0,141, /(„=0.1324, /(„=0.09253. 
e e 

As shown in the Table, at p^ * 0.95 atm abs, the pressure of the mixture 1¾ 

is 26.691» atm abs; at p^ - 1.21 atm abs, :Pi - U0.C0U atm abs. Thus, jw i be¬ 

tween 0.95 atm abs and 1.21 atr abs. The calculation rapidly yields the result. 

Thus the composition of the combustion products for a tonperature of 3300° abs 

was found to be as follows: 

Pco, ■■ 6,707 atm aba 

pco ■» 5.821 atm abs 

/»m.o“ 16,916 Atm abs 

/>h, ^1,671 atm abs 

Poh~ 1.744 atm abs 
/>0, ^1.121 Atm abs 

/>H*» 0,498 atm «ba 

Pp » 0,322 atm abs 

£ Pi = 35,000 atm abs 
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Table of Cc»putatIons for 3300° abs 

Equilibriim Constants: Kp, * 0.9179* Kp2 " 0.1173» 
^ .... r . r> nor>^0 

• o.uio, 

(Ä-l)(1+C)-l 

Kt 

û 

Ut 

2 (Hi) 
2(1+#)-^-/ 

V7 

äW-1) 

ÄU-l)-*-« 

H-2a--r 

4/^ 

/n*+VJr 
»* + i/ér-S 

£ 
V 

2pn0 

^M,_ 

POH—kV hi/) 

•Vp H*0 

0.120 

1.120 
2.2U) 
0.386 

0.346 

0.408 

0.34C 

0.126 

0,222 
0.049 
2.196 
6,286 

2,517 

2.739 

3.548 

12.586 

25.172 

1.510 

3,020 

1.448 

0.106 

1.106 
2.212 
0.325 

0.326 

0,433 

0.384 

0.118 

0.266 
0.071 
2.754 
6.756 

2.611 

2.879 

4.429 

19.612 

39,224 

2.079 

4,158 

1,918 

0.111 

1,111 
2.222 
0,346 

0,332 

0.425 

0,372 

0,121 

0.251 
0,068 
2.540 
6.504 

2,580 

2.831 

4.091 

16.738 

33.476 

1,85b 

3,716 

1,739 

1,122 

1.059 

0,322 

0. 

1.1 
5,937 
3,164 

1,876 

0.1106 

1,1106 
2.2212 
0.3452 

o.: 

0.424 

0,371 

0,121 

0,280 
O/WS 
2.562 
6.1 

2.1 
2.1 

4,113 

16,914 

33,820 

1,871 

3.742 

1,744 
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(Cont'd) 

^0,-«5 0,95 I.Î1 Ml i.m 

. 

^H-m /^Mf0 

?PH,0+1PH,+POH±ni-t 

1 
Ml+C)-''* 

PCO^CPcQ, 

0,447 

30,087 

4,875 

4,582 

26,594 

0,523 

45,823 

7,857 

6,561 

40,094 

0,495 

39,426 

6,631 

5,776 

34,667 

0,496 

39,112 

6,706 

5,821 

34.997 

.y.e nolecular weifht of the combustion products of such a mixture vdll be 

*».»»23,93. 

Their ene.®: content is equal to (Appendix II) 

<.=/#+Xf=*2090 Kcàl /Kq 

Since the enere' content of the gases is found to be smaller than the energy 

content of the fuel, a similar calculation is run for a higher temperature, namely 

for 3*00° abs. The result of this calculation yields the folio-zing composition of 

the combustion producta: 

Peo, ■■ 5,998 aim au 
Peo •» 6,271 atm «a» 
Im.O« 15,972 *tm au 

pn, ■■ 2, »08 atm au 
Pou «2,132 atm au 
Po, « 1,375 atm au 
Pu “ 0,676 atm au 
^O""0,468 atm au 

2 “ 35,030 atm aW 

The molecular weight for this case is found to be 

»*•"23,42, 
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and the energy content, 

«#=*2259 Kc4l /if 

Consequently, tb. actuel combustion t^peratur. Is 1» tbs rsn,. of 330C to 

34000 .bsj it i. determined fron the intorpolstlon quation and Is equal to 

J'e—3358* «hi 

The composition of the combustion product, .t this temperature 1. detemlned hr 

Interpolation and is found to be as follows: 

A:o, ** 6,293 atm ahi 
Pco 6^061 aim abt 
PHß— 16358 atm abs 
/^i, “ 2,023 atm abi 
Poh 1*969 atmabft 
Po, “ 1.268 atm ab» 
Ph * 0,601 atm abk 
^0^ 0,407 atm abi 

M Pi ** 35,000 atm abi 

The actual molecular weight is 

M#«23,63 w fn-2188 Kcsl /Ä(|. 

b* ~*¿cuIaUon of the process of 

1>* e<*fVUtl3n*1 of the energy balance has the fom, 

*.+•*. + ¿^-2188 
U 

or 

«. + .8-1 = 2188. 
2r - — - 

O^ng to the lower «hauet temperature,, the calculi« «y be perform by 

the method of eucceeie. appro^etlon, ^ich ta thl. c... rapidly l«d. to the 

result. 

The system of equations is reduced to the fora: 
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ij 

kslÆ--k„ 
Ho, 

Hfi 

Fn/i 

F* 
Fn, 

-= A*, 
^0. 

/»co.+i>co+^+^.+^+^.+^ + ^0-1. 

ÜÜiiOliïïAliSllZîl .3.178. 
Fco, + Fco 

t(Fco. + Fo.) + *co ♦ Fuß + Fon + Fq qqq 
Fco, + Fco 

k calculation aliniUr to that given In the preceding example rapid'.jr leada to 

the result»# 

The temperature of the exhauat g.a.e 1. found to be T4 - J/.61.0 abe. and the 

composition of the ccmbustlon products In this case Is 

/>co,-0.265a.e..e. /»OH-0.014 a-a*. 

pco_0.U5atmai>. po,—0.006 a»«*»* 

|,Hi0 - 0.556 a*« aw />„-0.004 at-aba 

pMt M 0,039 **» Po “ 

Their molecular weight is found to be 

(M—25.39. 

Thus the gas constant at the beginning of efflux was R, - %■& *nd. on emer- 

gence fron the ros*1#» 

^-S-33*4- 

To detenrin. the «chaust velocity, the following me» value cay be taken for 

JL 
. j* 

« 
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the gas constant: 

Ä_Jt*i±»d-»34.0X 
2 

‘ 9 

The value of the index of polytropy under these conditions Is found to be 

"— 
,,Ä»5 

Consequently, the exhaust velocity will be 

W-- 1/2-9.81 1^34,02(3308-2184)-2623 mjue. 
• y 0,00s 

The parar.eters characterising the coobustion products are as follows: 

Before Efflux After Efflux 

Pressure 35 ata abs 1 ata abs 

Temperature 3358J abs 246i*° abs 

Specific gravity 3*106 Vg/vP 0,1265 
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CHAPTER ? 

TECHNIQUE OF CONSTRUCTING DIAGRAMS FOR CALCULATING THE PROCESSES 

OF COMBUSTION AND DISCHARGE OF THE COMBUSTION PRODUCTS 

1* Onerai Methcda of ConsTr^cM^f Diagraica 

reganlleas of th« Mthods used for calculating the processes of combustion and 

discharge of the combustion products at the high combustion temperatures developed 

in liquid-propellant rocket engines as a result of the use of liquid oxidisers, the 

greatest difficulties arise in determining the composition of the combustion 

products. A large amount of time and labor is spent on this calculation. Yet it 

is necessary to know the composition of the combustion products in order to calcu¬ 

late their molecular weight, enthalpy, and unutilised chemical energy at specified 

temperatures. The question arises whether it is possible to conduct the calcula¬ 

tion of the combustion and discharge processes from, diagrams constructed in advance. 

A considerable number of enthalpy diagrams have been proposed, permitting the 

calculation without determining the composition of the combustion products. But the 

problem is solved on t.iese diagrams only for adiabatic discharge. To obtain resulta 

closer to reality, a number of coefficients entirely without physical meaning have 

been introduced. 

Such coefficients, which bring the results of calculation closer to reality, 

give no clear picture of the processes that take place and offer no information on 

the physical nature of the phenomena; therefore, they must be regarded as a temporary 

auxiliary aid for the calculation. It is necessary to take account of the fact that 
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the discharge processes differ greatly from adiabatic fit*** This is due to the par¬ 

tial afterburning of the fuel and the partial recombination of the molecules taking 
e 

place during passage of the gases through the nossle* In reality# the discharge 

process is a process Involving the supply of considerable additional quantities of 

heat, i.e., a polytropic process with an index of polytropy nearer to unity than to 

the adiabatic index k* 

The calculation method riven in Chapter III makes it possible to construct com¬ 

putation diagrams based or. principles totally different from the usual 13-diagrams. 

V.’s shall now give a description of the method of constructing such diagrams, based 

on the above method of calculation. 

2. "cmrutaUonal TUrrar.? ÍQI-W z - 1 Mil, -ine 

The calculation begins with the determination of the chemical energy introduced 

by the propellant into the combustion chamber, and the heat value of this propellant. 

To determine the chsmical energy of the propellant we use eq.(33): 

e /frc+«V/»t 

J»t + ■*•!% 
Kcal /*j. 

where Kq is the chemical energy of 1 kg of fuel at the specified concentrations of 
* • 

the components and at the assumed coefficient of excess oxidiaer ®. To determine 

the heat value of the propellai eq.(ll) is used: 

<// +*,/# )e 
H . —c, " Kcé¡ /Iff. 

P + •Aw*. 

The quantity of heat introduced into the combustion chamber by 1 kg of fuel, 

i.e., the initial enthalpy of the fuel, will be 

* 

where tc is ths temperature of the liquid components on tbe!r introduction into the 
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combustion char.bor, cj and cj ars tha haat capacitia. of tha Uquid componants at 

tha spacifiad concantration. 

Danotinf tha anthalpj of thé combustion products at tha combustion tamparatura, 

and tha chamical anargy remaining unutilised at tha exit of tha combustion chamber, 

by ig and ^ respectively, eq.(i»6) may be written as follows: 

/, + JC, - X, + - (1 - l*f)//* 

or 

e,— 

In this equation, ic# *<., and Kp are known, while the coefficient of heat 

liberation in the combustion chamber, z must be taken on the basis of experi¬ 

mental data* 

The right side of the equation may be calculated and represented on a diagram 

in which the values of 'inC , are plotted on the abscissa and tha values of Xc ♦ 

♦ ic - (1 - '.tnc .) Hp* calculated for various values of a and various concentra¬ 

tions of the components, are plotted on the ordinate. Rough calculations show that 

this part of tha diagram (I) will consist of a family of inclinad straight lines 

whose slope is flatter tha lower the concentration of the components, i.a*, tha 

more water there is in the fuel. Thus this part of the diagram will be roughly of 

the shape shown in Fig.3. In this diagram, the concentrations are greater than 

the concentrations o2 th* v»lu«9 of °2 are 6"«ater than th# valu«9 of °1- 

Thus this part of the diagram completely covers all combinations for one and - 

the same fuel at any concentrations of the components and for any values of tha co¬ 

efficient of excess oxidiser a. 

The construction of the part II of the diagram, i.e., of the value of es 

■ ig the most time-consuming and difficult, since for constructing these 

curves tha composition of tha combustion products at tha exit of the combustion 

chamber must be determined at various assumed combustion ¡.emperatures; also, tha 

excessive dissociation must be taken into account in the calculation. 
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In th« general case, onljr the gases present in the gas mixture in more or less 

high concentrations are usually taken into a-coo;*. in combustion products, i.e., 

CO2, CO, HjO, H2, N2, Ù2, NO, OH, 0 and H, the composition of the combustion 
products being determined in terms of partial pressures for convenience of calcular 

tion. The calculation system of equations is 

given in Chapter III, which also contains a de¬ 

tailed exposition of the solution of this sys¬ 

tem« 

After determining the composition of the 

combustion products for a definite temperature 

at a definite excess oxidiser coefficient, we 

calculate their molecular weight on thr basis 

of eq.(50), and then, from eqs«(l*8) and (49)* 

we determine their enthalpy and the chemical 

energy remaining unutilised* The values ob¬ 

tained for this sum are plotted on the dia¬ 

gram II, where the values of the combustion 

temperature are plotted on the abscissa, while 

h 

Fig.3 - Diagram of x* ♦ it - 

- (1 • 'inc *) Hp to r,^nc t as a 

Function of 0 and 0 

the ordinate coincides with the ordinate of the diagram I, i.e., the kcal/kf values 

are plotted on it. Hough calculations have shown that even at considerable varia¬ 

tions in the concentrations of the components, the values of it ♦ Xg for definite 

values of a and for a specified temperature differ so slightly (in a range of 

2 - 3 kcalAg) that this variation may be freely neglected. The values of the 

molecular weight of the combustion product are also plotted on this same part of the 

diagram. This second part of the diagram is shown in Fig.4 in combination with dia¬ 

gram I. The curve- for the values of ig ♦ Xg rise considerably with increasing tem¬ 

perature, and their level is lower the greater the coefficient of excess oxidiser, 

since with an increasing value of 0 the combustion becomes more complete and since, 
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i * the tauperature continually rises» 
for thi» reason, et . estent velue of 1. =¾. t®pe 

îh. ou«., charecterielsi» th. «oleculer wei^t of tu. con.ustioo product, déclin. 

^ increeelng t^per.ture, ,ln=. et higher t-pereture. th. ga... er. ror. etrong- 

- «r diatonic and even monatonic gases 
ly dissociet.d, «using th. eppeeranc. ot Ugh... dUtœic 

in the gas mixture. 

When these wo parts of th. dlagre» er. canbln.d, it b.s«s.i po^l» to 

n *?- » 

r; r,r;rt V. l~ 
*u# Tachniaue of Constructing the Diagrams Fig.z» - üomogram lor -ne lecnniquo 

% 

, . ,. oetenrin. th. conbustion trap.«10«, and, 
culet. th. »«fruetlon process, i.«., to d.t.nran. 

M will b. shown bolees, th. eoLcnlar weight of th. cocbustion product,. 

Ut e propellant t. bu«.d in th. c«bu,tion chaat.r at . co.ffici.nt of ««„ 

oxidis.r n. wt th. concentration of oxidizer in thi. Pillant b. th. «- 

pe-iMntel date d.t.^in. th. co.ffici.nt of h..t Ucretion for thi. cas. to b. 

,. ,. on diagram I (Fig.O w. find th. point a, characterizing th. ccmibu.ticn 

condition, of th. propellant and, consesuent*. also th. valu, of th. q«ntit, Xc • 

♦ 1 - (1 - ifnc ,) V lh> ™1U* °f ^ U ^ l° lh* TilU‘ 0f XC ‘ 
,) Hp, thsn.aft.r transferring th. point a to diagra» II, «• tiiA 

th. point b at th. infraction with th. curv., corresponding to th. spécifié vain. 

of th. co.ffi.i-t of «cess oxidiz.r by proj.ctin, th. point b onto th. ^ 

1. 
• I 
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3CÍ3sa, we find the corresponding combustion temperature. If the concentration has 

varied and has now become o2, then we find the point a* on the right part of the 

diagram and, oy analogy, the point b* and the temperature T* on the left part of the 

diagram. If, at the former concentratior, the coefficient of excess oxidiser has 

increased to the value u2,then the corresponding constriction will give the point a" 

on the right side of the diagram, and on the left side the point b" and the combus¬ 

tion temperature TJ. For calculating the combustion chamber, we must also know the 

parameters of the combustion products; for this purpose, we plot on diagram II the 

curves of the molecular weight of the gases under various combustion conditions. 

The part of the computational diagram given in Fig.!* permits determining the 

state of the combustion producís before their entrance to the noszle, i.e., before 

the beginning of discharge. 

The calculation of the process of efflux is based ci tq.(58)î 

or 

i# + i4 

This equation takes account of the partial afterburning of the propellant in 

the r.-JMle, since the value of the coefficient of heat liberation in the cross sec¬ 

tion of the nozzle, Cine a* i8 48 4 greater value than at the f dt of the com¬ 

bustion chamber Cine *• ^1118 of th8 rl«ht' 8lde of the ^411°° is determined 

from diagram I for a known value of a. 

Tc construct the diagram III, permitting us to calculate the efflux, we mst 

know the value of the left s de of the equation. The values of la and x* are de¬ 

termined for various temperatures by the eqpatione: 

'•--¿rS'-*' 
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or, using Appendix II, by the formula 

Hefe 

The value of A is deterained in a soaewhat more complicated way, by the 

aid of eq.(63), as follows: 

w* 

n — 1 
RT, 

• - I 

where, according to eq.(64), 

Thus the value of A 
¿8 

Fig.5 - For the Technique of 

Calculating the Efflux of the 

Combustion Products 

'*7 «-—V 

is detenrined both for the final temperature TÄ and 

for the initial temperature T,. 

To determine the values of ia and xa or 

the values of ea ■ ia ♦ xa with the efflux in 

a stale of complete equilibrium, we must know 

the composition of the combustirei products, 

whicb.ray be vlculated from the above system 

of equations, however, due to the consider¬ 

able temperature drop on expansion in the 

nozzle, the combustion products, on emergence, 

will have a considerably simpler gas composi¬ 

tion: they will contain only CC^, CO, H2O, 

Hj, and V.2» Thus the system of equations is 

simplified, and only five «ouations remain. 

The chemical equilibrium will be characterized 

only by the water-gas reaction which takes place without change in the number of 

molecules: 
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CO, + H^CO + HA 

Th» aquation of chemical equilibrium for thi» caaa ia found by dirldin* aq.(36) 
«•a 

by ^.(37): 

Pco h\fl n *». 

Consequently, the syst» of equations reduces to the form of the syst« of 

eqs.(65) - (69)* « 

We can then construct on the diagram III, the v.olues of eA ♦ A for any 

temperatures. Rough calculation show that a family of straight lines is obtain«! on 

diagram III. Figure 5 shows the general form of this diagram. 

On this diagram, we have > o2 > Qj^ and T* > Tt ~x . After combining dia¬ 

grams I and III, we get that part of the diagram which permits determination of the 

final stage of the combustion products with extreme equilibrium efflux. 

This part of the diagram is shown in Fig.6. 

If the point a, on the left part of the diagram, determines the state of the 

gases before they enter the nozzle, and if, in finding this point, the additional 

quantity of heat liberated during efflux as a result of afterburning of the pro¬ 

pellant was taken into consideration, then, projecting it on the right side of the 

diagram to the intersection with the straight line characterijed by the specified 

value of a and of the temperature Tg, found earlier on diagram. II, we find the 

point b; by then projecting this point or the abscissa, we dt.eraine the temperature 

of the (■ases at emergence from the nozzle under extreme equilibrium conditions of 

discharge. 

To determine the exhaust velocity under the renditions found, diagram IV Is 

placed under diagram III. On diagram. IV are plotted the curves determining the ex¬ 

haust velocity for various values of T§ and Tft. The exhaust velocity dependr on the 

initial and final temperatures of efflux and also on the coefficient of excess oxi¬ 

dizer, and for this reason a very large number of curves would be obtained on dia- 
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gram IV, thus caking calculations fn* it exceeding^ difficult. To eliminate this 

curvas of sdjacent thlues ars.ccciblnsd, so as to considerably reduce the number of 

curves, calculation entire^ possible with an error of not more than 8 m/sec 

Fig.6 - Determination of the Final State of the Combustion Products 

in determining the velocity; a Table indicating the number of the curve that must be 

used in one case or the other is, in this case, annexed to this part of the diagram. 

Diagrams I - IV cake it possible to calculate the extreme equilibrium efflux. 

Ihe rest of the calculation is performed by the usual formulas. 
e 

The calculation procedure froo the diagram (Fig.7) Is as follows: The quanti¬ 

ties specified are: the coefficient of excess oxidizer a, the concentration of tha 

oxidizer o, the assumed coefficient of heat liberation In the cœbustlon chamber 

-inc z> ari the coefficient of heat liberation at the end of the noszle '.lnc 4. From 

these data. In the central part of d'agram I, « find point 1 corresponding 

to , and fron ’t, on th» curve of xt » lc - (1 - 'lnc % »• :ÍT,'i th* 

point 2 for given values of a and o; the point 2 Is projected on the left part of 

diagram II, to the intersection with the curve of ig ♦ X, for the assigned a at 

point 3. Transferring point 3 to the abscissa, we find the combustion tsopera- 

ture T under the specified combustion conditions (point U), and from the curves 
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for ^ we deteraine the molecular weight of the cocabustion products? this weight is 

defined by point 5. To calculate the process of efflux, we turn to diagrea I and 

find on the abscissa the point 7 corresponding to the specified value of 

from this point we must find on the curve, for given values of o and o, the nmi 

point 0, characterising the state of the combustion products at the end of the 

noszle, i.e., at the coefficient of heat liberation a. Point 8 is projected on 

the right part of diagram III, and at the intersection with the curve for the as- 

ir 

Fig.7 - Superimposed Diagram for Calculating the Processes of 

Combustion and Efflux in a Liquid-Propellant Rocket Engine 

signed a and the value fo*:nd for Tg, we find the point 9? the point 9 is transferred 

to th» abscissa axis, and the temperature of the gases on exit from UA nõaiie, TÄ, 

is found at the point 10. Continuing the projection further on diagram IV to inter¬ 

section with the velocity curve constructed for a specified value of <* and the ob¬ 

tained :emperature Ta, we find the point 11, determining the exhaust velocity of the 
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gases linder ext rene equilibrium efflux. 

In th. ca., o.- a lower«! concmtratlon of both exponent., th. «.tlr. v.t.r • 

contmt ^ b. attribut«! to th. oxidia.r for th. con.truction of th. iUgtm, which 

involve, no chan*., in th. calculation. Ut th. propellant b. 

C.H„0,m,H,0 + a*.H,N,0.C,*.H,0. 

Th. total quantity of water contain«! in thl. propellant i. inc ♦ <•*<*,) »ol»«- 

Attributing all thi. quantity of water to th. oxidl.er. for calculation by th. dla- 

gram we take the propellant as 

c.h„o,+i*.h,n.o.c, («.+3-JH.0. 

In calculating and con.tructlng a diagran by thi. «thud. w. u.e the con.Unt 

pressure Pl at th. entrance to the nótele and th. constant pressure p, at th. «dt 

fron it, thu. th. diagran. Ill and IV are calculated for a definite pressure drop. 

Hough calculation, show that, owing to th. stall influence of the pressure «. the 

degree of dissociation, ever, a substantial change in pressure will have alaost no 

effect on the composition of the combustion produc-.s; therefore, the diagraa nay b. 

used for othor pressur. drops as well, determining th. actual values by int.rpola- 

tion. W. nay also utilité on. and th. sane pressure drop for calculation, at other 

pressures, but with th. earn, pressur. drop. i.e.. If a pressure of 32 aü. ab, in th. 

combustion chamber is noted, and a pressure of 0.8 atm ab, is not.d st th. sxit, 

then diagrams III and IV nay be used for calculation at the initial pressure of 

uo atm abs and at the pressure of 1 atm abs at the «dt. 

The Influence of th. pressure drop on th. velocity is considerable, and a cal- 

culation rrust always be performed at a specified pressure drop. 

3. p¡^flr.i-Ti of the Asid 

UnoendlxVl 

The diagraa for the propellant kerosene ♦ nitric acid is constructed fr« the 
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following principal data: 

Th# heat value of kerosene is taken as 10,275 kcal/kg; nitric acid of 962 con¬ 

centration is taken as the principal oxidizer, and additional calculations are given 

for nitric acid of 92 and lOOt! concentrations. The coefficient of excess oxidizer 

is taken from a - 0.7 to o « 0.9. On diagram I, the straight lines are plotted 

giving the values of [xc ♦ ic - (1 - g) HpJ in the range of values of the co¬ 

efficient of heat liberation from t ■ 0.7 to j * 1. 

The diagram is constructed under the assumption that, on exit fron the nozzle, 

the gas pressure is pa - 1 atm abs; for the pressure in the combustion chamber three 

versions have been taken: pz ■ 25 atm abs, pg * 50 atm abs and pg ■ 100 atm abs; 

owing to this fact, the curves for all three pressures have been plotted on dia¬ 

gram XI, since the pressure in the combustion chamber in this case has a perceptible 

effect on the decree of dissociation and, consequently, also on the molecular weight 

of the combustion products and on their energy content eg » ig ♦ 

Diagram III is given in tEree versions, Just as diagram IV is given for all 

three processes taken for the calculation. 

On diagram III are plotted families of straight lires characterising the state 

of the combustion products at the exit from the nozzle, for various combustion teo- 

peratures and for various values of the coefficient of excess oxidizer. 

On diagram IY are plotted only the curves of the exhaust velocity, and, as 

stated above, the originally very large number of curves has been reduced to 22 - 23 

by combining the curves for which the exhaust velocity differs by no more than 

7 - 8 m/sec; Tables are annexed to this diagram indicating, for given efflux condi¬ 

tions (o and T2), the number of the curve that must be used. 

We shall now give examples of calculating the processes in a liquid-propellant 

rocket engine from this diagram. 

rjcample 7. Calculate the combustion processes and the processes of efflux of 

the combustion products for the following propellant: kerosene ♦ 962 nitric acid 
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.t . co.mcl.nt of ««« oxidiiT a * 0.8; th. co.mcl.nt of h..t Ub.r.tlon In 

th. combustion ch-b.r 1. '-Inc . ' 0-¾. --1 ^ ^11 f™ th* n°“1# “ U 

^Inc a * 0.98; th. pr..wr. In th. combustion chômer Is 25 stm »bs, md at th. 

exit from th« nostl« H is 1 ato aba. 

W. find on th. obsciss. of diuroa I th. point o, corresponding to th. ealu. 

^inc a ’ 0-¾. Pr°Ject U> ^ lh* 10 ü"-*««110" with th* ,trU*ht 

iln. for 0 ■ 0.8 and o0 - 96;; ot this int.rs.ctlon w. find th. point a; thl. point 

w. transfer, parallel to th. abscissas, to th. Intersection on diagram II with th. 

cure, for . - 0.8 and p, - 25 k*/cm2; at this int.rsectlon w. find th. point b, and 

by projecting thi. point onto th. abscise .. det.mln. th. combustion tmefera- 

tur. T, - 2800« at.; th. point of int.rs.ctlon of th. ordinal, of th. point b with 

th. curv. of mol.cular weight for . - 0.8 and p, - 25 atm ab» 1. project«! on th. 

ordinal, to find th. moLcular weight ut ■ 21.56. 

To obtain th. data n.cesary for calculating th. process of efflux, let u. now 

r.tum to diagram I, and on the obsciss. let us find th. new point c corresponding 

to th. coefficient of heat liberation at th. «it frm th. notai. » ' 0.98, 

and. projecting it upward along th. v.rtical to th. int.rs.ctlon with th. straight 

lin. . ■ 0.8. o0 - 96.:, w. find th. point .; by tra-f.rrinw this point to th. dla- 

m t0 th. intersection with th. straight lin. corresponding to t«mp.ratur. 

Ti . MCflo ,h, and o - 0.8, w. get th. point k claract.ri.ing th. slat, of th. c«- 

tustion product at th. «cd of efflux; proj.cting this point on th. abscissa, w. find 

th. t«aperatur. of th. combustión product at th. «it from th. noa.l. In th. «tr— 

equilibrium efflux to b. I» • 1825° abs (according to th. calculation gl.« in 

«ample 5, thi. t-ap-ratur. 1» 1796° aba); proj.cting this »am. point downward on 

diagram IV to lnt.ra.ctlc« with th. cure. 12. corresponding («cording to th. an- 

„«1 diagram) to a • 0.8 and T, • ¿300° aba, -. find th. rat. of .fflux for th. 

«trm». .quilitrliaa .fflux to b. «pal to w. - 2225 V« (fr« th. calculation In 

example 5 this velocity vat 2229 m/sec). 
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rxirrlfc.fl. Calculate the combustion processes and the processes of efflux of 

the combustion products for the following propellant: Kerosene ♦ %% nitric acidj 

the coefficient of excess oxidiser is taken as a - 0.85¡ the coefficient of heat 

1 n :- '-a combustion chamber as g ■ 0.9, and the sane coefficient at 

the exit from the notsle as a • 0.97. The pressuie in the combustion chamber 

is 40 atm abs, and in the cross section of the notzle it is 1 ata aba. 

Owing to the fact that the diagram has no pressure drop equal to the assigned 

pressure drop, we shall perform the calculation roughly, assuming linear relatione 

between the quantities, which yields an accuracy sufficient, in practice, for small 

pressure changes. 

Let us use the diagram for two parallel calculations: for the pressure in the 

combustion chamber pg - 25 atm abs and 50 atm abs. We find the following values 

from the diagram: 

25 
2800 
25.24 
1768 
2170 

50 
2835 
25,49 
1570 
2335 

Pt atm «^1 

Tt at» 

**4 
Tm abs 

«•« 

By interpolation we find, for 40 atm abs: T, ■ 2820° abs, uf • 25.27, Tg • 

- 1650° abs, wa - 2270 m/sec, Hj - 33.56. 

The value of the index of pnlytropy for 40 atm abs may be found. It la c 

For pf » 25 atm abs 

For pg ■ 50 

For a pressure of 40 atm abs, the value of the index of polytropy is found to 

be 
/1-1,1736. 

The temperature in the cross section of the noaxle in this case will be 
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1634°. »2820 

9.im 
mû*» 
IW 

Consequently, the exhaust velocity will be, acco-^ing to this calculation, 

1/^2 9,81^^33.56(2820-1634)-2298 «/J«. 

This value of the velocity will be more accurate, 

F.T^nrnla 9. i'or the propellant kerosene ♦ 96C nitric acid, find the coefficient 

of excess oxiditer at which the naximir, specific thrust will be developed. The 

pressure in the combustion chamber is 50 atm abs, and at the exit froa the nozsle it 

is 1 atm aba, we take z “ 0.9, a * 0.95. 

For various values of a, in accordar.ce with the conditions of the problem, the 

diagxam gives the following results: 

e f’ ab$ Ta abs 

0,7 2560 1365 
0,75 2685 1500 
0,8 2795 1590 
0,82 2820 1625 
0,85 28«) 1685 
0,9 2870 1750 

wt ml sec 
2300 
2350 
2380 
2392 
2390 
2385 

Thus, under the specified conditions, the maximum exhaust velocity, and conse¬ 

quently alao the maximum specific thrust, is obtained roughly at a - 0.82. 

For the same conditions, but at x * 1* we get the following data: 

• Tt ab» 

0,7 2780 
0.75 2875 
0,8 2945 
0,85 2980 
0,9 3005 

Ta *fcj 
1410 
1550 
1640 
1720 
1800 

wa m/sec 
2385 
2425 
2450 
2440 
2420 

Thus in this case the maximum specific thrust is found to be about « ■ 0.8. 

It should be borne in mind that, owing to the insufficient accuracy in con¬ 

structing the first diagram and to the graphic determination of the quantities, the 

figures obtained can characterise the processes only qualitatively. 
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.jcar.rle 10. For the data found in example 9, determine the specific propel¬ 

ler.* -onsumption, by weight and by volume, per kg of thrust per hour, and also 

determine its composition by weight and by volume# 

In a case where we allow for the incompleteness of propellant combustion and 

for its afterburning in the notsle, the specific consumption of propellant by weight, 

Cp, kg/kg hr is determined from the gas exhaust velocity found in example 9 at vari¬ 

ous values of a: 

0,70 
0,75 
0,80 
0,0 
0.15 
0,90 

«• «'/StC 
3300 
2350 
73SQ 
3303 
2300 
3365 

CßKil*ihr 
15.36 
15.03 
it« 
14.76 
14.77 
14.11 

The molecular weight (arbitrary) of kerosene is 

and that of nitric acid is 
u*»l00. 

63-100 65.695. 
Consequently, the composition of the propellant by weight, depending on the 

coefficient of excess oxidixor o, will be expressed by the formulas 

100 65,635 
100 + 65.6230, * ,100 ♦ 65,625a*« 

or, since in this case k0 • 8./.6, then: 

tc 
W . 

100 + 556,Se ' 

After substituting the values of a, the 

_ 556,5« 
* 100 + 556.5«* 

following results are obtained for the 

composition of the propellant by weight and for the specific consumption of the coa- 

ponents in kg A* hr: 

a 
0.70 
0,75 
0.16 
•#« 
0.66 
0.61 

Composition by 
Weight in § 

it fa 
30,4 76.6 
19.3 «0.7 
13.3 61,7 
11.0 12.0 
17.4 «2.0 
16,6 «3,4 

Specific Consump¬ 
tion of Components 
in kgAg hr 

Cßt 
3,13 12,9 
2.00 13.13 
3.73 13,13 
2.06 13.16 
2.67 13.30 
2,46 13.35 

97 F-TS-9547/V 



Th. ccnpo.ltlon of th. profilant by yol*, «d U. .pacific cawaptfca by 

volua., p.r kg of thru.t p.r hour, ,t th. following .p.clflc gr.rltl., for th. co*. 

portants: 

Tt* 0,82 Kifa» T.-1,4« Vwr 
are found to bs the following for the specif!®d conditions: 

s 

0,70 
0.7& 
0,80 
0,82 
0,85 
0,20 

V Itr/Kq hr 

3,82 
3.5« 
3,32 
3.24 
3,15 
3,00 

*’• ItfKf hr 
8,23 
8.17 
8.1« 
8.15 
8,22 
8,32 

*1*1*11* 
12,06 
11,71 
11,48 
11,39 
11,37 
11,32 

For the case of the calculation at % • 1 wi» fk- * i-i -. 
’Inc z follofcrtng values; 

0.70 
0,75 
0.80 
0.85 
0,20 

r« <w/¿#c 
2385 
2425 
2450 
2440 
2420 

Cß Kj/Kj hr 

14,81 
14,55 
14,41 
14,47 
14,50 

Consequently, with the fomer composition of the propellant by weight, the 

specific consumption of the components in kg/kg hr will be as follows: 

0,70 
0.75 
0,80 
0,85 
0,90 

cß *f/*«*r 
3.02 
2.81 
2.64 
2.52 
2.42 

cß9 *ll*1 * 

11,79 
11.75 
11,77 
11,95 
12.17 

Th. cm.umpt.lon 0f prop.U«,t by rolum., and that of it. cmponmt,. t. d- 

temined similarly: 

0.70 
0,75 
0.80 
0,85 
0,90 

th/K^ hr 

3.69 
3.43 
3,22 
3,07 
2,95 

«* /<'/** hr 
7.94 
7.92 
7.93 
8.05 
8.19 

* ,trlKi hr 
11,63 
11,35 
11,15 
11,12 
11,14 

eu«-« aí tht Prowllart; f.W A^m . Hv1r.r^ Pero]dd. Uppmdix n) 

Thi, diagram diff.r. from th. pr.c«ilng in b.ing .impl.r, owing to th. con- 
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siderably lower combustion tempe.atires and, consequently, to the far lesser degree 

of dissociation. 

The diagram is constructed on the following bases: The propellant used is 

ethyl alcohol of 70, 80, 90, and lOOC concentration, and 602 hydrogen peroxide. The 

heat value of the components is taken according to the data given in Chapter I, The 

calculation has been performed for a coefficient of excess oxidizer ranging trcm 

a • 0.8 to o - 1.0. On diagram I are plotted straight lines giving the values of 

Cxc ♦ lc - (1 - Cine j) KpJ in the range of values of the coefficient of heat 

liberation from t “ 0.8 to t • 1.0. 

The diagram has been calculated under the assumption that the pressure at the 

exit from the nozzle is pa * 1 atn abs, and three versions have been taken for the 

pressure in the combustion chamber: p4 - 25, 20, and 15 atm abs. 

Diagram II gives the curves determining the values of ■ ig ♦ x^, and curves 

giving the molecular weight of the combustion products. Owing to the low degree of 

dissociation, the curves of energy content differ very little from straight lines, 

and, in addition, within the limits of accuracy of the constructions, they yield the 

same values for the pressures assumed in the diagram: the curves for the molecular 

weight give a constant molecular weight up to temperatures of 2100° abs, and then, 

owing tc a certain increase in the degree of dissociation, the molecular weight de- 
A 

creases somewhat. 

Diagrams III and IV are given in three versions corresponding to the pressures 

in the combustion chamber adopted in the calculation. 

Diagram III gives a family of straight lines determining the values of (ea ♦ 

♦ X -.) for various values of o and various combustion temperatures Tg. 

Diagram IV, besides the curve determining the gas exhaust velocity wg, also gives 

curves permitting a determination of the index of polytropy for discharge under con¬ 

ditions of complete equilibrium. 

Examples of the calculations by this diagram are given below. 
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-- ,1. ClcuUU th. processes ln th. c«bustion ch^ber and no.,1. for 

th. prope Huit : 80; .t^l alcohol ^d ^ r,drcgen peroxld.. Th. co.mclOTt of 

excess oxidiisr is 0.85* 

Th. co.fflcl.nt. of heat liberation adopts are: for th. exit of th. c<«bu.- 

tion cbarber t ■ 0.85. for th. exit cross section of th. notai. ' Inc a ’ °-95- 

Th. calculation Is also to be perforaed at '-Ijic . * 1* 

The pressure In th. cxcbustion cha»b.r i. P. • « .to abs. and at th. exit fn» 

th« noztle it is pa • 1 a*-® abs* 

On th. abscissa of diagram I -. find th. points corresponding to th. specified 

coefficient of heat liberation ^ . * 0.85. pro3.ct.d u^ard to intersection with 

the straight line craracterlalng the composition of the fuel ('> 0.85, c 

th. peint so obtained is then transferred parallel to th. abscissa, to int.rs.ctl« 

r flc. "virve. projected on the abscissa» deter- 
on diagram. II with the curve o - C.85, ^his --rve, pro. 

th. cccbustion temp«ratura, which is 19¾° abs. To detencin. th. molecular 

weight of th. combustion products, th. point obtained on diagram II is tran.f.rr.d 

♦ » n and 0 » BOd, and we find u - 20.86. 
to the curve H corresponding to o 0.85 and c » 

rsf ,mux let us return to the diagrar. I and find on 
To calculate the orocess of efflux, let js retm 

♦ « rrefficient of heat liberation at the 
tne abscissa th. point correspond ng to the «efficient 

exit from the nc„l. , • 0.95i pro-ecting this point upward to intersect.«- .. . 

strught Un. o - 0.85 and oc - 80Í, and transferring th. point so obtained to dia¬ 

gram III to intersection with th. straight line corresponding to th. specified con¬ 

fident of excess oxidizer 0.85 and to th. combustion temperature found. T, • 

. 1Ç*o afc, (the 2000° «b= cure.), w. find th. peint character!««, the state of the 

combustion products at th. exit from th, nozzle; transferring this point to th. ab- 

♦ »Vs- -vHt froir the nozzle under extrece equi- 
scissa, w. find th. gas tsmperatur. at th. exit from 

librium flow, name!, I. - U95° »9«; th«. on diagram IV, at th. Intersection with 

the curre of velocities 8. corresponding (according to th. Table) to th. assign* 

conditions, w. determine th. ¿haust velocity to be wa - 2055 »/..«! .i®lU»o».l,. 

100 
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the intersection with the curve of the values of the index of polytropy, correspond¬ 

ing to the coir.bustion temperature 1996° abs found, gives the value of the index of 

polytropy for the extreme equilibrium efflux, n - 1.156. 

These data permit us to calculate the exhaust notsle. 

For the second case, when the calculation is performed without allowing for 

the incomplete combustion of the propellant due to incomplete nixing f ■ l), 

the followinp values are found from the diagram. For o • 0.05 and o • 0C/Í, at 

r’inc 2 " ^ th* ordinate), we determine the energy content of the propellant and, 

consequently, also the energy cordent of the combustion products before entering the 

noztle, ec » ez « 1196 kcalAg; on the intersection of the line ez ■ const, on dia¬ 

gram II, with the curve > * 0.85, we get a point determining the combustion tempera¬ 

ture :2 - 2215° abs, and the transfer of this point to the curve u. • const deter^ 

mines the molecular weight of the combustion products, which is equal to 20.55. 

Consequently, the gas constant is R, » 41.26. At the intersection of the same 

line e2 ■ const with the line Tz * 2245° abs and o * 0.85, from diagram III (at 

px 1 2£ atm abs) we get the point detenrlnirj a gas temperature at the ncizle exit 

of Ta « 13150 abs. 
e 

This point, projected on diagram IV to the intersection with the velocity 

curve 13, determines an exhaust velocity equal to 2120 m/sec; when projected to the 

intersection with the curve of the index of polytropy for Tg • 2245° abs, we find 

the index of polytropy to be n » 1.2. A calculation of the exhaust velocity, from 

the value of the index of polytropy so found, gives 

a>.= y 2-9,81 41,26 (2245— IJ15) - 2124 m/j« 

¿he discrepancy with the velocity determined by the diagram is small. 

l£a Trace, on the diagram, the influence of the concentration of ethyl 

alcohol on the processes in the liquid-propellant rocket engine. 

Assume that o • 0.8, ^ g - 0.95, - 1, p, • 20 at* ab.. 
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If the above-Indicated constructions are drawn on the diagram, we get the fol¬ 

lowing resulte: 

•< * 
100 
90 
80 
70 

ct Ktéi Iki T, eb* !*• 
1280 2238 20.75 
1242 2177 20.65 
1199 2108 20.55 
1143 2020 20,45 

T\ ato * »e «/wc 
1360 1.200 2075 
1320 1.203 2040 
1270 1.205 1995 
1210 1.207 »950 

Thus, decreasing the concentration of alcohol lowers the temperature of all 

processes both in the combustion chamber and in the nótale, lowers the exhaust 

velocity, decreases the molecular weight (owing to the increased quantity of water 

vapor), and increases the index of polytropy. 

5. CemcMtational Ditarwi z '.i- 

Computational diagrams constructed under the assumption that the incomplete 

combustion of the propellant is d-temined only by the dissociation of the combus¬ 

tion products and a value of o less than unity, i.e., at * * 1* differ from 

the above described diagrams by being considerably simpler. Today it is very likely 

that they may find far more frequent practical application, since we still have no 

more or less reliable data on the actual values cf the coefficients of heat libera¬ 

tion due to incomplete mixing of the components. 

The diagram is constructed for a definite fuel at various values of the coeffi- 
• • 

cient of excess oxvgen a and for various pressures in the combustion chamber; the 

pressure at the exit from the noïiîe is usually taken as 1 atm abs. .he diagram is 

divided by the aoscissa into two parts, an upper and a lower. The upper part of the 

diagram serves to find the quantities characterizing the state of the combustion 

products at the exit of the combustion chamber, ard the lower for the quantiti«» 

characterising the state of the gases at the noszle exit. Thus the principal quan¬ 

tities for the combustion process in the combustion cnamber can be found on tr e 

upper part of the diagram, and the principal quantities for the process of efflux 

from the nossle may be found on the lower part. 
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On th« abscissa “• plot lh" »al“«» of lh* cosfflelont of excess cxlditer o j on 

the upper part of the diagram, the tosperature cur-res, permitting the combustion 

temperature to be determined at various values of o for a definite pressure; the 

curves move ujvird as the coefficient a Increases, since in this case the ccmplete- 

ness of combustion also increases. For each pressure in the combustion chasfcer 

there is a separate curve. Die taeperature curve is located higher on the diagram 

the greater the pressure p, in the cosbustion chamber, since the rise in pressure 

decreases the degree of dissociation, and thus increases the completeness of com¬ 

bustion of the propellant. Further than this, on this pert of the diagram we also 

plot the curves of the values of the gas constant of the combustion products; these 

curves decline with Increasing values of a , owing to the more couplets combustion 

and the increase in the quantity of diatomic gases; owing to the decrease in the 

degree of dissociation with increasing pressure, the curves of the gas constant for 

highar pressures are located lower. The temperature scale is placed on the left 

ordinate and the scale of the gas constant on the rlfht« 

On the lower part of the diagram, curves of the gas temperatures at notile exit 

are constructed; these curves rise with increasing coefficient of excess oxidiaer, 

since, at one and the same pressure drop, the exit temperature is higher, the higher 

the temperature in the combustion chamber; the curves of the temperature T* for 

higher pressures in the combustion chamber are located lower, since the increase In 

the pressure drop lowers the exit temperature. The principal computational cunre ie 

the curve of the exit velocity of the combustion products wa. These curres are 

located higher on the diagram, the greater the pressure drop used in fie liquid- 

propexlant rocket engine, i.e., the greater the pressure in the ccmbueUon chamber. 

On this same part of the diagrio the curves of the gas constant at the no*tle «xit, 

r^, may be plotted. 

Appendix VII gives a diagram for the propellant kerosene ♦ 96¾ nitric acid. 

We give below an example of a calculation by thi» diagram. 
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D^tanain« fr« U. di^r» («. VII) th. «ff.=t »f pr«- 

>ur. ln th. chantar cn ^ .^Ulc c^loa of th. prop.1^1 K.r<. 

,mt . 96t nitric »cid .t 0.75 »nd o - 0.Í5. 

FroQ th. for th. >p«ifl»d »alu« cf th. co.ffici«t of «c... oxi- 

di*«r, wt tiná: 

Consequently th. specific propellant consumption in kg per kg of thrust per 

hour will b« as follows: 

Cß *il*i hr 

p, • — 0.75 s-0.» 

jj 15.77 

35 15,31 

50 r 

75 U.1T 

100 13.®* 

Using th. data on th. coapositicn of the fuel hy weight obtained in example 10. 

the specific consumption of th. components may be found; from th. data of example 10 

15.63 

15,13 

M.49 

14,07 

13,75 

ws havs: 

\or *— 0,75 

Jor * “ 0.6^ 

¿.19,3h, f.-aojH 

£-17,4H, *„- 02,644. 

Calculations give the following specific consumption of th. components in 

kgA* h*** 

lût» 
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Th. specific cons’jnptlon of th. coupon«,!» b, «1— *1 ««ml., of 

0.32 k«Atr and >0 ■ 1.085 k«Atr 1. found to b. as foUow.: 

pg 

a-0.75 .-0,85 

rc Vo V rc Vo V 

I 

25 

35 

50 

75 

100 

1 
3,71 

3,60 

3.44 

3,33 

3,26 

t’,58 

8.32 

7,93 

7,71 

7,52 

12,29 

11,92 

11,37 

11.04 

10,78 

3,32 

3.21 

3.07 

2.99 

2.92 

8.70 

8.41 

8.05 

7.83 

7,65 

12.02 

11.02 

11.12 

10.82 

10.57 
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tiiergy Content 
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Appendix III 

Energy Content of Certain Propellant Coaponents 

e • i ♦ X kcal/kg 

Substance Chemical 
Formula 

Molecu¬ 
lar 

Wt. in 
kg/mole 

e 
At Absolute 
Temperature 

of 

Ethyl alcohol, 1001 
Methyl alcohol, lOOí 

Kerosene 
Triethy lamine 
Xylidene 
Toluene 
Hydraalne h^'drate 
Hydrogen peroxide, 100¾ 
Nitric acid, 100Í 
Tetranitromethane 

OjQrgen (liquid) 
Nitrogen tetroxide 

CiH.OH 

CH,OH 

C.^riju (Mb.tr) 

(CjH.J.N 

(CH|))QH|NH, 

CtH, 

(NH,)jHjO 

H|0, 

HNO, 

C(NO|), 

o, 
N,0, 

46 

32 
100 (^ctr) 

101 

121 

92 

50 

34 

63 

196 

32 

92 

6406 

4763 

10200 

9442 

8451 

9666 

2306 

381 

-198 

525 

-96 

-75 

296,16° 

298,16* 

298,16° 

298,16° 

298,16° 

298,l6# 

298,16° 

298,16° 

298,16° 

298,16° 

90,16° 

294,31° 

Appendix IV 

Heat of Solution 

in kcalAf »20 

H,Oi. 96% HNO,.326 

H,0 - 98% HNOi.37« 

H,01» N,0,. 0 

H,0 :» CtfV). I« 

HfO ï« H|Ot. n 
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Appendix VIII 

Computational Diagram for Propellant! 

Kerosene ♦ 96^ nitric Acid 
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