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on the combustion process is investigated.
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FOREWORD

Design of high-power engines requires not only practical
experience bhut the most accurate possible knowledge of the
thermodynamic processes of ignition, combustion and
expansion of chemical fuel combinations. "~ With respect to
the use of high-energy fuels with high combustion
temperature, incorpovation of the reaction-kinetic

processes in expansion is of great interest.

In the Institute for Thermal Technolagy and Cowmbustion
Engines of the Technical College, Aachen, Dr.~Ing. F. A, F.
Schmidt, Director, there has been special emphasis on
research in ignition and cowbuation for many years (1, 2, 3,
41]. Recently the thermodynamics of high-temperature

combustion has taken the foreground (5, 61.

It was Prof. Schmidt who provided the impetus for this work,
and who made it possible, through valuable council and
continuing scientific and technical support, for me to carry
it out. At this point I wish to express my special thanks
to him.

Prof. Dr.-Ing. H. K8hl alsc deserves my heartiest thanks for
accepting the position of co-advisor and for his valuable

suggestions and stimuli in the completion of the work.

The objective of this work is the application of
thermodynamic calculations to determination of powver
characterigtics with liquid fuel combinations, with
inclusion of reaction kinetic laws in nozzle flow of hot
combustion gases. The theoretical calculations are

supplemented by experimental investigations.
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A. INTRODUCTION /3
Theoretical calculations of power of high-temperature
engines have so far been limited principally to treatmwment of
hypothetical limiting cases of chemical and of frozen
equilibrium during ex»pansion. This treatment of nozzle
flow, based on thermodynamic principles, generally provides
sufficient accuracy for conventional fuels if one assumes
frozen eguilibrium, because certain reserves exist with
respect to the actually attainable power under certain

circumstances.

As the difference between the two types of expansion becomes
greater with transition to higher temperatures, this can
give rise to considerable uncertainties for proper design,
because recombination effects cause a shift in the powver

level.

Therefore, the statement of the objective includes not only
calculation of povwer for the theoretical limiting cases but

also treatment of the actual course of expansion.

For the selected fuel combination, we first work out an
approximation method by means of which a more accurate view
of the expansion course is possible. The treastment of the
expansion flow considering the finite reaction velocities of
all the reactions thch proceed presupposes use of a very
fast digital computer, as well as knowledge of the kinetic
data. Using recent findings of the American space agency,
NASA {7} and with the aid of the German Computer Center in
Darmstadt, an extensive computer program will be used to
supplement the approximate soclution in order to determine

the expansion flow with relaxation.



Qut of the many technclogically usable fuel combinations,
same hypergolic fuel pairs were selected for the
investigations in this work. The fuel mixture UDMH =

{CH; > HzH;: * HHQO, will be used for the desired comparison
between the theoretical calculatione and the experimental

results,

Nitric acid was chosen as the oxidizer because this oxygen
carrier forms hypergolic combinations with many fuels, is
chemically stable, and does not tend to explosions and

spontaneous decomposition.

The reaction-kinetic calculations used with the selected /4
fuel combinations to determine expansion flow with
relaxation, including the approximation solutions can in
principle be transferred to other systems. The calculations
make it possible to consider other high-energy fuel

combinations.

Supplementing an existing program for equilibrium
computation on the Siemens 2002 digital computer at the
Aachen Technical College (31, the specific heats, the
isentropic exponent and the velocity of sound at chemical
equilibrium were derived, because these quantities are needed

for calculation by the approximation procedure.

The agreement on comparison of the theoretical calculations
and the experimental investigations is an important

prerequisite for working out principles. As hardly any data
have yet become available from use of ligquid fuels in small
engines, we first studied the effect of various design and

aperating quantities on the power behavior of the model



combustion chamber test stand which was developed. The goal
of these experiments is determining important engine

parameters.

Becauge of the use of highly concentrated nitric acid,
special design featuresg and increasged safety precautions are

required in design of the combustion chamber test stand.

To supplement the comhustion chamber experiments, ignition
delay times vere to be measured under certain conditions
using a special apparatus, because this value is .important

for starting conditions when using hypergolic fuels.

In solid fuel engines, there have been various
determinations of reduction of instability phenomena by
addition of light metals to the fuel [81]. In order to clear
up the question of the extent to which these phenomena can
also be observed with liquid fuels, experimental studies on

this point were set up.

The final expansion temperature, because of the great
difference between the theoretical limiting cases, is well
suited for approximate experimental consideration of

recombination effects [{91.

By means of temperature measurements and comparison of thewm

with the corresponding theoretical values, a further /3
portion of the work provides a contribution to expansion of
knowledge of the actual course of combustion and expansion

in high-temperature engines.



B. THEORETICAL CONSIDERATION OF COMBUSTION AND EXPANSION /&
PROCESSES WITH CONSIDERATION OF DISSOCIATION AND
RECOMBINATION

1. Characteristic values in rocket engines

Conversion of the chewmical energy bound into the fuels into
the kinetic energy of the exhaust gas stream occurs in a
continuous flow process. The individual processes such a=s
evaporation aof the injected fuel components, diffusion, heat
transfer, combustion and expansion are complex, and some of
them occur simultaneously. It i not poesible to considecr a
single process as decisive for evaluating a fuel (10, 11,

1217.

Along with theoretical considerations [13, 114, 15],
experimental studies in particular [16, 17, 181 have
contributed to expansion of knowledge about the process of
combustion. It has appeared that determination and
utilization of characteristic values is of great use for

engine design.

a. Thrust coefficient, characteristic velocity and specific

impulse

The thrust of a rocket is determined frow the impulse

relation {1, 101,

s=Mw, +(R-£}G *) 1)

wWith

- |2 B @95

and

M= RE., l'(i%ﬁi% =T 39

=]
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(1) traneforme into 7

senea ¥ 2 G2 U-@N ) va-ms (4,

By definition of the thrust coefficientzd

L el -R K i
et (EFT-BR) - B R s
one gets a simple relation for the thrust:
S= GEaP (6)

The characteristic velocity ¢ is defined as:

da Lfua $7)

or with Equation (3)

(8>

1t one relates the thrust according to Equation (6) to the

unit of mass throughflow, one obtains the specific impulse,

Ieo:
b= i—n el D
M, N, (9)
1. Using the mixed square system, the specific

impulse gets the dimension kp.s/kg (113. In
practice, Lhe usual dimension is 8. {See also

Equation (1@).

Then, after introduction of the characteristic velocity,

from (9) we aobitain

1@
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o™ —55 V19)

The specific impulse is the characleristic value for 78
comparigson of power values of different fuel systeme [(161.
It can also be cbtained with the help of the effective
exhaust velocity: Iup = We ore/Q. Relation (1@) separates
the processes within the combustion chember and in the
nozzle, which is important for investigation of the
individual processes. According to Equation (1@} the
specific impulse depends, on one hand, on the
thermodynamic properties of the fuel and the gquality of
combustion (characterized by c*}¥; while, on the other
hand, the efficiency of the expansion {(characterized by c:)
is considered in the nozzle. The combustion process is,
then, separated from the expansion process, sa that ¢ in
particular can be determined simply. This is of great
interest for engine development. As for the theoretical
calculation of these characteristic values according to (5)
and (8), the problems are in the choilce of the correct
value for the isentropic exponent igi. As the expansion is
linked with a steep temperature drop, different averages
for » must be found to determine <c* and cf. As the
temperature drop is relatively slight up to the narrovest
cross-section, c* can be considered a function of
combustion chamber conditions for the case of frozen flow.
But if reactione occur in the convergent part of the nozzle,
the conditions in the nozzle throat must be defined,because
the characteristic velocity determines the value of the flow

up to the narrovest cross section [13],

Possibilities for calculation of the isentropic exponents

are presented in section B. 2d.

11



L. Characteristic length and residence time of gases in the

caombustion chamber

Combustion in rocket combustion chambers occurs within a
relatively small space. As the mass throughput, the
combustion process, and the gas properties determine the
combustion chamber volume and the narrowest cross section of
the nozzle, the guotient of the chamber volume V, and the
throat cross section Fg,;. was used very early as a useful

parameter in engine development [(10].

=k~ IR

The characteristic length L* is a measure of the residence
time of the combustion gas in the cowmbustion chamber, As
different fuel combinations need different residence times
for preparation and complete burning, the required
characteristic length can depend : primarily on the fuel

system used.

The characteristic length of the experimental combustion

chambers is varied in the experimental investigations.

12



Figure 1. Nomogram for determining the characteristic

length of the experimental test chamber.

Figure 1 shows various possible combinations of combustion

chamber geometry to establish the characteristic length,

In the approximate determination of the gas residence time

in the combustion chamber it is assumed that the combustion

gas fills the entire chamber volume [181.

From the continuity relation and the gas eguation,

obtains for the residence time of the gases:

=B (M
ToM RT T average

With introduction of (8) and (11), (12) transforms
= e lgly)

avda.

13

one

{12)
into £1

(13)



On the other hand, according to (8)

2 ﬁﬁr (14)

%5
index D = nozzle
With the assumption that (E#LQ 4‘*eEﬁL
avy

with k = constant, {13) transforms [181 into

o
(= v {
AT 15)

Barrere [1@]1 gives an average for usual fuel combinations:
(=238 —he (16)

The residence time of the gas in the combustion chamber

usually is between 2 and 7 msec.

c. Calculation of combustion chamber volume required to

burn liquid fuel caombinations

The combustion chamber volume is determined by the time
needed for conversion of the injected fuel components into
combustion gases. The two components introduced at the
injection head end of the generally cylindrical combustion
chamber are conducted into the thrust nozzle as combustion
gasesg at high temperature. Along with the fuel properties,
the nature of the injection and the preparation of the
mixture are important. In general, it can be said that Llhe
efficiency of combustion, wvithout considering heat transfo:
to the walls, ig higher with larger reaction volume.

Through heat losses on one hand and because of the added

14



veight on the ather hand, howvever, the usable efficiency” /1L

is reduced in laryer combustion chambers, 80 thalt an

optimal combustion chamber volume exists for each design.

This volume is usually found experimentally, hut there havo
been various reports on approxXximate numerical determination

(10, 20, =211.

In the following, the combustion chamber volume is
determined over the course of the reaction by means of
simplified assumptions.” The ratio of combustion chamber
length to diameter lies within narrovw ~ limits, s0 that
determination of the volume practically establishes the

combustion chamber geometry.

For the combustion chamber volume per unit of mass

throughput, the following relation can be established:

K= Wizym;-Kz) (17)

in which

K-%}- = specific combustion chamber volume
¢ 3
z= Z = relative combustion chamher length

with x = distasnce from the injection head and L =

combustion chamber length.

v = sgpecific volume of the combustion
gases.
In order to determine the fuel conversion m; as a function

of the distance from the injection head plaﬁ;, the
following simplifications are introduced for the reaction
kinetic treatment, according to C. C. Miesse [221: The

fuels react only in the vapor phase; the fuel vapors react

15 ORIGINAL PAGE IS
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as a simple chewmical reaction; complete mixing exists; the
syBstem is isothermal. Under these asssumptions, the

conversion equation is:
d(m}) = ke, (M;)'at (18)

in which 9™) = relative increase of converted fuel per
unit time, dt.
k, = reaction rate constant referred to the
fuel mase converted per unit time
M, = relative proportion of unburned fuel

. = order of the reaction

For injection heads with good atomization within a short
distance, the combustion gas can be considered B homogeneous
mixture. Thus the portion of the yet unreacted fuel M at

any point x 8long the chamber is equal to the total ma=s

leas that portion aslready burned, m
Mam 1om, (19)
With this relation, {(18) changes into:
T o
Km) = k(1-m.) di (20)

The path-time lav can be defined with the resjdence time t,

for the combustion chamber as: lyde = Ldt
and by introducing =dn dl = dz-t, . (21)
With this, (20) becomes:
dmy) = k4, (1 - m;)" dz (22)

For a first-order reaction and a reaction rate independent

of z, the integration can be done easily.

16



z =1 j_d(.m;)_ (23)

kt, 4 (1-m)

-1 !
z P "’(,_,.,,;)*Co

With the boundary conditions: =z = @, M = @, C, = @, /13
one obtains:
eFhiba ]
1- mj
or
m, - 1— ¢ty (24)

Equation (24) shows that the proportion of burned mass near

the injection head increases rapidly with rising =.

For the development of the specific volume, the course
vakil;z is assumed as a first approximation (k, =

constant).

For instance, the gpecific volume can be calculated from the
experimentally determined gas velocity (see p. 86) by means

of the continuity equation.
Equation (17), on differentiation, yields:

= i . .QL ﬂi
av wn‘,dz dz+m,ldz dz-rvldz dz (23)

17



or, after introduction of the quantities calculated above:
= 2kitirdz - 2k 5z e Var o Kl (26)

Integration of (26) gives the desired volume:

Javt= i 212[zaz - 2[ 264War + g [Fikiiaz]  (27)

The solution of (27) can be found through partial

integration.
A e (28)
With introduction of v = k, t, z and the gas equation,one /
obtains:
- Lz ALY - k!
K= Lz RGE 5= 11— éh] (23)

According to (29), vith use of Equation (16)
simultaneocusly, the specific combustion chamber volume
depends only on the thermodynamic gas properties, the
reaction rate and the gquantity =. For a homogeneocus first-

order reaction, Barrere [1@] reports 7*-{;

Thus m,%;- becomes the first Kammkohler number.

For the example calculation, D, is selected as an average

£221.

The variable =z 1is assigned to be a measure of the quality
of the caombustion chamber. If, with completed engines,
various development epochs are calculated for the quantity
Zz vwith known combustion chamher volumes, one obtainse a

curve according to Figure 2.

18



M -
4,.'1‘,-7’[7_ R (29a)

V*« = actual combustion chamher volume per unit

of mass throughput

t. = gas residence time in the cowmbustion
chamber
M,, P., T+ = state of the combustion gases at the end of
combustion
z = combustion chamber characteristic value

.' /Eéy_’!
Aboste |
& i st éa«qu '
J 4.{/ 7
»es "2 » 88 —en-
Figure 2. Development of the combustion chamber

characteristic value =.

Figure 2 shows that current designs have already achieved

very high maturity.

The data used f[or the calculation are shown in Table 1.

19



Engine ) Waterfall Aerajet Gen. Rocketdyne ERNO
Able-Star H 1 2.3 HMp

Pressure, P, r' 20 [ 14 [ 45,6 r79ﬂ ]

atm o
Volume, V. | = | 18 ' | 150 | s |
dm? o
Throughput, | 4“4 | 12,85 | ‘ 333 [ 7,83 I
M., kg’/s o
Temperature T, l 2740 I w10 ‘nm ’ ‘;;;441
Molecular weight 29,4 22,2 2.9 19,9

M. kg/mol

By use of Figure 2, the gpecific combustion chamber volume
can be determined according to Equation (29) as a function of
the fuel used and the desired chamber pressure. Figure 3

shows the result of such a design.

ORIGINAL PAGE 13
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Figure 3. Specific combustion chamber volume of liquid fuel
rockets.

1. Reslidence times

2. Formula (29) with

3. Formula according to Himpan

4, Formula (29) with z from Diagram 2.

The required volume can be determined relatively accurately

in comparison with the relation given by Himpan [(20]. In

particular, one can easily determine the effect of

ORIGINAL PAGE IS
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operating conditions such as the chamber pressure and the

mixing ratio on the required reaction volume.

2.

The

itse

combustion gases.

by 0.

Thermodynamic state quantities, characteristic numbers

and engine powvers with the egquilibrium expansion.

Calculation of the gas state in the combustion chamber,
the exhaust gas composition, snd the theoretical powver

wvith chemical and frozen equilibrium

pover of a chemical fuel ie determined essentially by
combustion temperature and the molar mass of the
Using the fundamental program developed

Stumpt (3] for the Siemens 2002 digital computer,

21
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exhaust gas composition can be determined at chemical equi-
librium for arbitrarily chosen pressures and temperatures,
including their enthalpy snd entropy. These data serve as
the basmis for establishing the enthslpy-entropy diagram as=
in Figure 5. Deterwination of the adisbatic combustion
temperature st constant pressure is based on the condition
of conatant total enthalpy for the fuel misxture consisting

of fuel and oxidizer, end the combustion producte.

Deausr ®™ NDaxnauer gas ' (30)

hevar = 1/Heuear Z(V:Hl) (31)

Vi' indicates the number of mwmoles of fuel component 1 per
mole of fuel, wvhile H, represents the abmsolute molar
enthalpy of fuel component i1 at the injection conditions.
Te = 298.16 °<K.

The abmsolute enthalpy of oxidizer and fuel at the reference
temperature T, can be determined from existing tsbles of
heats of formation, AHW& [101. The heat of formation cor-
responds to the absclute enthalpy change on forwmation of a
material from its elements in the standard state. The
absolute enthalpies of various elements are known from the

literature {131}
From this wve have: /37

Huury =8Hy, *z: [BA'H:.(;)]‘ ' (32)

In relation (32), k are the elewents having the atomic or
molar number 8 forming the compound i1 of the fuel or

oxidizer.

—————— ——————— ———— —— —— _—— T T T e o S A — - . —— — ) W — —

1. Enthalpy is generally designated as h in rocket
technology.

22



For example, for the absolute enthalpy of furfuryl alcohol,

CaHs: 0 at the reference temperature T,:

H = AH, + 5H +3 +H, {
S0, "CsHg Oy, Corapmirt,) I*’:rr.) O2p 333

The computer program is adapted on the following basisa:

At absolute =zero, the absoclute enthalpies of the burned

gaseous materials CO., H.Q, N. and 0, are zero [231].

The still unknown ahsclute entropy of solid carbon in
Equation (33), He graphite (T,) is determwmined from the

reaction equation

C.raphltl * Dﬂ = COS

=4 + H, +
HCO?(L‘) H'COzrr.) Corapnit 13, Houu (34)

(35)
HC,,apnmu = _AH'CO,(U + HCO:(T.; - HO:{M
wWith the absolute enthalpy of the fuel mixture before
combustion, cbtained in this wmanner, the combustion

temperature can be deterwmined from the h-s diagram.

Figure 6 shows the result of such a calculation, The
highest combustion temperature occurs in the range

= @.85 to 6.9 for the oxygeﬁ carrier ratio.

>

F

0

r theoretical calculation of the state quantities during

expansion, the following conditions are assumed:

1) Complete combustion. The exhaust gas consists of a
homogenecus mixture of thermally complete gases.
Negligible velocity at the nozzle entrance.

2) The gas state during expansion is determined by the
entropy of the systewm, which shall rewmain unchanéud

pressure drop.

23
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3) Unidimensionsl calculation of the flow processes.

4) Effects of friction, divergence angle, and heat
transfer are neglected.

3) The liquid and solid components have negligible volumes
and are in equilibrium with the gaseous combustion

products.

The first major lav of thermadynamics leads to the exhaust

gas velocity.
w = V2(h-h) (36)

Index: 1 = caombustion chamher state, 2 = final state

The asccuracy of h-s diagrams is generally adequate for
graphic determination of power with chemical equilibrium.
But, because the final expansion temperatures are also
required in the current investigations, establishment of
h-8-T diagrams (Figure 4) appeared expedient to avoid

temperature interpolations.

Calculation of the course of expansion with frozen

equlilibrium presents no problems because of the constant

exhaust gas composition. From the entgropy relation
$=35 - —H-ln(—E—)
(7. Pelaim) alm (37)

one obtains for various temperatures, on the basis of

constant entropy:

7

s = R-in{Fr e
, - 5 = Rein(pE) (38)

24



ORIGINAL PAGE 13
OF POOR QUALITY

(CH, J, My Hy « HND,

LT TN
0 s | g_x

R ®[ww v Aa
L] N [ S S L W S R
2100 —— 1900 1700 1500 1300 24 25 26 17 28 20 p——u
(2) En'h'olpiv A [.!‘.f'ﬂ.] (’2) Entropie 8 /.:"‘L
/13

Figure 4. h-s-T diagram for chemical equilibrium.
1. chemical equililbrium
2. Enthalpy - o - B e
3. Entropy )

1800 “Lm'vL R

CoH, O+
,.[%;1 c’&l‘;:'tildchgcmcu (I )
%00
H

00 +—

1200 - — -~

7] R R

w

77
w

Figure 5. h-s8 diagram for chemical equilibrium
1. chemical equilibrium
For the final expansion pressure of a combustion gas, it /2@

follows from (38) that:

p =g Xl (Z0s) - (Traf]

(39)
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The matching gas velocities are calculated from the enthalpy
difference, while the specific volume 1is calculated by
means of the gaa equation using the gas cowmposition and the

total number of maoles at the combustion chamber state.

Analysis of recombination effects in the expansion flow also
requires accurate knowledge of all state guantities even for
the limiting case of chemical equilibrium. Use of graphic
interpolation methods; e. g.., using the h-s diagram, is

not satisfactory here.

As it was not possible to develop an extensive program for
calculation of equilibrium expansion, the chemical
equilibrium is determined by sampling for the fuels studied
at wmany points during the expansion at constant entropy.
The temperatures input to the computer at the desired

pressure are changed until the condition 4s=0 ims met.
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Figure 6.

Figure 7.
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Along with the state quantities, one also determines the
exhaust gas composition during expansion in this manner,
assuming chemical equilibrium. As Figure 7 shows for the
example of the fuel mixture UDMH + HNO; at an oxygen carrier
ratio of } = @3.9 and a combustion chamber pressure of

pr = 5@ atm, the number of moles for the end products of
complete combustion (e. g., HeO, C0.) increases with
increasing expansion, vhile the atoms and radicals, which
occur in relatively high concentration in the combustion
chamber vanish relatively rapidly on expansion. This
phenomenon is due to the strong temperature dependence of

the equilibrium composition.

b. Determination of the specific heat and the sonic

velocity for chemical equilibrium

Numerical calculation of the specific heat and the sonic
velocity at chemical equilibrium is a necessary basis for

application of an approximation method for the actual course

of expansilon. Various procedures are known for this (15,
241.
In particular, the specific heats can be determined, /

including heats of reaction, by matrix multiplications,
which can be done using fast digital computers even for
multicomponent mixtures . S&nger-Bredt [23]1, for instance,
used the differential quotients (& ln n, /& 1In T), to
calculate c, values for chemical equilibrium. Thie
guantity, though, could not be determined with the computer
program available at the Institute [31. For this reason, =
different computer program was developed, vhich can be
combined with the present program to determine eguilibrium

composition.

28
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The absolute specific enthalpy of a reacting gas is

represented by:
h’-z':n,l-g (4Q)

vhere m i1indicates the number of materials in the gas

mixture.

One gets the specific heat from:
r o (2N 0K on
% = Gar ),'g:"l"f'a ),, +§;H;(°7L), {41)

The first summand in Equation (41) corresponds to the
specific heat for the frozen reaction, vwhile the second
congliderg the change of gas composition. The latter can be

split into two parts:

a) into the elementary chemically independent reactions (j)
which determine the chemical equilibrium, the number of

vhich is a = m - e (e = number of chemical elements).

b) into a frequency factor, or a reaction course number, E,
vhich indicates how often the elementary chemical
reaction (3j) must occur during the change of the gas
state in order for the chemical equilibrium of the

entire system to be achieved.

The elementary, chemically independent reactions (j) are

represented by

‘S\,’Z,-o with 3 =1, 2, 3, . . . a.

I~
N
w

Here 2Z, is the chemical symbol for the i-th component of

the mixture and vj is the stoichiometric number of moles
3
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of this component in the 3j-th reaction. For the component
i, wvhich does not appear in the j-th reaction, Wi = @.
Table 2 gives the stoichiometric number of moles for the 11
exhaust gas components and the 7 chemically independent

reactions.

Table 2. Stoichiometric numbers of moles

\

-2 1 1 - |- - -t-1-1- - -1

OH a -1 1-"171-1-1T-1-T71-71-1~
H,0 a - 12 1- - v | -1-1- - - -2

NO -1 ] - - |- - - a7 - 1] - - =
co -1 |- - - - -1 -1-1- RN RS

Through consideration of these reactions, a8 change of
exhaust gas composition can be expressed, depending on the
stoichiometric mole number,ﬁr and the frequency factor E

by the relation:
dn, = 2 vy o£!
=
Thus one gets:

. ' "RE!
% =% ﬁg”jgv'(irl (42)

By exchanging the sequence of summation it follows from (42)

that:
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. m BE’
cp-cp+§lg\f““]('57' (43)

The expression in the square brackets corresponds to the /24
heat of reaction, Aﬂ, ’ i. e., ;the change of enthalpy

on formation of the combustion products from the previously
existing components with constant values for pressure and

temperature.

The unknown partial derivative (&EJ /&T), depends on the gas
composition, the temperature, and the pressure of the
system, and is determined from the equilibrium constants of

the elementary reactions that occur:

nky = 25/ inp (44)
With
p=Dp
2
taf
and
\5’ = Av/

one obtains

inK) = Aviinn + Av/inpP ~ Av’lnin,
idf

The van’t Hoff relation is assumed to be valid for the

dependence of the rate constants on the temperature (7131:77
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By differentiating

dink, AH'
ar T

inserting of (46) one obtains

or

On

(45)

(45) with respect to temperature and

AH WAV e,
22 =§‘r ) G

introduction of the frequency factor into

(47)

(47) one gets

an equation , from which the unknown partial derivatives

can be determined.

- y ~ g . 3!
R A vl ) 2¥ 57), (48)
In matrix notation, with S A
wve get
2 €’ ! I 7
(Gl = g 8 law’] (49)

With this, {43) can be changed to:

E\

i
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=c, *#!A”/l'f*ﬁ!",{A”q ' (5@)

The specific heat at constant pressure and chemical

equilibrium is deterwined with (50) for the known exhaust

gas composition and the heats for formation for the

individual reactions. Multiplication of the inverse matrix
§3r with the column vector lAHﬂ and the row vector [AHU

ijg done using a program for the Siemens 2@82 digital

computer,

The specific heat at constant volume can be calculated

In this case the starting equation is:

similarly.

ro (08U Yy 3£/

c,_(ar)'_c, +§;AU’(€7—)' (51)
With H=U+ R T one obtaine:

AU = AH! - AVIRT (52)
By introducing p, = R TINV ., (44) ies changed to:

Y RN i RT

InkK, =)'V iInn, + Aviin

Ik ,f;' i v (53)
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Differentiation with respect to T and insertion of (46)

I
X
o

|

gives:

AW’ 2w ,3 i
rar = S« A (54)

or, after inserting the relation for the frequency factor:

T-’rT(AHl- .,.Avf).f;[%’_lﬁ_‘;v/(%fri),] (55)

1s1

]
With the matrix I$l=,f,—‘,’,;-w’ , the a equationas (55)

change, in matrix notation, into:

{(.%%’ = #[;[’.IAHI_R.I.AVI ] (56)

Combining (51) with (52) and (56) gives the specific heat al

constant volume as:
s - ,
= v glAn - RTAVIIY (0K - RTAV/) (373

The ratio of specific heats at chemical equilibrium follows

from (S5@) and (57):

5+ plawtisias)
& + sl - RTAVHGI{AW - RTAV) (58)

n =
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Calculation of the sonic velocity at chemical equilibrium is

reduced to the relation

p
C; = ———
(ﬂp (59)

From the complete differentials of internal energy and

enthalpy

du-c:drf(%'- dv (60)

dh = c5dT +( ),dp

(61)
and from the First Law at constant entropy
du = - pdv and dh = vdp 1t follows that:
[ dr+ [(QL), +p Jav ) =0 (623
[c’dr +[( )’_vldp}
(63)
et et
With w="p/ v we have, from (62) and (63):
ML -
_(mlr_z_
2 (-9 @5 (64)
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ar

(Ou l
),"-‘ = AAT —j—(—,’;——ﬁ (65)

Using the frequency factor, explained above in more detail,
the partial derivatives in (65) are determined similarly as
for the derivation of the specific heat c," in matrix

notation as

LR - wrav HE VL g,
and
£ J -1 .
pex) - -[44)- 18] (av)) (67)

With this, (&5) can be converted intao

¢ l/‘;""-n...’” * Ak - N-m\:'l-lﬂ'-lAv'f e
: RT+ IAHI]‘[-'(’]'[AV’]

or

VAR TR A (69)

where we have

LAl Vi 'R-T-Av’l'lﬁi‘lAv’}V
&+ [awHE]avE
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c. Determination of mean isentropic exponents in nozzle

flows

Usually enthalpy-entropy diagrams or enthalpy-temperature
and entropy-temperature dimgrams are used to determine
velocities, specific impulses, and other values of exhaust
gases in the nozzle flaw. Such diagrams can be established
only by use of electronic computers. It would be simpler,
for instance, to use the expansion velaocity formula (2) for
the determination. If one assumes that T, and M,, the

conditions in the combustion chamber, are known, then only

the coefficient * dis unknown. But ® is not a constant
value. It depends on the course of the state during
expansion, so that the exact relations cannot be det-

ermined by relations which contain the isentropic exponent.
The usefulness of approximation equations to determine power
characteristic data depends on the choice of useful values
for the isentropic exponents. The strong temperature drop /29

during the expansion requires averaging.

With the assumption of frozen expansion flow the averages
are generally based on the states in front of and behind the
nozzle. From the definition of the specific heat

c, + dt = dH the followvwing isentropic exponent can be
obtained [19]:

(7@)
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On the other hand, the average derived from the isentropic

equation is:

% ln(ﬁ’/@l
2 =
in(F/p) - 1n(%/1) (71)
1%
? ‘ _’___ZL—/
e
121 — SR B gohorenes Gleichgewicht | B, Tr |
(1)
\
UDMH + HNG,
| pr500c
e 209
usp— — j— il
rem——— ] ¥- - -~ notwendiger Werl, der zur
folsachichen vertusiiosen @)
12 ;‘/‘!/ o Ausstromgeschwindigheil fubet
' L Lo .
5 [ 50 100 R/R —= 500
Figure 8. Comparison of different isentropic exponents in

the nozzle flaw.
i. frozen equilibrium
2. necessary value which leads to the actual

loss-free exhaust velocity

The exponents calculated from (70) and (71) for the /30
expangion flow of a conventional fuel are shown in Figure 8.
For comparison, the value ci%Jrom Equation (2) is plotted
also. It ie required to determine the actual exhaust

velacity for frozen equilibrium. {Here, w; was determined

using 8 digital computer.) According to this, Equation (70)

is the best approximation.
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On consideration of the chemical equilibrium _ the averaging
becomes less reliable because of the sharp change of the X

value during the expansion.

If one introduces the mean change of the molar mass
determined from the isentropic relation, then we get, for 2

state pointes considered:

P+ W In—L_ u inp + X' In <2~ (72)
1 Mr'l, 2 A‘}; i
or
P
W — 08 (73)
in( r/g) - In(;/rz) + ln(”:/M,)
As Figure 8 shovs, ®) is too large in comparison with the

value provided at high pressure ratios.

Even the exponent ,ﬁ " determined without considefation af
the change in number of moles (M, = Ma) gives no goad
agreement with n for chemical equilibrium. These
results were found at various oxygen carrier ratios and

combustion chamber pressures.

Because of the values of § rieing excessively with
increasing pressure ratio, averaging vas undertaken with
the ratios at the noz=zle throat and at the final cross

section according tao the relation

— nozzle cross
(%) critcal + (W)section
w—t—— - s
2

14

A, =

(74)
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The deviations of Lhls mean from the required quantity are

relatively minor. (See Figure 8.)

The best averages for a fuel combination consisting wf the /31
atoms C - 0 - H - N are plotted for comparison in Figure 9

for variocus operating conditions.

While an increase in combustion chamber pressure leads to
higher values of %1 a8t chemical equilibrium, the situation
is the reverse for frozen equilibrium. The effect of the
pressure ratio, P, /P. 1s nearly constant in the entire range

for both expansion hypotheses.

The lover combustion temperature at lower oxygen carrier
ratios, with its lower dissociation losses, leads, at
chemical equilibrium, to an approximation of the § value

for the frozen flow.
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Figure 9. Effect of the operating conditions on the average

isentropic exponents.
1. frozen equilibrium

2. chemical equilibrium

The large variations of the isentropic exponents (1.12 < 3 /32
or = < 1.26) as they depend on the operating parameters

{ l,ﬁ.hﬂ; } and the type of expansion prevents

general use of this value for calculation of nozzle flows of
hot cowmbustion gases without knowledge of the thermodynamic

Btate values, even though the desired resulis are expected

only to be of the nature of a crude approximation. For

C -0 -H - N gystems, guch 8 calculation at } values of
@.8 can be based on W = 1,15 for chewical equilibrium
and ¥ = 1.22 for frozen equilibrium [10, 251.
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d. Calculation of the characteristic velacity

The characteristic velocity means that for a specified
narrovest cross section and constant combustion chamber
pressure, fuel combinations with a larger c¢* value require
a smaller amount of fuel to produce the same combustion

chamber pressure.

As the characteristic velocity is affected by the conditions
in the narrovest cross section, one gets different values
depending on the kind of expansion. Equation (8) can only
produce correct results if accurate statements are possible
about % or % corresponding to the velocities occurring
at the critical point. The relations (2) and (36) are used
for th