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THERMODYNAMIC AND THERMOPHYSICAL PROPERTIES OF COMBUSTION PRODUCTS

V. Ye. Alemasov, A. F. Dregalin, A. P. Tishin, V. A. Khudyakov, and
V. N. Kostin

Volume II: Fuels on an Oxygen Base

\

(Reference book: prepared under the scientific direction of
Academician V. P, Glushko)

" 'FORWARD TO VOLUME I1I

The second volume of the Reference Book begins a series of volumes
which present the thermodynamic and thermophysical properties of

combustion products of various groups of fuel compounds. As indicated
in volume I of the Reference [6], the basis of the grouping of fuel
compounds is classification in accordance with related oxidizers since
it is namely the oxidizer which usually is the component determining
the special features of the fuel compound. Four typical groups of

"fuels are distinguished.

In the course of working on the Reference it was learned that the
presentation of results from the calculation of each typical group of
fuels (12-15 fuel compounds) in one volume iz inexpedient. Such a
volume turns out to be cumbersome, difficult to produce, and inconven-
ient to use. In this connection, two volumes are devoted to each
characteristic group. Thus, the properties of combustion products of

fuels based on oxygen and air are gresented in Volumes II and III.
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4 The second volume of the Reference presents thermodynamic and
therméphysical properties of the combustion products of four fuel
compounds in which oxygen is used as the oxidizer. All the data which
are presented were obtained by the authors by calculations in accordance
with the original methods and programs described in Volume I.

TR O gt

The necessary initial data on the enthalpy of the fuel components
were taken primarily from the Reference Book '"Termicheskiye konstanty
veshchestv'" [Thermal constants of substances] [45-48], and the reference
data on thermodynamic properties of the components of combustion
products - from the reference "Termodinamicheskiye svoystva individual'-
nykh veshchestv'' [Thermodynamic properties of individual substances]
(49]. Supplements and refinements obtained by the authors of
Reference {49] when preparing its third edition were also used.
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The list of properties of combustion products, range and spacing
of change of determining parameters (stagnation pressure at the input ? ﬁ
to the nozzle p¢p, excess oxidant ratio a, , degree of expansion €) |
correspond to those presented in Volume 1.

The data obtained by calculation correspond to the liquid state
of oxygen with a boiling temperature of 90.1889K and a pressure of
1 physical atmosphere. In Volume I of the Reference it was shown that ]
using methods of extrapolation for enthalpy it is possible to re- ‘
calculate resul-s to another initial temperature of fuel components
or to their different phase state with high accuracy. The derivatives
necessary for these recalculations, just as the derivatives for ex-
trapolation in accordance with peg,» € , and chemical composition of
the fuel component (content of admixtures), are presented in the tables

L
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of the volume.

_ié The results of the calculation are presented in the form of
graphs and tables, a detailed description of which is given in Volume
I and a brief one - in this volume.
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The basic author and editing work in the preparation of the
volume was conducted by members of the Editorial Council under the
scientific direction of Academician V. P. Glushko.
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The composition of the Editorial Council: Academician V. P.
Glushko (chairman), V. Ye. Alemasov (deputy chairman), N. V. Illarianov
(scientific secretary), A. P. Vanichev, S. D. Grishin, A. F. Dregalin,
V. A. Il'inskiy, and A. P. Tishin.

by o

Doctor of Technical Sciences V. Ye. Alemasov, Doctor of Technical
Sciences A. F. Dregalin, Doctor of Technical Sciences A. P. Tishin,
Candidate of Technical Sciences V. A. Khudyakov, and Junior Scientific
Associate V. N, Kostin accomplished the basic work - they obtained all
calculation data presented in Volume II from the methods and programs
which they developed. As regards the tabular material obtained on the
BESM-6 computer, the persons mentioned also stepped forth as editors -
compilers. They accomplished: the preparation of the initial data
for calculation; a check of the results for conformance with initial
data; the logical monitoring of the correctness of the calculation's L
results in accordance with specially developed algorithms; the intro-
duction of special designations into the tables which are absent in
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the ATsPU EVM [computer alpha-numeric printer]; checking the quality of
the printing and necessary completion work. i-
\

On the basis of original calculation data, this same collective %

prepared all the graphs presented in the second volume except for the f:
~graphs on the influence of chemical nonequilibrium (Figs. No. 5.6-5.11, !
5.17-5.21, 5.27-5.31). The latter were prepared by Doctor of Technical

- Sciences U, G. Pirumov from the results of calculations which he con-

ducted jointly with L. F. Kuz'mina, V. S. Chibisova, and A. K. Petrova.
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Textual materials of the volume were prepared by: Doctor of
Technical Sciences V. Ye. Alemasov and Doctor of Technical Sciences 1?
A. F. Dregalin - §§ I, IV, 2.4, 2.5, 3.2-3.5; Doctor of Technical
Sciences V. A. Il'inskiy - §§2.1-2.3; Doctor of Technical Sciences
U. G. Pirumov - §2.6; Candidate of Technical Sciences V. A. Khudyakov
and Junior Scientific Associate V. N. Kostin - §3.1,
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Doctor of Technical Sciences A. P. Tishin and Candidate of
Technical Sciences V. A. Khudyakov took part in the preparation of
materials for §2.1; 2. Kh. Gruzdeva - for §2.5; V. I. Bychenok - for
§3.4; and A. S. Lyashev - for §3.5.

The bibliography was prepared by the authors of of the sections
from bibliographic sources published primarily prior to 1971.

Scientific editing of the volume was accomplished by Academician
V. P. Glushko (responsible editor) and Doctor of Technical Sciences
V. Ye. Alemasov. Scientific editing of the volume's sections were
conducted by:

Corresponding Member of the Academy of Sciences USSR A. P.
Vanichev - sections I, II text, graphs of Figs. 5.1-5.21;

Doctor of Technical Sciences V. A. 1l'inskiy - section III of
the text;

Doctor of Technical Sciences S. D. Grishin ~ section 1V of the

text, graphs of Figs. 5.22-5.35.

Work on systematizing the bibliographic sources, compiling the
card files and bibliography, and the extremely laborious work on the
technical formulation of Volume II was accomplished by a group of
associates of VINITI [All-Union Institute of Scientific and Technical
Information] of the Academy of Sciences of the USSR under the overall
direction of N. V., Illarionov consisting of: N. V., Akshinska, T. V.
Luzina, N. G. Mozhayeva, D. A. Shirinskaya, as well as associates of
other organizations L. A. Borisova, A. I. Vinik, 2. Kh. Gruzdeva,

G. A. Dekhtyaruk, G. B. Kozina, G. S. Kol 'tsova, A. S. Lyashev, I. A,
Nikulin, A. P. Panchenko, S. M. Potapova, M. G, Rezyapkina, Candidates
of Technical Sciences V. N. Trinos, A. Z. Khamidullin, A. S. Cherenkov,

and D. I. Yagudina.
The authors express their profound gratitude to all these people.

A review of the manuscript for Volume II was conducted by Doctor
of Chemical Sciences Professor L. V. Gurvich, Doctor of Technical
Sciences Professor Ye. A. Sivoldoskiy, Doctor of Chemical Sciences
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Proféssor G. B. Manelis, and Candidate of Physical-Mathematical
Doctor of Technical Sciences Ye. V. Samuylov
took part in the discussion and review of §§2.5 and 3.3.
-are grateful to the reviewers for their valuable remarks and advice.
The authors mark with special gratitude the work of Doctor of Technical
Sciences V. A. Il'inskiy who, without restricting himself to the

duties of editor, rendered active creative assistance in the prepara-

Sciences L. N. Stesik.

tion of new materials for section III.
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Designations Adopted

speed of sound; -

excess oxidant ratio;

isobaric coefficient of expansion;

consumption complex (specific pressure impulse);
isothermic compression coefficient;

specific heat at constant pressure: molar and weight,
respectively;

specific heat at constant volume: molar and weight,
‘respectively;

degree of pressure expansion;

coefficient of impulse loss;

area;

geometric degree of expansion (relative area);
specific (unit) area;

per-second flow rate;

weight fraction;

coefficient of dynamic viscosity;

specific enthalpy: molar and weight, respectively;
specific impulse;

equilibrium constant for partial pressures;
weighted fuel-air ratio;

volumetric fuel-air ratio;

ratio of specifié heat;

coefficient of thermal conductivity;

Mach number;

molecular weight;

number of moles, mean index of isentropy;

pressure;

The authors
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R, = universal gas constant;
r - radius;

- relative radius;
P- density;
S.s - specific entropy: molar and weight, respectively;
T - temperature)
v- specific volume;
w - rate of flow;
» - molar fractiong
+ - weight fraction of substance in condensed state.
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f Indices
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r- fuel;

ox- oxdizer;

+ - propellant;

n- parameters in a vacuum (superscript);
0- deceleration parameters; .
| | - parameters of nonreacting mixturae;

2 x- parameters at input to chamber;

¢ - parameters at input to nozzle;

«- parameters in nozzle throat (subscript);
a- parameters in exit section of nozzle.
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CHAPTER 1
GENERAL
1.1. Brief Survey of Publishad Data

Oxygen as an oxidizer is widely used in various chemical fuels.
The most widespread fuel combinations are a comhination of oxygen with
liquid hydrocarbon fuels of the gasoline and kerogsene type.

Some information on the properties of the combustion products of
such fuels are presented in [22, 37].

The wide use of natural gas as a fuel required a determination of
the properties of the products of natural gas combustion with oxygen
and hydrogen. These properties are presented in Soviet and foreign
works [20, 35, 76] as applicable to various thermotechnical devices.

Fuel based on natural gas and air-oxygen oxidizers with easily
ionized additives are employed to generate electric power by the mag-
netohydrodynamic method. Some information on the properties of the
combustion products from such fuels is contained in {8, 13, 25, 91].

The successful development and employment of jet propulsion
systems substantially expanded the list of fuels being employed and
investigated. In addition to conventional hydrocarbon fuels, ammonia,
asymmetrical dimethylhydrazine, pentaborane, and other fuels are
employed in comdbination with oxygen or are being studied.

7
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One of the most effective fuels is employed with liquid oxygen -
1iquid hydrogen which was first proposed for ZhRD's [liquid-fuel rocket
motors{ in 1930 by K. E. Tsiolkovskiy [33].

Calculation data on the properties of combustion products of such
fuel combinations are presented in many works.

Usually, information on the properties of combustion products is
presented in the form of 1S-diagrams (20, 69) or in the form of
tables and graphs. The range of change of the determining parameters
and the list of properties to be calculated differ substantially in
different works. The majority of works encompass narrow intervals of
change in the composition of the fuel @gyk), pressure on the input to
the nozzle (pco), and degree of gas expansion in the nozzle (g). As
a rule, only the basic thermodynamic properties of the combustion
products are determined. Transfer properties are presented in a few
sources [4, 15, 40, 87]. The most complete and systematized informa-
tion on the properties of the combustion products of a number of fuels
18 contained in the works of authors [2-4, 10-12]. They present a
broad list of thermodynamic properties and examine different versions
in the accomplishment of the processes. These data were obtained in a
broad range of determining parameters. Thus, the calculations of the
fuels of liquid oxygen + kerosens [10] and liquid oxygen + asymmetrical
dimethylhydrazine (11] encompass a range of change of the excess
oxidant ratio@ok = 0.1-10, pressure at the input to the nozzle pgo =
= 2-25 MN/m2, and degree of expansion £ = 20-5000. For the liquid
fuel of oxygen + l1iquid hydrogen [2, 12], information on combustion :
products was obtained in the range of @, = 0.05-10, peo = 1-30 MN/m2, "%
and #§ = 10-10,000. ‘

Of foreign works, we can note a summary of data on the fuel of
1iquid oxygen + liquid hydrogen [83] as well as a few works containing
fragmentary information on the combustion products of several fuels,
for example, {43, 71, 82].

A systematic generalized impression of the materials mentioned
above in the form, for example, of a compiled reference book is !
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{nexpedient. This is hindered by many circumstances: the differences
in initial data in various works, different completeness of information,
different intervals of change in determining parameters, the absence

of accuracy estimates, and so forth, |

1.2. Fuels Presented in Voluﬁe II

Volume II presents thermodynamic and thermophysical properties of
combustion products of fuel groups which are of interest for contempor-
ary and promising thermoenergy engineering and engine building. They
are liquid two-component fuels based on oxygen as an oxidizer:

liquid oxygen + liquid hydrogen,

liquid oxygen + kerosene,

liquid oxygen + asymmetrical dimethlhydrazine,

liquid oxygen + liquid ammonia.

The ‘st of properties determined by calculation is the same for
all fuels. The range of change in the determining parameters (% ok,
Pcos §) varies in accordance with two types of grids: 'large" (B)
and "small" (M). More detailed information on the list of properties
and grids of parameters are presented in Chapter XIII of Volume I.

Table 1.1 presents a list of fuels which are examined in Volume II
and indicates a grid of parameters in accordance. with which the calcu-

lation was accomplished

Table 1.1. Fuels examined in Volume Il of the Reference Book.

NN

n/n Tananso Tox PeoMH/MY  Geryey
) (1))
1 O, + H, 0,3-6,00,1—50{ B
2 O, + xepochn 0,4—5,010,1—50 | B
(€,

3] Oy+(CH,WNNH, [0.3—5.0]0,1—%0 | B

4 0Oy 4- NH, 0,6~—~2,0]0,2—-50| M

KEY: (1) Fuel; (2) Grid; (3) Kerosene.-:
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CHAPTER II
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INITIAL DATA FOR CALCULATIONS

3T PR

2.1, Chemical Composition of Fuel Components

Fuel components are technical products and admixtures are present
in them along with the basic substamce. . The admixture content is
regulated in the Standards for a number of technical substances which

T

serve as fuel components. -
1

If the chemical composition of an admixture is close to the
composition of the basic substance and its content is low, then in a
» number of cases the admixture can be identified with the basic sub-
? stance introducing, where necessary, a correction for heat of formation. §é

2.1.1. Oxidizers

Liquid oxygen 0. The composition is standardized in accordance

RS W
FERHLE

with GOST [All-Union State Standard] 6331-68, 'Liquid oxygen, technical
and medical." This standard  is extended to liquid oxygen which is &
obtained from the air by deep Ereezimg. é%

Depending upon the content of oxygen and admixtures technical
liquid oxygen is produced in three varieties. The composition is
presented in Table 2.1. In accordance with GOST 6331-68 the content
of carbon monoxide, gaseous acids, bases, ozone, and other gas oxidizers
is not standardized. However, the quantity of these substances is low

and they can be disregarded.
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‘The basic admixture in liquid technical oxygen is nitrogen whose
5. weight content in liquid oxygen does not exceed 0.8%. When performing
calculations for the Reference Book only liquid nitrogen was considered
as an admixture for liquid oxygen. |

THETE, VTR Doty P

Table 2.1, Liquid oxygen, technical and medical.

Hopum aas coprossay
[ Huuucuonnu2- noxasareash "
g ) 1 2 3
& I. Conepaanne kucaopoas | ‘
E‘ B o0beMubX % He Munee 99,7 [ 09,5 8.2
% )
i 2. Conepsanne anetunena
B | % Xmukoro giucsopoaa e 0,04
Maupn 20°C u 760 Mmpr. eT. | T - '
E He 6onee
; i
! 3. Copepkanne Nacna 8
1 a xgtnxuro KHcnopoaa 8 | — — 0,0!
Mr-He Gonee -
' 2]
4. Conepxaniie ABYOKHCH
yeaepoxa B | 2 xuakoro 3 3 | He nopuu-
Kucaopopa 8 Ma nph 20°C u pyeted
J 760 MM pT. cT. ne Gonee o (r)
5. Conepwanwe snaru w | | __ | He vopuu-
MeXUHIIECKIUX npuMeceR () pye‘rcucr?

KEY: (1) Name of indices; (2) Standard for varieties; (3) Oxygen
content in volume %, no less than; (4) Acetylene content in 1 liter

of liquid oxy%en in ml at 209C and 760 mm Hg, no more tham; (5) Oil
content in 1 liter of liquid oxy%en in mg, no more than; (6) Content E
of carbon dioxide in 1 liter of 1%u1d oxygen in ml at 209C and 760 o
mm Hg, no more than; (7) Content of moisture and mechanical admixtures; -
(8) Not standardized.

{
3
i
i ;
:
i

‘

2.1.2. Fuels

Liquid hydrogen Hp. Liquid hydrogen is obtained from commercial
gaseous hydrogen whose chemical composistion is regulated in accordance
with GOST 3022-61.

9
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In gaseous hydrogen which is obtained by the electrolysis of water
and chloride salts as well as by the iron vapor method, oxygen, nitrogen,
and water may be present in noticeable quantities; also carbon monoxide
in hydrogen obtained by the conversion of methane and other gaseous

hydrocarbons. The solubility of nitrogen, oxygen, and water in liquid
13




hydrogen is very low. With an extremely low hydrogen temperature
oxygen, nitrogen, and water are in a solid state, usually fall out as

a precipitate, and are removed. Therefore, liquid hydrogen is obtained
with an extremely low quantity of admixtures.

At room temperature hydrogen consist of a mixture of approximately
25% para hydrogen and approximately 75% ortho hydrogen which is in
equilibrium. At the boiling temperature of liquid hydrogen the
equilibrium content of ortho hydrogen is about 0.2% and the content
of the para modification is approximately 99.87%.

In this Reference Book it is accepted that there are no admixtures
of other substances in liquid hydrogen and the content of the para
modification can be greater than the equilibrium. The coefficients
of the extrapolation formulas A4, B4, C4, D4, Ly in the calculations of
compounds with liquid hydrogen pertain to extrapolation for oxidizer
content.

Kerosene. Kerosenes are obtained from petroleum and are a mixture
of various hydrocarbons of several homologous series; present in them
is a small quantity of heteroorganic compounds which contain nitrogen,
sul fur, and oxygen. The content of individual hydrocarbons depends on
the method of obtaining the kerosene and the oil deposit. The hydro-
carbon content of individual homologous series except for aromatic
hydrocarbons is usually not standardized or is standardized indirectly
(for example, the content of unsaturated hydrocarbons is limited by the
iodine or bromine number). The fractional composition of kerosene is
regulated, i.e., the temperatures up to which a given portion of the
kerosene is distilled.

Table 2.2 presents the physical-chemical properties of Soviet
kerosenes which are employed for rocket motors. In accordance with the
indicated GOST's these kerosenes should contain no mechanical admix-
tures, insoluable re;ins, hydrogen sulfide, water, water soluable
acids, and bases.

Kerosenes contain a small amount of oxygen and nitrogen and a
small quentity of sulfur; therefore, they are not considered in

Dok A G DO RN oo A e M
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calculations for the Reference Book. It is accepted that at a
temperature of 259C the density of the kerosene equals 0.830 g/cm3;
the lowest heat of combustion is 10,300 kcal/kg; the carbon content
equals 85.9% by weight and the hydrogen content - 14.1% (conventional
chemical formula CHj 956, C/H ratio = 0.5113).

b e o ot RN M I . S

In order to have the opportunity to extrapolate the results of the
calculations for kerosenes of various composition, a substance with
a conventional chemical composition, an addition of 1% of which changes
the C/H ratio by 1%, is taken as the basic admixture. The enthalpy
of this conventional substance is taken as equal to the enthalpy of
kerosene. The derivatives for the composition of the fuel which are A
presented in the tables of the reference book are derivatives for
the change in the C/H ratio in the fuel expressed in fractioms.

R e s

Table 2.2. Physical-chemical properties of some kerosenes. o
(2) TOCT 1022762 () rocT 12 30866 ﬂ
DRIUKO-ANMINECKUE TIOKIIITENU -7 MPB;:%%“
(A T=1 TC~1 T=2 T-6 (TC-11)
A
(3) flaotvocts npu 20 °C, ricM’, e e 0,800 | 0,775 | 0,756 | 0,840 0.775 0,830 3
() Kucnotuoets, ur KOH/I100 ma ropiovero, we . ]
Gonee 0.7 0.7 0.7 0.5 0,5 0,7
& Jfloanoe uucao, r foaa/l100 r ropiovero, we
Gonee 2,0 3.5 3,5 1,0 0,8 0.5
(£) ConepmaNne  apoMaTHYECKHX  YrAeBOAOPOAOS.
%, He Gonee 20 ¢ 22 22 10 22 L)
{7)Conepmanwne tbaktnaeckux cmon, Nr/100 ma ro-
pruero, He Goaee 6 S 5 6 4 2
(7 JConepmanne cepm, %, ne Goaee, 3 Tom uncre] 0.10 0.25 0.25 0.05 0.05 0.01
MepxanTanosof, We Goaee - 0.006 0,005 -~ 0.001 -
(%) 3omnocTs, %, we Gonee 0.003 | 0.003 | 0.003 | 0,003 0,003 0,003 b
(u)‘l’ennon CrOpaHIA hu3Aan, KKaA/Kr, we mence | 10250 10 250 10 300 10 300 10300 10 300 e

KEY: (1) Physical-chemicgl indices; (2) All-Union State Standard;
(3) Density at 20°C, g/cm’,no lower than; (4) Acidity, mg KOH/100 ml
of fuel, no more than; (5) lodine number, g iodine/100 g of fuel, no
more than; (6) Content of aromatic hydrocarbons, %, no more than; (7)
Content of actual resins, mg/100 ml of fuel, no more than; (8) Sulfur
content %, no more than, including mercaptan, no more than; (9) Ash
conteng, %, no more than; (10) Lowest heat of combustion, kcal/kg, no
more than.

b
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Asymmetrical dimethylhydrazine (CH3)2NNH2. The basic admixtures
when obtaining asymmetrical dimethylhydrazine (NDMG) are water, dimethyl-
amine (CH3)2NH, and methylene dimethylhydrazine (CH3)2NNCH3. Some

quantity of these substances can also be formed with che oxidation of
13
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NDMG withvoxygen of the air. The remaining admixtures are present in
small quantity and are not considered in this Reference Book.

Table 2.3. The effect of the content of (CH3)2NH and (CH3)7NNCH2 on
the characteristics of combustion products.

:‘/‘n‘ Cucras ropiovero g .,g‘“

n
Teo 15, wicen F
] 2

4m50 | @100 | qmi000 | awdl | 8100 | ewi0O0

U] S (CHiNNHs 0:8% (CHONHE | 3670 | 1900 | 3176 | 30 | o736 | 8,25 | 1440 | 96.35

2| 9520 (CINNHEh) % CHWNHE  gry | izoe | s | waoe | rae | 8,28 | teal | 96,48

. . ) 2 T4 . U ., 4, .
3 97{;_,_}.2";2}&5‘&*&{,’{‘ (CH)WNH + 9673 | 1800 | 3176 | 3330 | urs4 | 8,25 | 14,40 | 96.40

KEY: (1) Ccmposition of fuel; (2)‘m/s.

-

Special thermodynamic calculations were conducted in order to
determine the effect of changes in the content of dimethylamine and
methylene dimethylhydrazine in asymmetrical dimethylhydrazine on the
basic characteristics of combustion products.

Table 2.4. Synthetic liquid ammonia.

¢ 3) Hoomu
1-hcopr | 24 gopr

Haumenonaune noxasateash
v

FYCunepanne ammnaxa 8 %,
GFue puenee 99,9 99,6
(6) Conepxanne saari 8 %, we
Gonee | 0.1 0.4
7Yooaepanne Macay B MP /)1, He
ciﬁo}l)ce 10,0 H 35,0
0lepIMAHHE KO1e3a B MT/A, e HOpMIL-
G He p60J|ee 2,0 py(e;)u

KEY: (1) Name of indices; (2) Norms; (3) 1st grade; (4) 2nd grade;
(5) Ammonia content in %, not less than; (6) Moisture content in %,
not less than; (7) 0il content in mg/l, no more than; (8) Iron content
in mg/l, no more than; (9) Not standardized.

As an example, Table 2.3 presents the results of these calculations
for a fuel compound of 0 + NDMG with pco = 10 MN/m2 and @ ok = 1.0.

14
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Table 2.5. Chemical composition of fuel compounds taken in calcu-
lations.
Tunansnun no‘u'l,wsnnu: OptHy Oy 4 nepae)nu Oy (CH,)INNH, Oy + NH,
Hexoanmp coctap ¢v) 0O, ‘ 0, 0O, 0,
.“3 Mpumecs ¢€) Ny Ny Ny Ny
og Conepmause npinecn o mecy no &) 0,008 0,008 0,008 0,008
o) :
Kosdpuuuenrm IKCTPATIOANUHOHHIIX ¢opuy8 2 Ay Bu CoDgf Ay By Cys Dy, Laf Ay By, Cyy Dy, Ly |Ag, By Ciy Dy
' ’ 97%(CH,):NNH, +
Hexoanud cocras n % no secy (¥ 100% H C—86.9% <+ 1%(CH,)yNH 4 | 100¢%4 NH
™ B B 1% | N, (e N
¢ CaH
§- Mpuwecs &) - CHrges H,0 H0
& |
[
(") Conepxanne nphuecy no secy go W) —_ +0,06 0,005 0,004
KosppHusental IXCTPAOARUHONHMX q)opuy.vt,) - A4 By, G D, Ly | Ay, By, Cou D Lg [Ag, By, Cy, Dy
KEY: (1) Fuel composition; (2) Kerosene; (3) Oxidizer; (4) Imitial

composition; (5) Admixture; (6) Admixture content by weight up to;
(7) Coefficients of extrapolation formulas; (8) Fuel; (9) Initial

composition in % by weight.

As is evident, with an average content of dimethylamine and

methylene dimethylhydrazine in the NDMG the deviation of the specific

impulse in a vacuum does not exceed 1 m/s of the value with minimum

or maximum taken content of (CH3)2NH and (CH3)2NNCH3.

Proceeding from

this, asymmetrical dimethyhydrazine with mean weight fractioms of

dimethylamine and methylene dimethylhydrazine have been taken as the

basic composition in the Reference Book.

Water has been taken as the basic admixture for NDMG.

Liquid ammonia NHj3.

Its composition is presented in Table 2.4.

15

The composition is standardized in accordance
with GOST 6221-62, "Synthetic liquid ammonisz." '
produced in two varieties depending on the physical-chemical indices.

Liquid ammonia is
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; The basic admixture for liquid ammonia, in which regard in com-
- paratively small quantity, is water. Other admixtures are present in
: even lesser quantity and are not considered in the calculations.

2.1.3. Fuel Compounds

In summing up the result, to substantiate the fuel components which
are adopted in the calculation and the admixtures which are considered .
we present a generalizing Table 2.5, For each of the fuel compounds
examined in Volume II Table 2.5 presents the initital chemical compo-
sition of the fuel components (all calculation tables and graphs cor-
respond to it). The admixtures in the fuel and oxidizer which are
-considered and the ranges of their possible variation are indicated.
; In these ranges, the effect of the admixtures can be estimated by
i extrapolation methods with the aid of the derivatives A4, B4, C4, D4,
t Ly, As, Bs, Cs, D5, Ls, which are presented in the Tables.

2.2, Enthalpy of Fuel Components

The parameters of the combustion products of fuels in calculatioms } :
were determined using the thermodynamic properties of combustion :
similar to the Reference Book [49], it is accepted that the enthalpies

of the elements in the standard state at a temperature of 293,159K are
equal to zero. In accordance with this condition, the enthalpy of
any substance at temperature T equals

product components presented in the Reference Book [49]. Therefore, §
3

R T

13 = AH 93,18 + (H3— Ha1s), (2.1)

it

where the heat of formation AHJ,q, ;5 is equal to the change in
enthalpy with the transition of the substance’s component elements to

the substance being considered.

L]

The following standard states of chemical elements have been
accepted: oxygen, hydrogen, and nitrogen - diatomic gases; argon -
monatomic gas; carbon ~ graphites. The same standard states of elements
are adopted in reference books [45-48, 50, 79, 88] and works [1l4, 21,

31, 74). 16
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It is also accepted that high-boiling fuel components have a
temperature of 298.159K and low boiling - boiling temperature.

il M, it i LA R S

e vl 4o

The heats of formation, heat of mixing, boiling temperature, and i
heats of evaporation of the majority of individual substances which
form the fuel components and which are necessary for determining
enthalpy are taken from Reference Books [45-48]. These Reference Books
present the most reliable and systematized values of the heat constants
of inorganic substances. These constants were selected on the basis P
of a thorough analysis of virtually all published data (in the first o
edition, up to the middle of 1963; in the second - up to the end of :
1964; in the third - up to March 1967; and in the fourth - to the end
of 1968).

In the Reference Books [45-48, 88] and other works which were
used the heats of formation are given with a temperature of 298.159K.
It is known that the heat of formation at a temperature of 293.15 is
determined from the heat of formation with a temperature of 298.15
from the equation

AH hos 10 = AH o 15 + (H2sa,15— Hinas) —

-B(Hgﬂs.ls—ng.u)‘ (2.2)

Here (HY.s—Hwm.1s) and Z(Hlm.s—~Hlm) - the changes in enthalpy
from a tempéfatute of 298.159K to a temperature of 293.159K respec-
tively of the given substance and the elements which form it in
standard states,

, N 4
Y P Y 7

Substituting expression (2.2) into equation (2.1) we find

12 = AH 8,15+ & (Hse.15 — Hm.s) +
+ (H)— Hom.15). (2.3)

The values of the differences in the enthalpies (Hh;; —fip.s) fOr
the elements are presented in Reference Book [49].

17
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2.2.1. Heats of Formation of Individual Substances which go into the

Fuel Components

Table 2.6 presents the accepted heats of formation AH%Z%.IS of

individual substances from elements taken in the standard state.

The

aggregate state of a substance to which the accepted heat of formation

pertains is indicated. The reference to the bibliographic source on
whose recommeridation the heat of formation was selected is given.

Table 2.6. Accepted heats of formation of individual substances.
]
Houmewonauue uuunu(n‘y)umoro Bewctud xuuuwuv:k(a:)\bopuy.u t‘;‘:‘é“;,:',?: T;,“ 'mi"eﬂ‘;‘.‘:‘;:,"o““. '1,'.'; '1:"'
() Kucnopon 0, ras 0
€1 Asor Ny g rad 0
(¥)Bonopon H, 17 ras 0
) Aprou Ar ra3 0
B’Ruueruarunpasnu HeCHMMETPUYHUA (CHJ)INNHI MK, ‘8l'li29i A 4g
(mn:‘:c.vmnuuuu i-l L Ry —b-—'iu Si 0.1 :7
() MeThaACHANME THATHADAIHH (C .).NNCH. MUAK. 57 ¥86 6 0.01 2&
ons ras -2,
LOwyoxuce yraepoasa (.(5 g ras —94.052§0J)ll 47
/#/Oxitcs yraepoaa (¥ £y —26.416 30,031 47
(1 PANMHIK NH. ras —11,04£0,07 46

KEY- (1) Name of individual substance; (2) Chemical formula; (3)
%egace state; (4) Heat of formation AHOf 98.15,» kcal/mole; (5)
ibliography; . (6) Oxygen; (7) Nitrogen; (8§ Hy ro en; (9) Argon;
(10) Asymmetrical dimethylhydrazine; (11) Water; (12) Dimethylamine;
(13) Methylene dimethylhydrazine; (l14) Water; (15) Carbon dioxide;

(16) Carbon monoxide; (17) Ammonia; (18) Gas; (19) Liquid.

The heat of formation of methylene dimethylhydrazine was estimated

by V. P. Kolesov and M. P. Kozina [31]. Here, the heat of formation

of gaseous methylene dimethylhydrazine was found from the corresponding

group contributions which were taken on the recommendation of the

article by Benson et al [57] (A.H%298_15 = 36.6 kcal/mole) while the
heat of evaporation was estimated from the recommendation by Klager

[68] (a H8298.15 = 8 kcal/mole).

As mentioned earlier, the accepted value of the lowest heat of
combustion of kerosene equals 10,300 kcal/kg.
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2.2.2, Heat of Mixing of Individual Substances when Forming Fuel
Components

o M | ok, BB At

Heats of mixing of nonreacting gaseous substances in the ideal
state equal zero.

AL ¢ Lot

TRITAReT ¢

The heat of mixing of liquid nitrogen and oxygen is extremely low
and it is disregarded. Heats of solution of water, dimethylamine, and
methylene dimethylhydrazine in asymmetrical dimethlhydrazine are _
unknown; however, it can be assumed that they are not great. The heat §
of solution of an extremely small quantity of water in liquid ammonia i
is unknown and {s not considered in the Reference Book; however, it
may have a noticeable value. Heats of solution of hydrocarbons with
the formation of kerosene are low; they are considered in the experi-
mental value of the heat of combustion.

T AR 5
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2.2.3. Boiling Temperature and Heat of Evaporation of Low Boiling E
Fuel Components 1

E Table 2.7 presents the boiling temperatures at which the pressure
4 of saturated vapor is equal to 1 atm and the heats of evaporation

i which correspond to them for low-boiling individual substances which ;
are part of the fuel components. The boiling temperatures of liquid ]
hydrogen and oxygen are taken from a report [54] which presents some
refined data in comparison with Reference Book [54].

In the Reference Book, when determining the enthalpy of solutions
of a small quantity of nitrogen ( €1% by weight) in liquid oxygen it
is accepted that the solutions have a boiling temperature of liquid
oxygen of 90.1889K although the boiling temperature of liquid nitrogen %
is substantially lower. The error in enthalpy which is caused by this
assumption is low and it can be disregarded. For example, in the case
of 0.8%* by weight of the nitrogen solution this error equals ~3
cal/mole, i.e., less than the error in determining the heat of evapor-
ation of liquid oxygen. ' -

*The maximum possible amount of nitrogen in liquid technical oxygen in
accordance with GOST 6331-68.




Table 2.7. Some physical properties of low-boiling individual 5
substances.

Temfepatypa RuRSHIN TeAUTE HENAPRNNE UpY {iauenenne INTABRHI B COCTORNKN

Ny 90, 188%) - 1,3119) 48 6284 88 2072%1 W .

—————————

“g:""'“" Teun  (¥) "N)iunhnoro ragd c‘)w‘ ;"."“;'I:‘

Myda

. Jlates 0 xkaa Jures | L0 g K3 | Autes |0 - pixaa

E% sl’ Txum K Pﬁ?" My SR l'ﬁjl‘ﬂ Nt~ M3 dom P&Vr Haas - HoGog (3 i

o, y | w000 | 8| 1 c2z000e | 8 628 Se.88) 207841 a8 :
; Hy, wopwt) (7 20.397£0,010 | % | 0,2190%0,0008 | 43 3550) 84 2019% 1 | 48 :
f Hy, pasu.n (%) 20,280,010 R | 0,218040,0005 | +8 101 54 PEEY 44
; NH, "1 236,73%0,04 | 46 | 557620008 | 46 1913 84 | 20032 | 4

KEY: (1) Chemical formula; (2) Boilinﬁ temperature; (3) Bibliograghy;
(4) Heat of evaporation at Tyxus ; (5) kcal/mole; (6) Change in enthalpy
in the state of an ideal %as; f%) Normal; (8) Equilibrium.

%)dNormal hydrogen is a mixture of 25% para hydrogen and 75% ortho
ydrogen.

2) Changes in enthalpy are presented for the case where at boiling
temperatures and 298.59K hydrogen is normal, and at a temperature of
09K - para hydra~en,

3) Equilibrium at 20.49K hydrogen contains 99.8% para hydrogen and 0.2%
ortho hydrogen.

3 4) These parameters are presented with a nitrogen temperature of
3 90.1880K.

Let us estimate the enthalpy error being considered in the case

of 0.8% by weight of a nitrogen solution. s
It is known that the partial pressure of the vapor of some sub- :
stance above an ideal liquid solution is equal to the pressure of the |
saturated vapor above a pure substance (at a given temperature) .
multiplied by the molar fraction of this substance in the liquid phase. ,
Here, it is assumed that the vapor is a mixture of ideal gases. Con- ) gﬁ

sequently, the pressure of the saturated vapor above a 0.8% by weight
nitrogen solution in liquid oxygen at a temperature of 90.1880K
approximately equals

,,l = p.t.\;,nf)‘ + p!.N.’!N.“ 1‘0238 aTM, (a)

il Gt e b S i Wi o Neilleiiiibncat i kbR A

R L

Here pg,0, = 1 atm and pg,N, = 3.160 atm - the pressure of sat-
urated vapors respectively above liquid oxygen and nitrogen, with
90.1889K, ng, = 0.9909, and nyp = 9.13-10°3 - the molar fraction in

the solution of oxygen and nitrogen respectively.
20




The approximate amount of reduction in the temperature of the
solution necessary to obtain a pressure of saturated vapor above the
- golution pg « 1 atm is found using the Clapeyron-Clausius equation
Ap  pAH, b
x?"%rr° (&)

where A p - the given amount of reduction in the pressure of the satur-
ated vapor.

Substituting in equation (a), which is written through finite
differences, the values of 4 p for oxygen and nitrogen from equation
(b) we find

AP' - “P,’O.RO‘AH,.O. + p:."nuNnAHv. Nn) -RA;:‘.' (e)

From equation (c) it follows that to obtain the pressure of a
saturated vapor above a solution with pg = 1 atm it is necessary to
reduce the solution's temperature by the amount 4T = 0.239 in com-
parison with a temperature of 90.1889K. Here, the change in the
solution's enthalpy equals

Al = —A(AH )+ €,rST =
= = (Cpn = Cy) AT + ¢, AT = ¢, AT, (d)

where cppy and ¢,. - the specific heats of the vapor and liquid at
constant pressure regpectively.

The value of 41 = -2.9 cal/mole is equal to the unknown error.
2.2.4., Preheating Heat of Vapors of Low-Boiling Components

The heats of preheating of vapors of low-boiling individual sub-
stances in the state of an ideal gas from boilinz temperature to
298,150 are tfound from rhe expression

Hcun. — %810 = (Hygun— H3) —

-HIS;.-,.;—HS‘.

(2.4)

Here (//fan—H3) and (Hy,,s—#?). - the changes in enthalpy of a substance

in the state of an ideal gas from 00K vespectively to the boiling
temperature or 298.159K. 21
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The values of changes in enthalpy (/Hp,.~=#H)) and (#M,—H) are
presented in Table 2.7 with references to the literature from which

they are taken.

The values of the change in enthalpy (Hi,.~HJ): are presented in
the report (54] obtained for 07 - by interpolation of Woolley's data
[90], for N3 (ncrmal and equilibrium) - by direct addition in accor-
dance with the levels of energy of molecular hydrogen and for NHj -
by the interpolation of Haar's data [63].

2.3. Density of Fuel Components

Table 2.8 presents the densities of {ndividual substances which
are the basic component parts (content »96-99%) of the corresponding
fuel components and of components which are mixtures of substances
(kerosene). Also presented is the density of liquid hydrogen with a
content of 75% ortho hydrogen (normal hydrogen). The density values
presented are given with references to the literature from which they
were taken.

In performing precise calculations, for example, when calculating
the volumes of fuel tanks or the mass flow rates of fuel components
by volumes (especially with the experimental determination of the
specific impulse) use should be made of experimental values of the
density of fuel components of a given chemical composition.

Table 2.8. Density of fuel components,

flaoriuctu |
Belectou lutepaiypa
tn i) W
O, 1,148 17
(¥ Kepocuu ' 0,830 (n Ta0a. 2.2
ﬁl‘.).NNH‘ 0,786 33, 44
y (wopie.)® (5} 0,070y '
H, (napa)@) 0,0708 +
Nh, 0,082 17

KEY: (1) Substance; (2) Density, g/cm3; (3) Literature; (4) Kerosene;
(5) Normal; (6) Para; (7) see Table 2.2.

®Mixture 25% para hydrogen and 75% ortho hydrogen.
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Table 2.8 presents the densities of substances in the liquid state.
The densities of high-boiling substances are given at a temperature of
250C and of low boiling - at boiling temperature.

The density of kerosene depends on the content of individual
hydrocarbons in it; the table presents an arbitrarily accepted value.

2.4, Thermodynamic Properties of Individual Substances
2.4.1., Individual substances which are being considered

The components of the combustion products of fuel compounds which
are presented in Volume II of the Reference Book include individual
substances which are formed from atoms of oxygen, hydrogen, carbon,

and nitrogen.

The components of combustion products are presented in Table 2.9.
Their list was prepared on the basis of recommendations in Reference
Book {49] and with consideration of the data obtained for the third
- edition of the Reference Book [49] under preparation. When performing
" the calculations, only the gaseous state of these substances is con-

sidered.

Table 2;9. Components of combustion products.

H,0 NH |[CO, CO+| H,CO

0, O+, O- H,0, NH, Co, CN

Oy Oy* N.N* | NH, | CO, | HcN

0, I Ny Net | NoH, CH CH

CH, HH H | N, HNO CH, | CH,
H, NO, NO*

OH, OH+, OH- NO,

HO. N|O
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- Monotomic carbon C is considered not only in the gaseoué but also
in the condensed state.

2.4.2, Thermodynamic‘properties of individual substances

The thermodynamic properties (enthalpy, change in enthalpy,
entropy, log Kp) of individual substances are presented in tabular
form in Reference Book [49] and the thermoconstants of substances -
in the Reference Book [45-48]. For use in calculations, the tabular
values of enthalpy i¢0 are approximated by polynomials of the seventh
(gaseous substances) and third (condensed substances) orders. The
remaining thermodynamic properties of individual substances are
determined from known relationships of thermodynamics with the use of
the values I70.

The coefficients of approximating polynomials are presented in
Volume I of the Reference Book. In preparing the first volume changes
in the thermoconstants of gaseous substances were considered in
accordance with the data of the Reference Book [45-48)] and the zero
of polynomials A1 and Ag were corrected accordingly.

2.5. Transfer Properties of Individual Substances

The transfer properties - coefficients of viscosity\? and thermo-
conductivity A of individual substances and mixtures of individual
substances are determined in considerable measure by the integrals of
collisions o%Qhsyy, For the calculation of integrals oQt:%, model
potentials are used in the Reference Book. The types of potentials
used in studies and the method for determining their parameters are
examined in detail in Volume I of the Reference Book. For convenience
in using this volume of the Reference Book, Table 2.10 provides a
brief list of these methods.

For all the individual substances which are considered in the
calculations, the Lennard-Jones potential is taken as the model of
interaction (12-6):
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2 (r) -4u[{‘—5,'-f =i -'H'!' (2.3)

where ¢ - the intermolecular distance v at which q3(t)_- 0; ¢ - the
depth of the potential well.

Table 2.10. Methods for determining the parameters Qf;potentials.

No. Methods for determining parameters

1. Approximation of initial potential

Experimental

2 Use of transfer properties

3. Use oL p-v-T properties

4, Use of properties of crystal with QOK
5. Rydberg-Klein-Riesz method

6 Method of scattering on gas targets

7 Use of data on vibrational relaxation

Calculation-theoretical

8. Quantum-mechanical calculation

9. Use of the Thomas-Fermi-Dirac model of the atom
10. Semiempirical method of valance bonds

11. Calculation of dispersion energy

Indirect

12. Employment of similarity theory

13. Method of equivalent solid spheres

14, Use of parameters in the critical point
15. Use of parameters in the boiling point
16. Use of parameters in the melting point

Empirical
17 QA==0,75°A.+0!45
18, g, =0,413 & (0,171 + 0,54a3, )2
4

19, g, mta,—06; 6,0 3(Fs+7g)+ 1.8
M. g = (184972, + 5,137, + 3,24)12

2 = %("A. +9g,+ 9.,)— 055

o ; |

= Sap™ (‘Al‘nl)ln' d!\B'a T (dl‘| + aﬂl)

23. Linear relationships ,
24. Estimate in accordance with the distance between atoms in molecule

2. 8- ‘é‘(l'/“fcgfi"" + ]/03,9?7*)
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For a number of individual substances, especially if their
temperature is high (~2000-30009K), the use of the Lennard-Jones
potential is not preferable. In such cases, the "true" and more sub-
stantiated potential was appoximated by potential (12-6) from the con
dition of acceptable conformance of the collision integrals «%Q"'®* and
2% of potential (12-6) and the '"true'" potential. Such an approxi-
mation is not strictly a method for determining the parameters of the
potentials; this method is presented conventionally in Table 2.10.

A list of individual substances (components of combustion products)
which are considered when determining the equilibrium composition is
presented above in Table 2.9. Depending on the possible content in
the combustion products, it is expedient to combine these substances
into cwo groups (Table 2.11 and Table 2.12 respectively). Individual
substances whose molar fraction Xq may be more than 0.01-0.05 and
atomic substance: are separated into the first group; substances with
a lesser content in combustion products are combined in the second.
Such an arbitrary division was accomplished on the basis of the results
of thermodynamic calculations which are available, for example, [2, 10-
12}, and from the results presented in this volume.

The parameters of the Lennard-Jones potential for individual
substances of the first group are presented in Table 2.11. For the
majority of substances we determine (estimate ) the parameters ¢ and
¢/k again. In those cases where parameters ¢ and £ /k are taken from
published data, reference to the source (in the brackets) is given in
the table directly along side the value of the parameter. The table
also indicates the method for determining the parameters of the potential
in accordance with the numbering of Table 2.10; given in the corre-
gsponding column is the reference to the literature from which the
necessary initial values were taken for the employment of the method

(for example, o°8% %, Ty Uy Po  €EC.).

We determined the parameters of the potentials for atomic oxygen,
hydrogen, and nitrogen and molecules of oxygen, hydrogen, nitrogen,
water, carbon dioxide, carbon monoxide, and nitric oxide as a result
of the approximation of collision integrals 22"'# and o%22%. The

26
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collision integrals «Q/% were obtained by Ye. V. Samuylov and associ-

; ates in [40, 41)] with the involvement of various methods and potentials 1
3 i
. depending on the nature of the substances and the intermolecular z
;_ distances. The data from [40] are used in the Reference Book., §
: - Table 2.11., Parameters of the Lennard-Jones potential for individual !
% substances. ;
£ - . A K, °K .
, Bee : :
A mecTao PR aroa ANTEPR- . ne- jaureapae s
E 01"y Iy [T TGN ]
E H
E 0 2,631 1 | 40 | 2066 1] 40 i
] H | 2,120 1 | 40 | 505,4 1| 40 ;
E N | 2,498 1| 40 | 419,0 1| 40
E c | 3,088 7| - 52,0 il — :
E 0, | 3,347 1 | 40 | 150,8 1| 40 ;
E Hy | 2,934 1] s | s 1] 40 {
5 4
1 OH | 3,846(28) | 10 | — | 180,8(28) 10| — :
H0 | 2,628 1| 0 |87 |1 40 '
‘ 3
N. | 3,120 1| 40 | 3326 1] 40 A
g
NO | 3,669 1] 40 75,5 1| 40 ‘
NO, | 3,765(61)) 2 | — | 210,0061) [2| — ;
NH, | 3,006(200(2,3 | — | 311,2(29) [2,8] ~. ‘
co | 2,942 1] 40 | 4178 1| 40
CO, | 3,900 1| 40 | 2108 1| 40
CH, | 3,784130) | 2,3 | — | 148,2(30] [2,3] —

KEY: (1) Substance; (2) Value; (3) Method; (4) Literature.
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Table 2.12.

Parameters of Lennard-Jones potential for individual

substances.
o A s/x, °K
lﬂn.' . 14
WOTROL  eanunma | uevon (PUTIRE] oamunna  [MIT[ANTERAe
w ) o | ARG
o, | 4,010 2 | 49 | 2080 ‘2| 49
HO, | 3,088 14 | — | 188,1 4] —
HOp | 4,096786] | 2 | — | 289,3(86) | 2| —
Ny | 3,748 23 | = | 247,0 23| —
© NyO | 3,828[86)| 2 | — | 232,4[86)}2| —
NH | 3,250 20 | 49 | 2306,0 2| —
NH, | 3.133 23 | — | 308,6 23 | —
N;H, | 3,951 14 | 49 | 392,4 14| 49
HNO| 2,808 4 | = | 171.4 4| —
C, | 3,530 20 | 49 | 1508,0 22| —
C, | 3,02 23 | — | 1958,0 23 | —
C.0p | 4,807 14 | — | 330,4 15| 64
CH | 3,360 20 | 49 | 640,0 22| —
CH, | 3,502 20 | - | 4760 23 | —
HCO | 3,468 14 [ - 4[ 187,4 4] -
H,cO| 3,758 |14 — | a12,0 “| —
CN | 3,430 | 20 | 49 | 707,0 2| -
HCN | 365086 ] 2 | — | s60,1(86) | 2| =
CH | 3.752 14| = | 1768 4| —
CeHy | 4.033(86)| 2 | — | 20,8188} |2 —
CeH | 4193130} | 2,3 | = | 209,0(30) [2,8] —
CNs| 4,361(86)| 2| ~ | 348,6(88)|2| —
KEY: (1) Substance:

(2) Vvalues (3) Method;

(4) Literature.

IR Sride Ly .

cad B A

wE e
M T Yl L




v et e A VRS T  TRATTTT - e e

An estimate of the errors in the approximation of the collision
integrals ¢Q"* and ¢4 by the Lennard-Jones potential is presented
in Table 2.13 where, depending on temperature, the moduli of relative
deviations in percents . and 3@? (the numerator and denominator
respectively) are presented in the form of a fraction:

Q! Q' — ("%, 4 (2.6)
o o' 1% '

322 @ — o' ), g (2.7)
e o'Q% 3N '

where (0% *#%); 1-- the collision integral calculated using the Lennard-
Jones potential.

Table 2.13. Errors in approximating collision integrals.

Bsanu{.":.elt'r- Me-ron‘:&;:;““ T=600°K 1000 1400 1800 2200 2000 | 3000 | 2400 | 3800 | 4200
0—0 10 - - — | s | o3 | 2| 0] s 62| s
H—H 10 - -_— - 4/8 2/6 014 2/2] 50f 712] 93
N—N 10 - - - 0/6 18 33| S| T 82| 913
0,—0y 2,6,7,10 0/1 2/3 2/3 213 173 03| 221 3| s;ol m
Hy—H, 2, 6, 10 0/3 3/9 2/10 1/9 4/8 T8 94| 1273 | 1811 1171
Ny—Np 2,6, 710 3/3 6/9 5/9 2/8 1/6 415 63| 8/210/0 | 12/1

H,0—H,0 2 1/0 1" 1/2 1yt 1 umlourh o] an
co—Cco 2,6, 7 1/0 719 8/10 6/9 3/6 3] S/1| o8] t4/9 | 18/12

COy—CO, 2,6 0/0 0/0 0/0 0/0 0/0 0/0 0/0f 0/0| 0/0| 0:0
NO—-NO 2, 6,10 0/0 0/0 0/0 0/0 0/0 o/l ol oy oo

KEY: (1) Interaction; (2) Method of determining.
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The column "Method of determining Q" {n Table 2.13 indicates
the methods on the basis of which the collision integrals (numbering
of the methods corresponds to Table 2.12) are calculated in [40, 41]).
For atomic substances, the results are given only with T g 18000K
since with a lower temperature the content of these substances in the
combustion products is insignificant.

In determining the parameters T and £/k for the remaining individual

substances of the first group, use was made of the experimental data
on the viscosity coefficient and the virial coefficients (Ar, NO7, NH3,
CHy) and semi-emperical, indirect, and empirical methods (OH, C).

The parameters of the potentials for individual substances of the
second group (see Table 2,12) were determined primarily by indirect
and empirical methods. The selection of these methods was conditioned
by the absence of direct experimental data on the equilibrium (virial
coefficients) and nonequilibrium (collision integrals, n, A, D) proper-
ties for these substances. For molecules HO2, HNO, C307, HCO, H»CO,
¢ ° conventional critical constants were first estimated by empirical

1 “ods of work [78].

It should be noted that the probable error in calculations of
tran' fer properties here will be comparatively low since the content
of the individual substances listed above in the combustion products

is iow.

It is customary to estimate the constant potentials in the case
of the interaction of unlike molecules of combustion products by
empirical rules of combination

Gu--;--(o‘-f'ﬂl). (2-8)

8= (e8 )2

Some of the results from such an estimate are presented in Volume
I of the Reference Book, and we obtained more detailed results
‘using collision integrals +*@+# from [40].
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Table 2.14. Errvors in the approximation of potential constants.

‘ Myroa unpeaeasiig ’ 7
. Basnmgiehctone Teatn K (1Y) 140 1300 Q0 2000 KT 1400 J800 A0
[9) ) 1
O~N, 6, 10 - el = us) oy 3l mal s s 70 5
: , 3
0~NO 10 - | =] =1 21| a0} 80| 6] s2| 93] 104 1
~; O~H, 22 (10) - | = | = | sl 46| 6a] 82|00 |12 ] 142
0N 10 _ | = | = 94| rnale 0| a9 27| o8] 14
3 i
O—H 10 2327 2|m| 20/24) 18;22| 16/21| 18/20] 13113 !
- H—H, 6, 10 - - — | 2459 2841:4 J2/16{ 37;20] 40/23| 44/26] 48'29
N—N, 6, 10 r — | =1 =1 ys| vus!| sa] 83| s2] 7] 80
N-—-0O, 6, 22 (10) — — - /8] 14| 33 42 S| 6,0 7t
N—NO 22 (10) r — | =t =1 2| 0] 80/ st} 72| 93| 10/¢
N—H, 22 (10) - = — | on0] 3/8] s8] 830|315
C€0,—-COo 6, 229, 25 2/2 3| 4] 24 oy v 240 w3l 64 86
COy— N, 2, 6, 22 (2, B 1510 | ora| spa) ae) wn| w2l a2 an 50 so0
COy~ 0, 2, 6, 22(2), 25 100 | 12/0] 1372 | 1474 ] 156 | 1o7 ] 18/9 ] 19710 20713 21 1
CO,—NO 22 (9), 10 | o0] o/0] 00 o0) 00 00| 00| 00] 0.0 o]
COy—H, 22 (2), 25 TR ENEIENENEY
€O, —H,0 22 (2), 2 TR ENENEENE R S
i
CO—N, 6, 22D, 227, 10), 8] 1t | 69] 60l a0l yr| us| s3] 8o |13 i
CO—0, 2,6,20(2,2(7,10,28) &3 | a7 | 37| 56| e8| a3 [102] 10| 32 145
CO—NO (8, 22 (2), 22 (7. 10), 28| &6 617| +6| 35 val o3| 22| 3| w0 5.1
CO—H, 22, 2207, 100, 28| 22 781 79| &8 x| ue| o4 23 342 51 :
. COw HyO 22 (2), % 5116 | 4¢ | o2 ot | yof 2| wse| 17| w0 b
Ny—O4 8, 10, 22 (2), 28 3 | g1 27 o7] ) 88 el 9o2) 020
. N,~NO 6, 10, 22 (2), 28 MR E RN ENENENERD fi
Ny—H, 22,2200, | 34 | &9 50| 38| 06| 38| 84| n2) 90 12
Ny—H0 22 (), 25 s o3 oo} yel o2 o] 20l an , 82] 6.4 \
0-NO | 610,22, % o0 | ol | o] o] ]z s ] s A




Table 2.14 continued.

Dasiw uagm:nul! Mee ““ﬂ}i‘“L{j.‘.““'“"' Tt K | 1000 | 1400 | 1s0 | 230 | o800 | som | a0 | asm | ogaeo ;
£ Oy—H, 2, 0@, 20m, 28| o2 | 73| o0 03] 16| 1o | is10 18712) 1o/14] 2118 1
? O—H0 2. 22 (1, 28 RN ETIETIED ?
? NO—H, A R0, B | 4o | yz| o] 02| uz| at| 40 so] &[0z . §
. NO=H,0 22 (D), 26 814 ML 2| 2| 22| 2y 43 33| 34| 34 ?
§ Hy 1,0 2 (2), 25 oz | 78] l 921 | 2671 | s0st | s4q0 | arn ] 302 | 4273

KEY: (1) Interaction; (2) Method of determining.

Depending on temperature, Table 2.14 gives the moduli of relative
errors in percents

89"‘ _ﬂ'ﬂ"l* — (O.Ql'l*)" .

e | (2.9) |
i
agna _o'w»=*°-.;;g'3’~’*>u. (2.10)

Al danaic: g it Lk o i

where the values of ots% are taken from [40] and integrals (8" ®)y

are determined using the rules of combination. The table also indicates
the methods which were employed in [40] when calculating integrals

Qs for the case of the interaction of molecules i-j.

Several methods for determining the potential parameters can be o
recommended for a number of interactions of molecules i-j. In such
cases, in [40] the final values of the parameters were determined as
a result of averaging. For some interactions, used as initial data
for averaging were the rules for combining in combination with the
results from measurements of viscosity, with the use of the semi-
empirical method, and with the use of measurements of the time of
vibrational relaxation and the semi-empirical method (in Table 2.14
designated 22 (2), 2 (10), and 22 (7, 10) respectively).

o o A -‘::545%;5‘-‘::‘;_ IR

TRy c; N

As is evident from Table 2.14, the errors in the rules of com-
bining are comparative small; in the majority of cases they do not
exceed the errors of the experimental data for the intermolecular

interaction under high-temperature conditions. Similar data for the
32




interactions H-0, H-OH, 0-OH are presented in Blank's work [16].

Rotational relaxation was considered for a number of individual
substances when calculating the coefficient of thermal conductivity.
The numbers of the collisions zrgec necessary for the exchange of !
rotational energy were accepted in the Reference Book on the basis of !
experimental data. The dependence of zpor on temperature was considered
by an approximate formula of the type (see Volume I, Chapter VIII):

i < St ) b M 20 -

- ‘AT 4.5.609AT 1
zm 21 +2784)/ T 45,6007 17, (2.11)

where € /k - the parameter of the Lennard-Jones potential.

Literature presents data on 2pqopr at a temperature ~300°K. On the
basis of these data, from formula (2.11) we estimated the values of
Z;Bt’ and subsequently for the calculations of zpor (T) formula (2.11)
was used. Table 2,15 presents the numbers zrot and zpor Wwith T = 3000K
with the corresponding references to the literature. It is appropriate
to note that for the combustion products of the fuels examined in
Volume II of the Reference Book, the effect of rotational relaxation
is relatively low (see Volume I, Chapter VIII). For the majority of
cases, the contribution of rotational energy to the coefficient of

thermal conductivity can be considered on the basis of the diffusion ' ‘f
mechanism of transfer.

o

Number: 2o ¢ for some individual substances

De- 0 Auves | Ao k- ures
necTa0 Trop | Pt pnyga mectno|  Frot ot paTypa
1) 1" @y

Ny 60,9 | 6,0 )72, 7Y G, 14,0} L8| 73

N
5
Oy |[40.8| 7,0 72,73 NH, [ 17,0 1.7 ] 88

CO, 36,4 50| 8 |HO|86,0| 40} 70

Hy, [22:0,0250,0 | 81 | CO {041} 70| 70 o

CH, $3,8| 94| 73 | NO |15,0] 39| 70

CeH, | 19.6] 2.4} 73
KEY: (1) Substance; (2) Literature,
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2.6. Constants of Rates of Chemical Reactions

: The following system of determining reactions was selected on the
; : recommendations of Academician V. N. Kondrat'yev and in accordance

% i with the data of (32, 36, 52, 65, 75, 80] for the fuels which contain
i atoms of oxygen, carbon, hydrogen, and nitrogen in their composition
and are examined in Volume 11 of the Reference Book:

F -; CO + O + MZCO, + M,
Fo H+H+MIH+ M,
- 040+ M0, + M,
T
+0+ M .
N+N+M2N,IM.
o
+ 1, ER04+-H, 2.12
OH+OHz*H,0+0, ( )
o

et +0,
N,+0,72NO+NO,

'
e +020,+N,
! N+O+MZNO+ .M.

b aian i S8 Lo L

The constants of the rates of indicated reactions are presented
in Table 2.16. Their values are taken primarily in accordance with
the materials of Reference Book [32] and also from the data in [36,
51, 52, 65, 75].

As is known, the rate of reactions which take place with triple
collisions depends on the type of catalytic particle M. This
question has hardly been studied for the complex mixtures being
examined. In this connection, the equations of chemical kinetics s
for such reactions were written without consideration of the type :
of catalvtic particle although in the selection of a specific con- 3
stant of the rate of reaction in accordance with the data in Reference %
Book [32] the dependence of this constant on the type of catalytic E
particles (with the presence of the corresponding data in the
Reference Book) was considered. The rate constant here was selected
for such M particles whose concentration is maximum in the combustion
products.
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Table 2.16. Constants of the rate of direct reactions.

Peadund Konctanta ¢xopoctn Piauepuoers
(1)) ( £4)
CO4O 4 M= CO 4+ M 3 5,1ou“p[._ a‘l‘w"] eMY/(Maan)scex
' R ()
H+H+M-‘ H|+M 1,4: 1000 T"lns »
Q4+ 0+MaQy4M 8,6.10t T—0? »
OH+H+M--HO4+M 1,2.1000 T—! »
H+0+M-‘0H+M 3,3. 100 T-O.S »
NAN+M=+Ny+ M 2,7.100 T-03 »
5.1.10-3
CQ.+-H . : oM/ NOL Cex
OH 4 CO ~ CQp 4+ 2.5 lO"exp[ —,;7—]
OH+H,y = HO+ H Ll 10“exp[ 8.0. “’"] >
1,2.10=
OH4.-OH «H,04-0, 10"sey| [ Tr-] »
Hy+0-~+OH+H 1,3, 10 ey l i%ﬁ.;,u;“\ »
16.5. 10~
0y +H-O0H+0 2,3. 10Mex l '78T‘] >
0,107
Ni+ 0O, -~ NO 4+ NO 5,2. lO“exp[ W] >
-t
NO+N-+Ny+O 3-|oueap[ 222 ] >
7.0.10 »
NO+0 =0y +N L1 agu .xp[-—m.—]
N+O+M-NO+ M 3,3. 10w

KEY: §1) Reaction;
(5) em?/mole s.

cNS (\a?)'cex

(2) Rate contant; (3) Dimension; (4) cmb/(mole)2s;

In the accomplishment of the calculations it is accepted that the
rate constants of a direct and reverse reaction are connected through

the equilibrium constants.

Book [49].

The latter are taken from data in Reference

Calculation of the nonequilibrium flow in the nozzle was conducted
in a linear approximation with a given pressure distribution along the

length of the nozzle or along the line of current [27].
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distribution was determined in the following manner. The value of the
mean index of isoentropy of expansion n was calculated for each fuel
from the results of the thermodynamic calculation of equilibrium
isoentropy expansion., The value of the latter was used for the calcu-
lation (by the characteristic method) of pressure distribution along
the axis of axisymmetrical nozzles with an angle point and with a
uniform flow in the exit section of the nozzle. The pressure distri-
bution which was obtained in this manner was then used in calculations
of a unidimensional nonequilibrium flow.

The method for calculating chemically nonequilibrium flows is
described in detail in Volume I of the Reference Book. The results
for this volume of the Refarence Book were obtained on the BESM-4,
M-20, and BESM-3M computers in accordance with a special program
prepared by V. F. Kolmogorov.

The calculation of a nonequilibrium flow was accomplished from
the section in the subsonic part of the nozzle in which the pressure
is p = (0.9-0.93)peo. From the inlet section of the nozzle and before
this section the expansion process is presumed to be equilibrium.
Losses in specific impulse &y caused by the nonequilibrium course of
the chemical reaction are determined as the difference of the specific
impulse of the equilibrium and nonequilibrium flows (with identical
values of r) referred to the specific impulse of the equilibrium flow,

The accuracy of the data obtained was monitored by integral checks
for impulse and subdivision of the step. The total error in determin-
ing losses of specific impulse gﬁwhich arises in connection with the
unidimensional approximation, imprecision of the knowledge of constants
for the rates of reactions, and errors in numerical integration were
estimated at 15-25% of the value of the loss coefficient §,.

As shown in Volume I of the Reference Book, losses in specific
impulse !;,as a result of the nonequiiibrium course of chemical
reactions depend on the geometry of the nozzle (diameter of the
critical section dy and the relative radius T = r/r*), the type of
fuel used, the excess oxidant ratio @ok, and the stagnation precsure
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ar the inlet to the nozzle pgg. In this connection, this volume of the
... Reference Book presents for a fixed family of nozzles (in the case
 being examined, this is a family of shortened nozzles which, with full
:length-'have a uniform and parallel axis of flow in the exit section)
results for the following range of change in the parameters: ;
‘excess oxidant ratio@ok = 0.2 (0.4) - 1.2 (1.4) with a change step of ;
0.2; d1ametet of critical section d, = 5, 10, 20, 50, 150, 250 mm;
relative radius t = 1-15; stagnation pressure at inlet to nozzle
" Peo = 0.5, 1, 2, 5, 15, 25 MN/m2. |
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CHAPTER III
ACCURACY OF THE CALCULATION RESULTS
3.1. Effectivé Changes in the Initial Data on Fuel

The data necessary for the thermodynamic calculation about fuel
are the enthalpy and chemical composition of its components. If the
interconnection between changes in these data Axj is absent, the
error in the parameters of the combustion products which arises as
the result of changes in the data which are accepted is estimated from
the formula:

. ] B
A¢l-= M| 30 ax

where ¢ - the parameter of combustion products.

Because of the large volume of information in this volume of the
Reference Book, it was not possible to present the errors of each
tabular value. However, for the basic properties of combustion
products: Tco"ﬂ: Ig, F, z - the tables of the Reference Book provide
the derivatives (d¢/dx) which permit estimating the effect of the
discrepancies in the initial data.

The derivatives of the parameters for enthalpy are determined

with the use of the differential relationships of thermodynamics
which are examined in detail in the first volume of the Reference Book.

38

TR T TR T AT T LTI o TR T TR TR G R R Y TR

& R i T
N L

ik i
L




The derivatives of the parameters of combustion products Teo, 8,
I:, F, z for the chemical composition of the fuel comp nents are
determined numerically in the Reference Book by varyinj the given

weight fraction of the admixture in the component. This varying is
conducted in such a way as to ensure the necessary accuracy of linear
interpolation for extrapolation for the case of the real admixture
content in the fuel components. Examined below is a method for
selecting the weight fraction of admixture g from the range 0 < g = gmax
for the numerical determination of the derivatives,

Let a change in any parameter depending on the content (for example
weight fraction) of the admixture in the fuel component be described
by the function y = f(x).

With small quantities of admixture the function y = f(x) can be
described with sufficient accuracy by a second-order curve, for
example, by the parabola

Y ==ax+ b’ (3.1)

In the Reference Book, the linear approximation of the function
y = f(x) is taken, i.e.,

Y=y, =Rx. (3.2)

It is necessary to select point x] in such a way that with the
approximation of the parabola y) with a straight line which passes
through point y = 0 and y = yj(x1) the greatest error in the range
0 - Xngx is minimum.

From the condition for the intersection of curves at point x = x)
we find the value of k:

k“"a"*‘bxl- (303)

Now the error in the linear approximation can be calculated from
the formula:
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Ay=y, —y,=bx (x—x,). (3.4)

It can be shown that the value of xy which corresponds to the
extremum of the function 4y in the range O:é)(qul is equal to 1/2 xj.

Thus, the least maximum error of linear approximation arises in
the case

|8 (Ohaos| =] B35 ] (3.5)

From this condition we obtain that the value of x] does not depend
on the parameters of a parabola and equals ~0.83 xpax-

With consideration of this, when determining the derivatives for
each fuel component the weight fraction of the admixture was designated
from the range 0 < g < gmax- The estimate of the accuracy of extrapo-
lation or interpolation when using the derivatives found in this
manner was conducted by special thermodynamic calculations. Several
illustrating results of these calculations are presented in Tables
3.1-3.4. The following designations are adopted in the Tables: gpax -
the maximum weight fraction of the admixture in the component (%),

A1 - the absolute change in the parameter with a change in the
admixture content from g = 0 to g - gmax (Tco °K, ,5’ Is - m/s),

A2 - the maximum absolute error in determining 4] when using the
derivatives (T¢o°%K, ﬂ, Ig m/s).

The values of 4] are found from the results of thermodynamic
calculation with g = 0 and g = gpax-

For the fuel compounds being examined in this volume, the deriva-
tives for the chemical composition of components permit a determina-
tion of the change in parameters in the ranges of change of weight
fractions of admixtures taken with the same accuracy as the accuracy
in presenting the parameters themselves in the tables of the Reference
Book.

Variations in pressure at the inlet of the nozzle pco and the
excess oxidant ratio in the ranges adoptéd in the Reference Book
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have a weak influence on the accuracy of calculating the change in

parameters,

'With an increase in the degree of reduction of pressure &£ the
error in determining the change in relative area is usually increased.
The accuracy in determining the change in specific impulse in a
vacuum is virtually unchanged with a change in £ ..

'
!

Tables 3.1-3.4 illustrate these conclusions.

Table 3.1.

with extrapolation for _the composition of components.

Accuracy in calculating the properties of combustion products

ok = 1; peo = 10 MN/m2

ol [y G PN S | g | e
) w) a | A a | oa & A a0 | A
0, N. 0,8/ 33 l<o0,1| 0,1 |<0,1 | 08 |<0,1 0,012 | <0,001
‘ . _
(CHy):NNH, | H,0 0.5| 47 |<0,1| 24 |<0,1 4.5 | <0,1..| <0.4--| <0,008
0, Ng 08| 6.4 04| 0.8 0,3 1,3: | 0,3 0,004 | 0,002
) — .
Hsmencne !
Kepocnn +6 0.4 0,1 | 11,4 1,0 2.8 1,8 0,007 0,002
) ﬁC‘H CQ
) 0, Ns 0.8| &7 04| 07 0,1 1.8 0,1 0.008_| 0,003
4 :
H, - - - - - - - - - -
0, N 0.8 87 [ o1 10 0,1 7.5 0.7 | &121 | o0.008
4
NH, HO 04| 3,7 01{ 23 0 53 | 0,4 0,026 | 0,008
KEY: (1) Components; (2) Admixtures; (3) m/s; (4) m/s; (5) Kerosene;

(6) Change.

When conducting calculations with the use of derivatives, it is
The derivatives for the
content of admixtures in the fuel components are calculated with a

necessary to keep the following in mind.

the table.

' constant relationship of the fuel compunents k] which is presented in
Thus, the thermodynamic parameters which are calculated

by extrapolation for components which contain an admixture in the
range of 0 £ g 4&-gmax correspond to the constant value ki and to the
value &g which varies depending on the weight fraction of the
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admixture g. The value of ok should be determined in such cases from
formulas (1.8) and (1,10) of Volume I of the Reference Book after the
composition of the fuel components, i.e., the weight fractions of the
admixtures, has been selected.

Table 3.2. Accuracy of calculation of properties of combustion
products with _extrapolation for composition of componentsacg, = 1,

Pco ™ 10 MN/m2.

":n w/cqgn ) 7
K n ‘MII- J
ouNcEINTH "'"')'“ % =20 |  t=i00 2= 1000 t=0 s=100 ¢=1000
m @ Ac | s | Al & el At oar ] oA ]| A ] A | A | s
0, Ny 0,8 t,3] 0,2 1,4 0,2 1,81 0,1 ]<0,001{<0,00l{ 0,002 0,001| 0,061 0,02¢

Kepocmu | MUSIENeS.| 46 [ 18,6 | 1,8 20,8| 1,8 20,1 | 1,8 |<0,001|<0,001| 0,008 o.ooa*o.ua 0,067
)
KEY: (1) Components; (2) Admixtures; (3) m/s; (4) Kerosene; (5) Change.

Table 3.3. Accuracy of calculation of properties of combustion
products with extrapolation for composition of components &gy = 1.0;

€ = 100.

KEY: (1) Components; (2) Admixtures; (3) m/s; (4) Kerosene; (5) Change.

Rounol‘om Mpuuecn | Cmax, % “;t/-:.. L L "(/;)" i, E’cu F “
¢ (a’ Ay Ay a, Ay 'Yy & ' 'Y E i
0, Ny 0.8 43{04f 08 | ot | o9 | 02 | 0002 | 0,00 L
0,1 3 3
Hamenenn i
Kepocm{v’ crﬂu 3 8 051 0,1 10,9 1,1 20,6 2,0 0,006 | 0,001 i
‘
O N 0.8 66 06) 09 | o1 Lo 0,2 | 0,002 | 0,001 P
10 .

Hauenenne ;
K"’“"“m C/H +6 041 01| 11,4 1,0 | 2048 1,8 | 0,007 | 0,002 L
0, N, (5) 0,8 o 89| 0,7 1,1 0,1 1,8 0,2 0,002 | 0,002
Kepocuu | HofgHeume | g <01l 02| 1,6 | 1.1 | 2009 | 1.8 | o0m | 0,00 .
Lﬂ) d ' ' . ) :&
b
3
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Table 3.4. Accuracy of calculation of properties of combustion
products with extrapolation for composition of components pso = 10
MH/mZ, € = 100.

Teo, °K B u/cex I, wjee r
S | owsen | fma | o, - Ten )

(N 15 A | A Al A & A A, & P
0,4 327 | <0t | 107 | <01 | 126 0,1 0,107 | <0,001 .

0, N, 0.8 (1,0 6.6 06 | o009 0,1 1,4 | o2 | o002 | o008 ,
;-

1,2 5.4 0,6 0,9 0,2 0,8 0,2 0,010 {0,002 ,

!
04 | 19,0 1.2 | 87 0.8 7.2 | 6 | 0,031 [0,00t P
Irlss:;) E
e- :
Kepocu# |  hme +6 |1,0 0,4 0,1 1,4 1.0 20,9 1,8 0,007 | 0,002 :
Loy | O
1,2 3.2 0,2 lno& 1Lt 19,7 1.8 | 0,008 | 0,002 ;
i

KEY: (1) Components; (2) Admixtures; (3) m/s; (4) Kerosene; (5)
Change. ]

3.2. The Effect of Errors in Thermodynamic Properties of Individual
Substances

I <y~ Rriobedes - i
it S L

Sources of errors in calculated values of properties of combustion
products were examined in the first volume of the Reference Book.
In particular, the absence of methods which permit making a substan-
tiated evaluation of the error in calculations which arises as a result
of errors in the thermodynamic properties of individual substances
in the literature was noted. In preparing this volume of the Reference
Book, a special method was worked out which permits estimating the
errors [5].

Jﬁ.i";ii*:t..'f-_.;_jéh‘or;;.—ﬂm._i-i.u‘ fihoacude

With a constant elementary chemical composition of fuel any
parameter of the combustion products, we will designate it additionally
by ¢7, can be represented by the function of enthalpy i and entropy s
of the mixture. The latter, in turn, are determined by the elementary
chemical composition, pressure of the combustion products, thermodynamic

properties (by enthalpy Ig,and entropy Sg of the individual substances),

and the enthalpy of the fuel. Consequently, the etrorlﬁV which arises
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due to the errors in the thermodynamic properties of individual sub-
stances can be expressed by A/} and AS" 1in the final analysis.

The following expressions which describe the enthalpy aud entropy
of the gq-th substance in the gaseous state are known:

[4=8H o g+ (H} = HY)y— (i — H)y (3.6)
(H} = H) =R (200) (3.7)
Sy=Roln gt + ReT (1) . (3.8)

where Qq - the statistical sum for the states of the molecules.

As is evident, the errors A/% and AS) are determined by the errors
of a number of values, for example, AHme Ro!InQ/N and so forth which
are arbitrarily designated further as wu (k =1, 2, 3, ... n).

Consequently, the error of any paramet:erg? with small errors®gk
is a linear functional relative to Agqk:

fe= ;12 (a%)‘co;'co-' +Bog. (3.9)

To calculate A¢ in the general case it is necessary to solve the
problem of linear programming since interconnections exist for certain

0f g:2acest practical interest is the estimate of errors in the
calculation of specific impulse in a vacuum Ig and also of the flow-
rate complex ﬂ, temperature Tpp, and molecular weight Mco. In
particular, differ¢-~‘ating the well-known expression for specific
impulse 12, we cai. yrite with icqo, Peco» P = const (the subscript "k"
is omitted here and subsequently):

aly .....L A %
( T )Pco"co' 4 v (W;)l“"“" (3.10)
x[ﬁpp- ll-ﬂ”(dp,d“ co)‘co-':o- [ Ad
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where f - the specific area of the nozzle's exit section.

We presént the ehtrOpy of the combustion products at the inlet to

the nozzle S¢p and in the exit section of the nozzle § in the furm of 3
the functions %
Sco ™= Seo (Peor Lear Ogeo ) 3,
s-»s(ﬁ?cpt.)t::.).c m} (3.11) :
where 99'- any parameter of combustion products in the nozzle, for
example, T, 0, 13, M, and so forth.
Equating the total differentials of the functions (3.11) for the
isoentropic process of expansion (s = const) with icg, Pco» P = cost,
we obtain
GTQL) - Ot i
Weeo /legrPeorP E’CO ’CO"QO— §
. . 08 ?
(m)p.v E']/ (5-17)»-»,' (3.12) Q
where the given relationship i

b=t S gt (3.13)

Expression (3.12) can be reduced to a more rational form using

the equality
(& )pe () (), = =1 (3.14)

As a result, we obtain

(&?5.—)‘"-’“" -(Bg",—:'),“,:“ (g)o+

+(£¢_.)p-c‘§" (3.15)
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Equation (3.15) coincides with equation (11.39) obtained in
Volume I of this Reference Book and which describes the change in the
thermodynamic function¢ with a change in content of the chemical
element by, in the fuel. This agreement is caused by the circumstance
that in both cases the thermodynamic function ¢ is a function of the

type 9= %(a/f.%). where@ and f are any two other thermodynamic functions

and { is the content of the chemical element in the fuel, the error in
calculating the function or any parameter of a nonthermodynamic char-
acter, which determines the function ¢).

The derivatives (d¢/ds), are determined using known thermodynamic

relationships presented, for example, [6]. To determine the derivatives

(0S¢, / Qe )p,.'.:,.,lf(aqléu,),_, it is expedient to obtain additional relation-

ships which permit finding derivatives as a result of a differentistion

with p, T = cost. These relationships substantially simplify the
computing scheme of the calculation,

Any parameter of the combustion products;ﬂ can be represented by
the functions

?-? (P' T' mq)'

P (Do) (3.16)

where ¥ - is some thermodynamic function, for example, enthalpy or
entTopy.

Equating the total differentials of the functions ¢ expressed
through both systems of arguments, with p,;’=- const we obtain:

(32 e (32), e+ (88), (55w (3.17)

To determine the derivative (T/9v), ¢ we write the total differ-
ential of the function ¢=¢@,T,e) With p, ¢ = const, we have:

(01‘

(Mp/day), o
E)p.v""' U ITCL AT (3.18)
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E - Substituting this result into equality (3.17), we finally obtain
( /9 a )
(g'.),.w'\o%,),‘,*(a&),,,-(a% )»‘ (3.19

For derivatives which enter into the formula for (39/0wee) s s’
on the basis of (3.15) with consideration of the differential relation-
ships of thermodynamics we can write: for enthalpy 1 (with ¢ = s):

(o= (S e =T (), (3.20)
_' for density of combustion products 2 = MTMT/RQT (with ¥ = s):
(), 322 .20

for entropy Sco (with ¥ = i.4):

P | (0 ) = (), o (3.22)

! | — .
VIR0 peg oo 9% poa: Tea Teo

&

Here Mr - the number of moles of fuel which ensures the equality
P=* Ing (see Volume I, Chapter V).

As is evident, the determination of derivatives (3¢/3w,codacq icars
in the final analysis is reduced to the calculation of derivatives
(awmuog,;(¢ea.s) in the corresponding sections of the nozzle. Deriva-
tives (0%'0u)s.r are determined as a result of differentiation of ex-

pressions for specific enthalpy and entropy. 1In particular, for homo-
geneous combustion products we obtain:

(a‘ ) _ gnn'la-(%)" r+“'(;é:0)p.r l(a n M'r) .

aa)—. W'MT Oﬂ" ’.r (3:23)

2,..(‘25'7:&) -[S“—R.(I+lnn.)] +n, aSg _
(ag-!')'.r_ " ¢ /pT ",‘TMT (a;:.)p.f_s(o_%_‘.r)’.r (3'24)
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where n - the subscript of any component of the combustion products,
q - the subscript of the component of the combustion products, the
effect of whose errors in the thermodynamic functions {s being studied.

To determine the partial derivatives (dinn,'du,)sr and (31nMe/ds )y 7’
we differentiate the system of aquaéions for thermodynamic equilibrium
with respect to wq with p, T = const. As a result, we obtain closed
systems of equations for the calculation of derivatives:

O A ¢ ain A M TR
~

(o}ﬁ;ﬂ)mr-"?a” (%'T,;ﬂ)"r-ﬁ,qk,+a,,,~k,, (3.25)

\! 79 In n,) (0 inn )
Y’ T} +n -ﬁ—‘ —
";" Y J( Jag Jpp ¢ {prT

/M (3.26)
— Bl \W‘-I)p' T‘OQ
2.‘-‘"“(‘dl375n:n)p.r_o' ; | (3.27) L

where B =24,n,+n, i1 - the subscript of atomic substance, j - the sub-
script of molecular substance, ajj - the stoichiometric coefficient

of the dissociation reaction to the atoms, &= 3, - the Kronecker
symbols. The values of Rj, Rj and also the derivatives (353°Gw,)p, 7,
(dl9'w)p,r ate obtained respectively by differentiation of the expression
for the equilibrium constant and formulas (3.6) - (3.8).

e s i s W it Wisi o e b

A similar approach can be used to determine errors of parameters

in the combustion chamber. Writing the total differential of the %F

function 1 = i(p, ?), uq) with p = peo ™ const and i = {5 = counst, g

we obtain: ' g
) i ..‘"a@ i
km)p.l-‘ —( Oﬁp.o \ar)p. (3-28) l'

_An expression of the type (3.19) is valid for the derivative

@l/{iwo),; , consequently,
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i, ==, (), ) (3.29)

For the stagnation temperature at the inlet to the nozzle (p=T,)
and molecular weight (p=u,) expression (3.29) takes the form: .

(R)  =-alEy) (3.30)

‘Begile PeaTen

' ivco ESO p ;0.“' ) '
(ﬁﬂs;) ,“— ('::‘lirco l) (479!——) + . (3‘31)

P 090 /pygTeq

()

“PooTen

where‘wawwmhg&wno is calculated from a formula of the type (3.23).

The arguments wa Should be selected on the basis of an analysis
of known expressions for the thermodynamic properties of individual
substances, for example, (3.6)-(3.8). The errors 4w, can be selected
on the badis of published data. In particular, for such arguments of
Ogn a8 AH fy, 4 R.,ln%'._, heat of fusion (polymorphic transformations) and
others, systematic data are presented in Reference Books [45-49). For
some values, for example, Rh@¥530; reliable data are absent. Infor-

mation on the interconnection amonguwqk both for the given substance
(k =1, 2, 3 ... n) as well as among wqk for various substances
(g=1, 2, 3, ... 1) is also extremely limited.

3.3. The Effect of Errors in the Thermophysical Properties of
Individudl Substances

As is known, the procedure for determining the transfer proper-
ties - coefficients of viscosity, heat conductivity, and diffusion -
is based on the following mandatory conditions.

1. Information on the composition of the combustion products is

necessary.

49

EESRRETEE =87 N TV 21 A




T sttt e n . ¢ e . e e -

This information is provided by methods presented in Volume I
of the Reference Book.

2. A kinetic theory which i{s applicable for the combustion
products systems being examined must be developed.

¥
E

We cannot fail to note that despite the considerable theoretical
studies, a rigid kinetic theory is virtually absent for actual com-
bustion products systems (nonspherical molecules, the presence of
internal degrees of freedom and excited molecules, dense gsses).
Consequently, the basic source of information on transfer properties
is the molecular-kinetic theory of monoatomic rarefied gases which is
also used in the Reference Book. Here, an estimate of the correspon-
ding corrections for actual special features of combustion products
systems is necessary.

The first volume of the Reference Book provides an estimate of
the effect of density and internal degrees of freedom. It was adjudged
expedient not to consider the effect of density and to consider the
effect of internal degrees of freedom (except for several individual
substances) on the basis of the diffusion transfer mechanism. This
leads to the corresponding errors in transfer coefficients which, as °
shown in Volume I of the Reference Book, do not exceed several percent.
Also insignificant is the error which arises as a result of the use of
excited molecules and atoms of the same interaction potentials as for
molecules and atoms in the basic state.

3. Quantitative information on the intermolecular interaction
which, at the present time, it is customary to give in the form of an
empirical function (potential) of interaction ?(r) is necessary. For
the temperature region of 2000-4000°K, which 1is most characteristic
for combustion products of chemical fuels, the parameters of the
potential in the majority of caszes cannot be found using direct ex-
perimental data. Virtually the only way is the extrapolation of low-
temperature data (T $10009K) on the properties of transfer to the
region of high temperatures or the extrapolation of high-temperature
experimental data (T ~~ 5000°K) on the scattering of molecular beams
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to the region of low temperaturevwith subsequent matching of the
extrapolation results with each other.

It should be noted, however, that such an approach is possible
‘now only for a narrow range of individual substances, primarily
; components of carbon fuel combustion products. Only an empirical
estimate of the parameters of the potential is possible for the
remaining components of combustion products, especially of those
containing atoms of metal, as a result of the absence of experimental

data.

The method of matching experimental data on properties of the
transfer and scatter of molecular beams in the work of Samuylov and
Tsitelauri [41] was used to determine the section of collisions "
for the interactions 02 - Oz, Hy - Hp, N2 - N2, CO-CO, and CO2-CO2.

3 In this volume of the Reference Book this method is realized as a
3 result of the approximation of the sections of collisions 2% by the
Lennard-Jones potential (the approximation error is characterized

! above in Table 2.13).
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It is of interest to estimate the errors of the transfer coeffi-
cients for the substances mentioned above and several others in com-
parison with the experimental data and which were calculated in the
Reference Book. Presented as an example in Tables 3.5 and 3.6 are the
results of such an estimate for the coefficients of viscosity 7 and

heat conductivity A in the form of errors:

AT

e s
e A s e b

N—Towe 100%, ;

MNsxen e

A—Aaxen .
) P 100%.

in=

The values of MNuen Aen. are taken from the data in Reference Book {17,
18]. As is evident from the tables, the error of the coefficients

A and A is permissible in the case where these coefficients are used
in calculations of the processes of heat- and mass exchange in engines

which use chemical fuel.
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For higher temperatures (T ~~ 3000-40000K) the errors in the
transfer coefficients of the individual substances mentioned above as
well as of atoms and free radicals of O, H, N, and OH, and molecules
of NO comprise approximately 30% (~20% - the error in the method for
scattering molecular beams and the semi-empirical method of valance
bonds for OH, ~10% - the error in the approximation of argh by the
Lennard-Jones potential).

It is not possible to provide a reliable estimate of the errtors
in calculating the properties of the transfer of mixtures because of
the practical absence of experimental data for combustion products of
the fuels examined in the Reference Book. The following approximate
relationship was taken to estimate the errors in the viscosity coef-
ficient in the Reference Book (Volume I, Chapter XIV):

= S (3.32)

Table 3.5. Error in the viscosity coefficient of several gaseous
substances.

H, HO [ole] CO, CH, Ny NH, [+
K dns | K| tax | 7oK | bax | 7ok | tan | 7oK | onx | oK | bux | 7oK | dux | ToK | 8ux
a73 1,5 |an3 | 7.8 | ar3[154| 600 |1,1 | 373]0,8 | 00| 4,2| ava|7.8 | s00| 1.0
473 09 |473 | 1,3 | 43| 93| 700]0,9 | 473|101 | 700| 3,2] 42|68 | 700 0,4
573 0,2 |673 [1,6 | s73| 3,7] 900]0,7 | s73|1,3 | 90| 8,6 473]6.1 | 900 0,9
673 03 |e73 |38 | 673 05| 100]0,1 | 673| 1,6 |1100 12,1 | 52|55 |1100] 2,0
773 06 |773 |48 | 779| 3.6]1300 02 | 773| 0.4 | 1300|140 — | — [1300] s,
873 08 |73 |60 | 873| 6,5 ]1500 0.6 | s7a|o5 1500|173 — | — [1500] 4,2
973 21 |o3 |7.3 [ o73| 80170011 | 973 0.4 |1700 | t9,8] —~ | — [1700] 5,3
1073 L7 | — | — [1073| 9.8]1900|1,7 [1073|0,2 |1000| 21,2 — | — |1900] 6,3
173 14 | = | — [nrs]rwoe]|20|to [um|o2 | - | ~| - | — |2000] 6.8
1273 28 | = | — |23 n,5| 2000138 [1zm3]os | — | — | — | — |am00] 90
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Table 3.6. Error in the coefficient of heat conductivity of gaseous
substances.

He HyoO V CO, CH, Ne NH, Oy

™K [T rK | K | M | k| 8w | k| o | k| aax | k]| mx
400 2,0 393 9.6 400 a1 | ara| 3.3] 400 11,0] 400] 9,2| 40| 1,0
600 | 1.5 443 1,5 500 0,6 | s3] 27| s00| 49| 450 |10,2| 00| 0.3
800 3,0 493 | 12,8 600 20 | 43| 1,6] 60| 04| s00| 8.0| 600 21
1000 3,8 543 | 13,4 700 2,5 | 403| 0,7| 700| 4,2| 550 | 9.7| 00| 4.7
200 | 8.7 65 | 136 | 0 | 27| 53| 01| 800| 84| 00| 86| s00| 5.3
wo | 76 | - | — »gfgﬁﬁ? S 2.6 | 73] 0.1] 900[10,7] — | — | %0] 5.4
1600 96 | i~ - 1000 | 2.5 | 623| 03] 1000 125| — | — |1000| 47
180 | 15 |~ -~ | 1100 2,2 | 73| o.4|1t0f136] — | — | 100] 5.9
2000 . | 12,2 {-.l - | 1200, 1.8 | — | — [1200)130| — | — |[1200] 5.2
- - - - | 100 16 | — | — |00} 13.8] ~ | — [1300] 5.2
- - - | — | 1400 | 1,8 ‘ - | _.||«m]|2£| -j _.||«n| 5,2

For the fuel compounds being examined in this volume, the basic

'componenCS of the combustion products are Hj, 02, H20, CO, CO2, N2,

OH, H, O; the molar fraction of 0, H, and OH for the majority of values
of A5k, Pgos and £ is no more than 10%. Consequently, the basic error
in calculating the viscosity coefficient of a mixture is introduced

by the errors in ¥ of molecules Hz, 02, H20, CO, CO2 and N2. Con-
sidering the approximate natuve of relation (3.32), it is expedient

to take the values of ¥, for these substances as identical, as approxi-
mately 20-30%. Thus, the possible error in the viscosity coefficient
of the combustion products in the tubles of the Reference Book is
20-30%; the error in the coefficient of heat conductivity is estimated
as

(1,0~ 1,2) 8. (3.33)
3.4, Extrapolation Accuracy

The tables in the Reference Book present derivatives which, with
a constant elementary chemical composition of the fuel, permit the
extrapolation of stagnation temperature on the inlet to the nozzle T.o,
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the flow-rate complex f, the specific impulse in a vacuum 19, and the
telative area (the geometric degree of expansion) of the nozzle F.
These values can be extrapolated in accordance with the pressure in
the combustion chember p.o, according to the degree of the nozzle's
expansion, according to pressure £ , and according to the fuel's
enthalpy iT. The data in Volume I of the Reference Book can be used
to calculate the derivatives which are necessary for extrapolation in
accordance with the geometric degree of expansion F and to determine
the coefficients of interpolation polynomials.,

The expansion of the function of several independent variables
into a Taylor series is used for extrapolation. The accuracy of the
extrapolation depends on the type of fuel, the accepted form of func-
tional dependence of parameters on pgg, iT, or £, the number of terms
considered in the series, and the amount of change in the argument
with extrapolation. The latter is determined by the intervals 6f
values pco and €. The logarithmic form of expansion into a series and
linear extrapolation are recommended on the basis of the studies which
have been conducted (see Volume I, Chapter XI).

As numerous calculations have shown, the accuracy of extrapolaticn
for all fuels is determined primarily by the values @ok, Pco, and 8 in
the vicinity of which the extrapolation is accomplished. Extrapolation
for fuel enthalpy with peo, € = const in all cases of interest to us
(for example, even with a change in the aggregate state of the fuel
components) provides acceptable accuracy (see Volume I, Chapter XV).

3.4.1. Estimate of extrapolation errors

As a result of the variety of fuel!s which are presented in the
Reference Book aud the broad range of changes in parameters & ok, Pco>
and ¢, it is not possible to provide an estimate of the errors in
extrapolating values for each fuel and for each value of al. p?,

When necesgsary, to determine possible errors in extrapoiation for a

selected tabular interval tnpl—1Inp@}  OT jp¢V —ipe® the error in

extrapolation can be estimated from the value of the second term in

the Taylor expansion which is discarded:
54
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temperature T,

4 1 .
arc.%--g-lo-l-"i-(-,;ﬂ-[m -%_] | (3.34)

flow-rate complex f3
1 g L
996 = 5 107 2L 8 1o 2 T (3.35)
ln'—P-(ﬂ- ’
(1)
specific impulse in a vacuum Ig'with Pco = const

ci —cg?

n 1 - 2
3% = 2 107 =—r [1n 5T (3.36)
ln;m‘

geometric degree of expansion of nozzle F

sFog L 1om D8V —0P 2
o= 100 =0 e (3.37)
ln;ﬁ)-

In expressions (3.34) and (3.37) the superscripts "1" and "2"
designate the amounts of the values on the boundary of the selected l
interval, without superscripts - in the middle of the interval, and
coefficients A, B, C, D - the corresponding partial derivatives which
are presented in the tables of the Reference Book.

3
i
4
3
#

———a e e
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To estimate possible errors in extrapolation, we can also recom-
mend third-power interpolation polynomials whose coefficients are
determined from the value of the function and its first derivative
with P& and 23 or s and ¢« A method for determining coefficients
is given in the first volume of Reference Book [5]. Another possible
method for estimating is calculation of errors in the middle of the
interval p)—p® or e«M—e? in accordance with values 7, 8, ¥/ ¥ on
the boundaries of the interval. For example, using tabular data with

& M we can determine from extrapolation formulas the parameters

P OT &
with p® or «” and find the errors a7, #, /i a# by comparison with
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tabular data with 2% or «*. The error in the middle of the indicated
intervals pcg Or & is approximately 0.25 of the amounts of the values

& found.

An impression about the possible errors in extrapolation is
provided by the materials in Chapter XV of the Reference Book's first

volume as well as by the data in [2].

3.4.2. Regions of greatest extrapolation errors. Some recommendations

Temperature in the combustion chamber Tyn. The maximum errors in
extrapolation for pgo should be expected in the region of values of
the excess oxidant ratio which corresponds to the greatest rate of
change in the composition of the combustion products. Usually this
occurs with (Teo)max- Since the position of the maximum of the
function Teo = f@ok) usually depends very weakly on the temperature
in the combustion chamber, it is sufficient to provide an estimate of
possible extrapolation errors with one value of pcg. The degree of
dissociation is decreased with an increase in pressure in the combustion
chamber; therefore the rate of change of the function Tcg = f(pco) is
somewhat greater in the region of low pressures in the combustion
chamber than in the region of high pressures. Consequently, large
extrapolation errors are possible with low pressures pco.

Flow-rate complex 8. Jusf as in the case of temperatute Teq,
the greatest errors should be expected in the region of the excess
oxidant ratio which corresponds to the maximum F . The rate of change
in the function ¥ = f(pgo) is determined by the rate of change in the
combustion products composition depending on pgo. With an increase
in pressure the degree of dissociation decreases and the effect of
Pco ls weakened. Therefore, with comparatively low pressures (peo =
=10 MN/m2 or less) a higher extrapolation accuracy is given by an
expansion of the type Inf=/f(Inpy). and with high - / = f(pco).

The step of pressure change pco adoptéd in the Reference Book
permits us to extrapolate /5 in accordance with peo with high accuracy
(see Volume I, Chapter XV). The employment of one or another form
of expansion is dictated by conven;gnce in performing the calculations.
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Specific pulse in a vacuum Ig.

ting 12
of ¢ ok Which correspond to the maximum 13.

The greatest errors in extrapola-

in accordance with pgo and & should be expected with values

These values of g ok usually

correspond to the greatest deviation of the relation I2(), pco = comst
and /{(p.,) t= const from linear values as a result of the joint influence
of dissociation and recombination.

A numerical analysis shows that the greatest values of the deriva-
t -es (9% 3/0Pco) - with & = const is observed in the case of low values of
Pco and €. With values of pressure pco selected in the Reference Book

the relative changes in 12 depending on p¢o between any adjacent values,
Al’l

i.e. ’,n(Ei‘)' usually do not exceed 1%. Consequently, in this case

the extrapolation error in the middle of the interval, as a rule, does

not exceed 0.25%.

A change in the degree of expansion for pressure € can be caused
by a change in ppoo Or pg as well as of both parameters simultaneous.
It should be noted that in the case of € = const the value of Ig
depends comparatively weakly on the value of pgeg. With a simultaneous
change in peo and pg, the extrapolation of 12 can be accomplished for
two parameters: for pgo with pg = const and for & or (pg) with peo =
= const.

Calculations and their analysis show that the greatest errors in
extrapolation should be expected with low values of ¢ and ppo. How-
ever, the interval in pressure values p.o and € adopted in the
Reference Book permits avoiding large errors in certain measure: with
Pco €2 MN/m2 the interval of change €~2.5 and with peo p MH/m2
this interval is ~6,

A comparison of the results of thermodynamic calculations in
accordance with extrapolation formulas shows that with the use of the
first derivatives alone with a 2.5-fold change in € the error in ex-
trapolation in accordance withg does not exceed 1%. For example,
for the fuel 02 + NH3 in the case of initial parameters po = 2 MN/m2,

2% 5 with extrapolation to the limit of the interval peo = 2 MN/mZ,
57

s WA T i imes




Bakics il
R
5

e T

Lae

T

cld S

€= 10 we obtain a relative error 3= 0.89%. With extrapolation to the
middle of the interval the extrapolation error is substantially reduced.

The geometric degree of expansion of the nozzle F. With a
constant degree of pressure reduction in the nozzle £ relative changes
of adjacent'vaIUes of P depending on pgo in the tables of the Reference
Book are comparatively low and comprise 1-2%. Under these conditions,
employment of only the first two derivatives in formulas with extrapo-
lation in accordance with pressure pgg wWith € = const provides accept-
able accuracy.

Calculations and their analysis show that with éxtrapolation in
accordance with £ with pco = const the greatest errors should be
expected in the region of low pog and low £ . The accuracy in extrapo-
lation of F in accordance with § with the use of only the first
derivatives is lowest in comparison with the extrapolation of other
parameters; here, a large error should be expected with extrapolation
from high § in the direction of low.

Above we examined the most unfavorable cases of extrapolation
where we should expect the greatest errors. Basically, these are the
extreme points of parameters pco and € in the tables of the Reference
Book. With mean values of the parameters the accuracy of extrapolation
with the use of the first derivatives is rather high for the use of
extrapolation results in practical calculations.

When necessary, extrapolation accuracy can be increased by using
second finite differences.

3.5. Accuracy of Graphic Representation

The graphic representation of functions in semilogarithmic and
logarithmic coordinates is used in the Reference Book.

Inaccuracies in the construction of graphs lead to errors in the
values being represented on them. An estimate of such errors with the
construction of graphs {n the indicated coordinates is offered below.
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Let the function y = f(log x) be represented graphically in semi-
logarithmic coordinates on a graph with height l-l* The scale of the
functin y . :

My m Soes b (3.38)

is constant and the same for any point on the graph. An inaccuracy
in constructing Ay éntails an error Ay of the function

Ay = M5y, (3.39)

The maximum relative error with 5; = const equals

Wmax = 2L (3.40)

Umin

When presenting a function in decimal logarithmic coordinates
log y =~ £(log x) the scale of logarithmic values will be

My=t, (3.41)

whered -~ the length of a segment (log 10 - log 1) on the graph.

Inaccuracy in the construction of the graph 4log y causes the
error

Algy=(A1gy)M,. (3.42)

Consequently, the error Ay of the function y is

Ay =y [10GTEN M, — 1], (3.43)

From expression (3.43) with a constant error QAlog y it follows

that A T
ly--”’--lo‘ $0 My_ | wconst, (3.44)

where § y - the relative error. o
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As an example, we estimate the errors in the functions T /% B
and logF for the case H'; 26160 mm, ! = 50-80 mm.

In constructing the graphs, one can "err'" by approximately 0.5-
1.0 mm, i.e., Ay, &lgy~1uu. In the region of values T¢o = 30009K -
10009K and Ig = 4000-2000 m/d according to expressions (3.39)-(3.40)
we obtain Mr = 12,8° K/uu, AT = 12,8°K,
b, = 1.2%: M = 128 28, Al 12.8wis;

Bl'im =0.6%.

In the region of values of logF = log 1000-log 1 the results are
presented in Table 3.7.

Table 3.7. Estimate of errors in the construction of the relation
log FF = f(logé)
{ uu ) 0

M7 f 0,02 0,0125

oF, % Joo2s 1,9

AF, Fam10 0,23 0,19

AF, Fum100 2,3 1,9

AF, Feu1000 b2 19

When determining a function from its graph, the values of the
quantities are obtained with an error which depend on an erroneous

determination of both 7 of the coordinates of the graph of the function.

In this case, the errors in determining the values exceed the errors
in constructing the graph of the function.
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CHAPTER IV
BRIEF DESCRIPTION OF TABLES AND GRAPHS

A detailed description of the tables and graphs and instructions

are presented in Chapter XIII, Volume I, Presented below is a briaf

description of the tables and graphs which are necessary for conven-
ience in using each volume separately.

4.1, Tables

The columns of the table (from left to right) present the
following information.

First column - conventional designations of the values being
presented.

Second column - values pertaining to conditions at the inlet to

the nozzle (stagnation bressure pgg).

Third column - values pertaining to conditions in the critical

section of the nozzle (pressure Pe=pods,).

Fourth and subsequent columns - values pertaining to sections in
the supersonic portion of the nozzle (pressure in the section corre-
sponds to the current stage of expansion & and comprises p = peo/é.

The lines of the table (from top to bottom) present the following

information.
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The first line contains some information on the fuel and combus-
tion products, and namely:
4ok - excess oxidant ratio;
ki - coefficient of the fuel component ratio, kg oxidizer/kg fuel;
OT - the mean fuel density, g/cm3;
it - specific enthalpy of the fuel, kJ/kg;
s - specific entalpy of the combustion products which is constant
on the section from the inlet to the nozzle to the exit section, kJ/kg
deg.

The group of lines under the heading ''General Values' contains the
following data:

e="2 _ the degree of nozzle expansion with pressure;
p - pressure, kN/m2;
T - temperature, ©9K;
M - mean molecular weight, kg/mole;

a, M - speed of sound in equilibrium-reacting mixture (a), m/s, in
the second column; Mach number (M) for the values t3>s,;
n - the mean index of iscentropy of expansion in the interval
from pco to P = Pcoks;
w - the speed of flow, m/s;
B I"- - the flow-rate complex f, m/s, for values s=u.: specific
1mpu1se in a vacuum Is, m/s, for values &>a;
F"FT - the geometric degree of expansion of the nozzle (relative
area);
cpf - specific "frozen" specific heat of combustion products at
constant pressure, kJ/kg deg;
cp = equilibrium specific heat of combustion products at constnat
oressure, kJ/kg deg; :
N-104 - coefficient of dynamic viscosity of gas phase of mixture,
n s/m?; ,
“ 3 - the coefficient of '"frozen" specific heat of the gas phase
of combustion products, W/m deg;
A - coefficient of equilibrium heat conductivity of the combustion
products gas phase, W/m deg;
u-?: - the rgtio of the equilibrium specific heats with constant pres-
sure and constant volume;
62
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2pXT - the product of the isobaric expansion coefficient times -

temperature;

s 3r xp - the product of the isothermal contraction coefficient times

pressure;

state.
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the second column;
the fourth and subsequent
the second column;
the ;;urth and subsequent
the third column;

the fourth and subsequent

cheﬁjﬁird column;

1
the fourth and subsequent

the second column;
the fourth and subsequent
the third column;

the fourth and subsequent

z - the total fraction by weight of substances in a condensed

In the group of linea under the heating "coefficients of extrapo-
lation formulas' the following partial derivatives are presented.

columns;

columns;

columns;

columns;

columns;

columns;
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« in the pecond column;
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E ('Jl':
%3 'C°“(@5)hw*' in the fourth and subsequent columns;

"
iy Pea

By= in the third column;
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The group of lines under the heading "equilibrium composition”

Presents the molar fractions of gaseous individual substances (designa- I
ted by the symbols of chemical compounds and atoms) and the fractions % j
by weight of individual substances in the condensed state (chemical § ;
symbols have the additional sign®). The zero of whole numbers and % f
the decimal point have been omitted in writing decimal fractioms. % 4
P
4.2. Graphs é 4
The following standard graphs are presented for each of the fuel % <
compounds examined in the volume: é 4
1) R=f(2x Pot) and P.,. = f (2ox)- ’

2) fmmy (q,,_,‘. Pia)e
3) T“-J (%oxr Poo) and G == J (%ox)-

_ Since, in addition to the scale &gk there are the scales k) and
k2, other ties are also illustrated, for example, Tco = f(k], pgo) and
so forth.

4) F—f(t. aox; Peo)

Since the dependence of the relative area F on pressure ppg is
weak, each line with @y, = const is approximately valid for the
pressure interval indicated in the graph.
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The results of the calculation of losses in specific impulse in
‘a vacuum (%), which are caused by chemical disequilibrium of the flow
in the nozzle are presented in the form of graphidél relationships
for three fuel compounds (O + Hy, k:rosene, and asymmetrical dimethyl-
‘hydrazine). This information is limited to only three fuels in con-
nection with the great labor intensity in the calculation of non-
equilibrium flows and, primarily, in connection with the absence of
much data on the mechanism and constants of the reaction rates in a

gas phase.

The results of calculations of chemically nonequilibrium flows
are presented in the form of graphical dependences of the coefficient
of loss in specific impulse {, on the relative radius r for a series
of fixed values % P d,.

Six figures are presented on each page for the given value of
excess oxidant ratio gok. Each figure on a page corresponds to one
selected value of stagnation pressure at the input to the nozzle p¢q
whose value in MN/m2 is indicated on the graph, and the series of

values of d, is mm.

To find ¢, with values of @9k, Pcos and d, which are not presented
on the figures, graphical interpolation should be conducted. Here, it
is expedient tn construct additional graphs of the type:

a) ly=f(a) With T, peoo and d, = comnst,
b) c_-;(%:"i) with T, Pco and @ok = const,

c) c_..f(ls_’“ﬂ'_/‘ with t, d, and gok = const,

Peos

considering the natural condition that with d*,?p“-oah L= 0",

1) 1In this regard, also see Figs. 18.20 and 18.21 in the first volume
of the Reference Book.

OO

o

i ———— e b WEHRAE SR ¢

NEURISCT ST
5 .;yn.;a-.-&mr;mmﬁa_m»

[RUIRCY TN

chden




CHAPTER V.

e ——

TABLES AND GRAPHS OF CALCULATION RESULTS
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FUEL - OXYGEN + AMMONIA (0p + NH3)
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